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Abstract

Bilinguals’ ability to control which language they speak and to switch between languages may
rely on neurocognitive mechanisms shared with non-linguistic task switching. However, recent
studies also reveal some limitations on the extent control mechanisms are shared across domains,
introducing the possibility that some control mechanisms are unique to language. We investigated
this hypothesis by directly comparing the neural correlates of task switching and language
switching. Nineteen Spanish-English bilingual university students underwent a functional
magnetic resonance imaging (fMRI) study employing a hybrid (event-related and blocked) design
involving both color-shape switching and language switching paradigms. We compared the two
switching tasks using within-subject voxel-wise t-tests for each of three trial types (single trials in
single blocks, and stay and switch trials in mixed blocks). Comparing trial types to baseline in
each task revealed widespread activation for single, stay, and switch trials in both color-shape and
language switching. Direct comparisons of each task for each trial type revealed few differences
between tasks on single and switch trials, but large task differences during stay trials, with more
widespread activation for the non-linguistic than for the language task. Our results confirm
previous suggestions of shared mechanisms of switching across domains, but also reveal
bilinguals have greater efficiency for sustaining the inhibition of the non-target language than the
non-target task when two responses are available. This efficiency of language control might arise
from bilinguals’ need to control interference from the non-target language specifically when not
switching languages, when speaking in single- or mixed-language contexts.
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1. Introduction

During natural conversation, bilinguals appear to effortlessly manage activation of two
languages, fluently switching between them at will without any obvious difficulty. A current
debate in the literature on bilingualism concerns how bilinguals manage to accomplish this
skill so seamlessly. Some general consensus has emerged that bilinguals recruit at least
some non-linguistic mechanisms of executive control to manage dual-language activation
and language switching (Abutalebi & Green, 2007; Gollan & Ferreira, 2009; for review,
Bialystok, Craik, Green, & Gollan, 2009; Hernandez, 2009), but the extent to which non-
linguistic mechanisms of executive control are used remains uncertain. While some results
suggest completely overlapping control mechanisms across domains, others suggest at least
partially unique and specialized mechanisms for language control (e.g., Abutalebi et al.,
2008; Prior & Gollan, 2013; Weissberger, Wierenga, Bondi, & Gollan, 2012). The goal of
the present study was to investigate this question by comparing the neural underpinnings of
linguistic and non-linguistic control using functional magnetic resonance imaging (fMRI)
techniques with an eye towards identifying differences between domains that might signal
the existence of specialized language control mechanisms.

Evidence that non-linguistic executive control mechanisms are recruited to achieve bilingual
language control comes from a growing literature documenting bilingual advantages on non-
linguistic tasks of executive function (for review see Bialystok et al., 2009; though recent
literature reviews have called this into question, see Paap, 2014). For example, bilinguals
exhibited reduced Stroop interference effects (e.g., Bialystok, Craik, & Luk, 2008) and were
faster to resolve response conflict in the Simon Task (Bialystok et al., 2004) and the
Attentional Network Task (Costa, Hernandez, Costa-Faidella, & Sebastian-Gallés, 2009;
Costa, Hernandez, & Sebastian-Gallés, 2008) when compared to matched monolinguals.

A topic of particular interest in investigating bilingual language control, and the possible
role of executive control, is switching. Non-linguistic task switching is more transparently
linked to bilingual language switching than other tasks that have shown bilingual advantages
(e.g., Flanker Task). Supporting the notion of a shared “switch mechanism”, studies of
bilingual switching ability reveal explicit relationships between task switching and language
switching (e.g., Prior & Gollan, 2011; Weissberger et al., 2012). In switching paradigms,
there are single task blocks (in which participants perform just one task), and mixed task
blocks (in which participants are cued to switch between tasks from trial to trial). Within
mixed blocks, there are trials in which the individual is cued to switch tasks (switch trial)
and trials in which the individual is cued to perform the same task as the preceding trial (stay
trial). Studies implementing these paradigms report robust switching costs (comparing
switch to stay trials) and mixing costs (comparing stay trials to single-task trials) for both
linguistic and non-linguistic tasks (Chrisoffels, Firk, & Schiller, 2007; Meuter & Allport,
1999; Rubin & Meiran, 2005), and studies comparing bilinguals to monolinguals on non-
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linguistic task switching have found a significant reduction in switching, but not mixing
costs, for bilinguals (e.g., Prior & Gollan, 2011; Prior & MacWhinney, 2010).

Follow-up studies directly comparing task to language switching suggest some overlap but
also some differences in control mechanisms across linguistic and non-linguistic domains
(Calabria, Hernandez, Branzi, & Costa, 2012; Prior & Gollan, 2011; Weissberger et al.,
2012). For example, Weissberger et al. (2012) found both similarities and differences
between tasks by examining aging effects across the two tasks. Suggestive of shared control
mechanisms, a subset of older bilinguals was unable to complete the task switching
paradigm at better than chance levels of performance, and these same bilinguals also
exhibited greater switching costs during the language switching paradigm than matched
controls. However, in support of unique control mechanisms, there was a crossover
interaction between age and task such that aging effects appeared to be far greater for non-
linguistic than for linguistic switching; whereas young bilinguals responded more slowly on
language than on task switching, the reverse was true for older bilinguals.

Another source of evidence comes from fMRI studies, which suggest shared mechanisms
between non-linguistic and linguistic control. Such studies reveal apparent overlapping
neural circuits responsible for both types of control, though direct comparisons are limited.
For example, imaging studies of monolinguals performing task switching, Stroop, and
Simon tasks show activation in the dorsal executive system including the prefrontal cortex
(PFC), dorsolateral PFC, anterior PFC, parietal cortex, the anterior cingulate cortex (ACC),
and the left caudate nucleus (e.g., Braver, et al., 2003; Corbetta & Shulman, 2002;
Digirolamo et al., 2001; Dosenbach et al., 2006; Fan, Flombaum, McCandliss, Thomas, &
Posner, 2003; Hyafil, Summerfield, & Koechlin, 2009; Jimura & Braver, 2009; Liu et al.,
2004; Lungu et al., 2007; MacDonald et al., 2000; Peterson et al., 2002; Sohn et al., 2000).
Imaging studies of bilingual language switching reveal activation in similar brain regions
(Abutalebi & Green, 2007; Abutalebi et al., 2012; Crinion et al., 2006; Hernandez, 2009;
Hernandez, Dapretto, Mazziotta, & Bookheimer, 2001; Hernandez, Martinez, & Kohnert,
2000; Hosoda et al., 2012; Rodriguez-Fornells et al., 2005; Wang, Wang, Jiang, Wang, &
Wu, 2009; Wang, Xue, Chen, Xue, & Dong, 2007; for review, see Hervais-Adelman,
Moser-Mercer, & Golestani, 2011) and support the notion that linguistic control is
accomplished through general mechanisms of executive control.

To date, few imaging studies have examined language control and non-linguistic executive
control within the same study and the few studies that do this have evidence for both shared
and unigue mechanisms of control (Abutalebi et al., 2008; Abutalebi et al., 2012; Hosoda et
al., 2012). For example, Abutalebi and colleagues (2012) reported evidence for shared
mechanisms of control across domains using a flanker task to measure non-linguistic control
and a picture-naming task to measure linguistic control. A conjunction analysis that
extracted regions of overlap between the two tasks revealed the anterior cingulate cortex to
be active in both tasks. However, Abutalebi et al. (2012) also found greater activation during
the flanker task in certain regions that were not recruited during the language task,
suggesting the presence of some unique control mechanisms for switching across domains.
Another study that compared bilingual performance on a within-language task (hame the
picture or a related verb in the same language) and a between-language task (name pictures
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in either language) revealed the left caudate and anterior cingulate cortex were active during
the between-language paradigm, but not during the within-language paradigm, suggesting
these regions were recruited to manage between-language competition (Abutalebi et al.,
2008). However, follow-up studies reported anterior cingulate and left caudate involvement
during non-linguistic executive control tasks (e.g., Abutalebi et al., 2012; Wang, Wang,
Jiang, Wang, & Wu, 2012) and raise questions regarding the degree to which these regions
are domain-specific.

Thus, to date, there is both behavioral and neuroimaging evidence supporting the proposal of
shared mechanisms for linguistic and non-linguistic control as well as evidence supporting
at least partially non-overlapping control mechanisms across domains. However,
methodological differences across studies, and sometimes tasks used within the same study,
leave a critical gap in this comparison and may account for the contrasting findings in the
literature. The present study aimed to close this gap by comparing linguistic and non-
linguistic task switching in the same group of bilinguals while minimizing methodological
differences between tasks, with the goal of identifying both similarities and differences in
control mechanisms across domains.

Following Prior and Gollan (2011; 2013) we tested bilinguals on color-shape switching and
language switching paradigms behaviorally and in the scanner to investigate neural
mechanisms underlying single, stay, and switch trial-types. Imaging studies that have
investigated language switching in bilinguals have not decomposed single, stay, and switch
trial-types in the way that is commonly done in the behavioral literature. This is due to the
limitation of using either a blocked design that only allows for between block comparisons
(non-mixed block vs. mixed block) or an event-related design that eliminates single blocks
and allows for only between-trial comparisons in a mixed block (stay trials vs. switch trials).
Thus, to decompose the regions of activation associated with switch and stay trials of mixed
blocks, and single trials within single blocks, we implemented a hybrid event-related and
blocked fMRI design (see Braver et al., 2003 for use of this design with task switching) that
more closely mirrors the design in behavioral studies. We opted to focus on between-task
comparisons separately for each trial type, rather than comparing tasks on switch and mix
costs as is typically done for response time data, since it is not clear what the neural
instantiation of mix and switch costs really reflect. Decomposing trial-types provides greater
transparency of the neural substrates underlying components of language and task switching.
Given previously reported bilingual advantages in switching and other connections between
language and task switching (Prior & MacWhinney, 2010; Prior & Gollan, 2011,
Weissberger et al., 2012), we predicted that differences between tasks would be smallest on
switch trials and relatively greater on stay trials within the mixed task block. Alternatively,
similarities and differences between tasks might be found on both switch and stay trials,
given reported associations between tasks in the size of mixing costs (Prior & Gollan, 2013),
and limitations on the extent to which bilinguals are advantaged in switching per se (e.g.,
Hernandez, Martin, Barcel6, & Costa, 2013; Paap, 2014; Paap & Greenberg, 2013; Prior &
Gollan, 2011). For single task blocks, we expected to observe considerable similarities given
the absence of switching and requirement of covert naming in both tasks, and given the
relatively high level of proficiency for producing the relatively easy names needed to
complete the language task even when responding in their non-dominant language (Klein,
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Milner, Zatorre, Meyer, & Evans, 1995). Any differences observed between tasks in single
task blocks might be due to differences in the stimuli (colored circles and triangles vs.
Arabic numerals) and specific names required to complete colors/shape vs. number naming
tasks.

2. Methods

2.1 Participants

Twenty-one college-aged English-Spanish bilinguals (15 women; M age = 21; SD = 1.7)
participated in the study for monetary compensation (with the exception of one student who
received course credit for participation). Participants were recruited through a study on
voluntary language switching at the University of California, San Diego (UCSD) and were
classified as bilinguals based on their ability to name pictures in both languages (see Table
1). Most participants (n=14) were born in the United States; five were born in Mexico, one
in Spain, and one in Peru. All participants were strongly right handed (Oldfield, 1971).
Participants were excluded if they had metal in their body other than dental fillings, and
female participants were excluded if they were pregnant or trying to become pregnant. At
the end of the imaging procedures, one participant was excluded due to a structural brain
abnormality, and a second participant only completed the language switching task due to
discomfort in the scannerl. Thus, 20 participants were included in the language switching
analysis, and 19 participants were included in the task switching analysis. Participant
characteristics for the final group of participants included in fMRI analyses are presented in
Table 1.

2.2 Experimental Design and Behavioral Task

Participants completed consent procedures, were screened for MRI safety, and were then
tested on the behavioral version of the color-shape and language switching paradigms on a
laptop computer. Practice with the behavioral versions of both tasks was administered prior
to scanning to familiarize participants with the switching procedures and to minimize
superficial differences between tasks related to prior experience with language switching
(which would benefit little from practice relative to task switching; Prior & Gollan, 2013).
In brief, the language switching task required participants to name numbers 1-9 in either
English or Spanish based on a cue; the color-shape task required participants to name the
shape or color of a figure based on a cue. Participants were given the option of completing
the color-shape task in either English or Spanish. All participants chose to complete both
tasks in English. Prior to beginning the behavioral task, participants completed practice trials
with feedback (12 single and 16 mixed responses in each task). All participants successfully
completed the practice trials on the first attempt with over 80% accuracy.

IThis participant pressed the panic button during the second half of the fMRI experiment, which was the color-shape component, due
to anxiety in the scanner. Notably, the participant did not complain of discomfort during the entirety of the language switching task
and thus the data were still included in analyses. However, to ensure that this participant’s data did not impact our findings, we
conducted the language switching baseline analyses without this participant. Findings did not differ and widespread activation was
still found across regions reported in the supplementary tables; thus, we included the participant in the baseline analyses of language

switching.
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Specific parameters for the behavioral version of the paradigm were almost identical to
those described in Weissberger et al. (2012). Specifically, in the language task, participants
named numbers in English or Spanish based on a cue (American flag for English, and
Mexican flag for Spanish). Each trial was preceded by a fixation point that lasted for 500
ms. The fixation point was replaced by a cue that appeared on the screen throughout the
remainder of the trial, after which the stimuli appeared alongside the cue. After a delay of
750 ms, another fixation point appeared for 1750 ms, after which it was replaced by the
stimulus. The cue and stimuli remained on the screen until the subject responded or 2000 ms
passed. At the end of each 20-trial block, a fixation point appeared on the screen for a
prolonged period (5 s). Preceding each run, the participant was presented with brief
instructions prompting them to “Press any button to begin”. Stimuli were presented using a
17-inch MacBook Pro laptop through PsyScope X (Cohen, MacWhinney, Flatt, & Provost,
1993) software. Naming times were recorded using headset microphones connected to a
PsyScope response box. Responses were also tape-recorded with permission of the
participants and responses were later coded for accuracy off-line.

We made one modification to the task implemented by Weissberger et al. (2012).
Specifically, participants responded verbally, stating the color (red or green) or shape (circle
or triangle) of the figure in the color-shape task instead of using button presses. This
modification was made to equate methodological implementations across domains by
minimizing differences related to mode of response (i.e., to avoid the confound of language
production response in language switching and motor response in task switching) that might
obscure similarities in switching mechanisms across domains. Although this modification
reduced the extent to which the color-shape task is strictly “non-linguistic”, the relevant
distinction between tasks was still maintained given that the color-shape task is clearly not a
bilingual switching task. Thus, if there are specific mechanisms related to switching
between languages (our main question of interest), they will still be captured in our
comparison of the two tasks. In both tasks, responses were univalent, involving unique (non-
overlapping) sets of responses for each task (“red” or “green” for color; “circle” or
“triangle” for shape; or numbers 1-9 in English or Spanish). We also ensured that timing
parameters of the two tasks were kept constant, and both tasks employed cues that were
conceptually transparent and compatible in shape and size. In addition, the likelihood of
each trial-type (single, stay, switch) was equated across tasks and each stimulus was equally
likely to appear with each cue.

2.3 fMRI Functional Specifications

We used a hybrid design including both event-related and blocked manipulations in order to
enable decomposition of single trials in single blocks, stay trials in mixed blocks, and switch
trials in mixed blocks (Braver et al., 2003). A limitation of the hybrid design is that overt
naming is challenging due to associated task-related motion artifact. Thus, unlike the pre-
scan behavioral version of the task (in which bilinguals overtly spoke their responses),
bilinguals were instructed to covertly name each stimulus while also pressing a button to
indicate that they had responded using a fiber-optic button box designed for use in the
magnet. Other modifications made for fMRI compatibility included displaying the stimulus
on the screen for 2 seconds, rather than removing it with the bilingual’s response, and
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varying the intertrial intervals pseudorandomly between 500 ms and 5500 ms to mitigate the
effects of periodic or quasi-periodic physiological noise and to allow the hemodynamic
response to return to baseline before the subsequent trial was presented.

As in the behavioral version and based on Rubin and Meiran (2005), we used a sandwich
design such that participants completed two single-task blocks and four mixed-task blocks,
followed by two more single-task blocks in each task (e.g., color-shape and language). Each
scan run was composed of two blocks (single-single, or mixed-mixed) and spanned a total of
6 minutes and 42.5 seconds, for a total of 4 runs per task. 161 functional images were
acquired during each run. A 37.5 second fixation block preceded and followed each block to
allow the hemodynamic response to return to baseline for block comparisons. Each trial was
preceded by a fixation point that lasted for 500 ms to 5500 ms based on the intertrial
interval. The fixation point was replaced by a cue that appeared on the screen throughout the
remainder of the trial. After 750 ms with just a cue on the screen, a fixation point appeared
in the place of the upcoming stimulus and remained for a 1750 ms delay. After the delay, the
stimulus appeared on the screen alongside the cue for 2000 ms, after which both were
replaced by the inter-trial fixation point that preceded the next stimulus presentation. For a
diagram of the order of events, see Figure 1.

Within each task, the order of English versus Spanish and color versus shape was
counterbalanced within subjects for the single-task blocks (the counterbalancing order used
in the scanner task was the same order as that used in the pre-scan behavioral version); and
between subjects with respect to which response type was first or second. Furthermore,
order of stimuli presentation (e.g., numbers 1-9, or red/green circle or triangle) was pseudo-
randomized; after randomization, we ensured that no numbers were repeated more than
twice in succession.

Stimuli were presented with the same equipment (i.e., lap top, software) used in the
behavioral design and presented via an LCD projector onto a screen situated at the end of
the scanner bed. The participants viewed the stimuli through a mirror mounted on the head
cage. An example of the display in the two tasks is shown in Figure 1.

2.4 Image Acquisition

Participants were scanned on a 3.0 Tesla General Electric Medical Systems EXCITE whole
body imager with an 8-channel receive-only head coil at UCSD. Head movement was
constrained with padding and tape to secure head position. A quick localizer scan was
acquired initially to allow selection of the block of slices to be acquired during functional
scanning and to assure good head placement in the scanner. Functional BOLD was obtained
with a 1-shot gradient echo EPI scan (24 cm FOV, 64 x 64 matrix, 3.75 mm x 3.75 mm in-
plane resolution, TR= 2500 msec, TE= 30 msec, flip angle=70 degrees). Forty-one 4 mm
thick sagittal slices covering the whole brain were acquired. Two field maps were collected
to correct for distortions in EPI images due to susceptibility artifact. A structural MRI
sequence included a high resolution T1-weighted Fast Spoiled Gradient Recall (3D FSPGR)
scan to provide anatomic reference (172 1 mm contiguous sagittal slices, FOV =25 cm, TR
=8ms, TE = 3.1 ms, flip angle = 12, T1 = 600, 256 x 192 matrix, Bandwidth = 31.25 kHZ,
frequency direction = S-I, NEX =1, scan time = 8 min 13 sec).
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2.5 Data Analysis

2.5.1 Behavioral data—Mean reaction time (RT) for single, stay, and switch trials were
calculated to investigate differences between color-shape and language switching
paradigms. We also calculated mix costs (RTs of stay trials in mixed block minus RTs of
single trials in single block), and switch costs (RTs of switch trials in mixed block minus
RTs of stay trials in mixed block) as previously reported for these tasks (e.g., Prior &
Gollan, 2011). Error rates were also calculated to ensure that each bilingual successfully
completed the tasks. Paired sample t-tests were also used to compare language and color-
shape single, stay, and switch RTs, mixing and switching costs, and error rates. RTs for
incorrect responses were excluded from analyses and outlier RTs were trimmed for
individual participants by calculating mean RT across all trials and excluding any response
deviating by more than 3 standard deviations of their mean.

2.5.2 Imaging Analyses—fMRI data were analyzed and overlaid onto structural images
with the Analysis of Functional Neuroimaging (AFNI) program from the National Institutes
of Health (Cox, 1996). To minimize the effects of head motion, each participant’s functional
time series was corrected for motion using a three-dimensional iterated, linearized, weighted
least-squares method with Fourier interpolation, and time-points with uncorrected motion
outliers were excluded from statistical analysis. Images were visually inspected for gross
artifacts and quality control procedures were applied to the data to detect residual motion or
susceptibility artifact. Slice timing correction was applied and the eight imaging runs were
detrended of low frequency signal drifts (Birn et al., 2011).

Statistical analyses were performed using a general linear model (GLM), with individual
events (single, stay, switch trials) modeled using AFNI’s 3dDeconvolve TENT function on
each participant’s time-series for each task (language and color-shape). The following
predictors were used in each model: a constant, a linear trend, three parameters indicating
the degree of motion correction performed in three rotational angles, and 3 stimulus vectors
indicating the onset of event-related cues to 1) switch trials in mixed blocks, 2) stay trials in
mixed blocks, and 3) single trials in single blocks, to model the hemodynamic response for
each trial type (item effects). Functional data were scaled to percent signal change (PSC)
and spatially smoothed with a Gaussian kernel of 4mm full-width at half-maximum. The T1-
weighted anatomic images and the functional activation maps were warped to the
coordinates of the co-planar stereotactic atlas of Talairach & Tournoux (Talairach, 1988)
and resampled at a 4mm3 resolution.

Within group comparisons of each trial-type (single, stay, switch) to a baseline were
conducted for each task (color-shape, language) using voxel-wise student’s t-tests with
percent signal change as the dependent variable. To guard against false-positives, Monte-
Carlo simulations using 3dClustSim indicated that clusters larger than 4 contiguous voxels
(256 mm3) at a threshold of p<0.05 (with a peak voxel of p<0.001) were considered
significant. To directly investigate the relationship between language and color-shape
switching, we conducted three additional within-group t-tests comparing each task on each
of the three trial-types (single, stay, and switch), using the same cluster threshold and single-
voxel p-value (.001) as with the baseline comparisons.
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3. Results

3.1. Behavioral Results

We report behavioral results for all participants included in the fMRI analyses, with the
exception of one participant whose reaction time data were unavailable due to equipment
malfunction. This participant was able to complete both tasks with fewer than 3% errors.

Mean RTs and error rates for single, stay, and switch trials, as well as mix and switch costs
for each task are reported in Table 2. Both tasks elicited mix and switch costs (all ps < .006).
RTs for single and stay trials did not differ between tasks (both ps=>.37), but RTs for switch
trials were marginally longer for language than color-shape (t(18) = -1.28; MSE = 18.32;
p=.08). Color-shape and language switching did not differ in the magnitude of mix costs
(p=.15) and were marginally different in magnitude of switch costs, in the direction of larger
switch costs for the language task (t(18) = -1.72; MSE = 13.13; p=.10).2

All participants produced <6.3% errors across both tasks; thus, no one was excluded from
fMRI analyses on the basis of behavioral performance. Breaking down error rates by trial
type, switch trials had the highest number of errors on average (3.2%) in both language and
color-shape tasks (M =1.2, SD =1.8 and M = 1.2, SD = 1.3, respectively) compared to
single trials (0.2%; M =.2, D = 0.4 and M = 0.1, SD = 0.3, respectively) and stay trials
(1.2%: M =0.5, 3D =0.7 and M = 0.5, D = 0.8, respectively). Errors made on color-shape
and language switching did not differ across all three trial-types (all ps = .43; see Table 2).

3.2 fMRI Results

Performance during the scan was monitored by button presses. All participants indicated
their response using the button box and none had to be reminded to do so during their scan
session.

3.2.1. Single, Stay, and Switch Relative to Baseline—Comparison of each trial type
(single, stay, and switch) to baseline for both language and color-shape tasks revealed
widespread activation in multiple brain regions including bilateral frontal, sensory/motor,
parietal, temporal, occipital, cingulate, insular, and subcortical regions, including regions of
the basal ganglia (all corrected ps < .001; volume threshold = 256 mm3; see Supplementary
Tables 1-3; see Figures 2, 3, and 4 for display of single, stay, and switch images). Visual
examination of these images revealed many regions of overlap between language and color-
shape on single and switch trials. In contrast, whereas color-shape stay trials elicited one
large cluster, language stay trials revealed 26 smaller and less significant clusters (see Figure
3).

3.2.2. Task Comparisons—To identify significant differences between the tasks across
single, stay, and switch trials we directly compared language and color-shape task using

2Below (see footnote 4), we report some significant language dominance effects in the fMRI results. Note that behavioral data
exhibited no significant differences (see also Prior & Gollan, 2011) between English and Spanish RTs on single and switch trials (both
ps = .34), and only a non-significant trend towards reversed dominance effects on stay trials with English responses (M = 725, SD =
168 ms) being slower than Spanish responses (M = 701; SD = 154; p = .06, even though English was the dominant language for these
bilinguals).
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three voxel-wise paired sample t-tests, one for each trial-type. We initially used a corrected
individual p-value of .001. However, doing so revealed no significant clusters of activation
for single and switch trials, because at this statistical threshold level, only the comparison of
language stay to color-shape stay revealed differences (13 significant clusters of activation
showed greater response for color-shape versus language stay trials). Therefore, to enable
consideration of possible differences between tasks on all three trial-types, we raised the
individual p-value threshold to .025. The predetermined cluster size in this case was 17
contiguous voxels (i.e., 1088 mm3), which also protected for a whole-brain p-value of .05.

The comparison of language to color-shape single and switch trials revealed few differences
between the two tasks (see Figure 5 and Table 3). Specifically, brain response was greater
for language than color-shape for single trials in the right and left thalamus,
parahippocampal gyrus, and posterior cingulate gyrus. For switch trials, brain response was
greater for language than color-shape in the thalamus, right caudate, and cingulate gyrus.
There were no regions in which brain response was greater for color-shape than language
during single and switch trials. By contrast, the comparison of tasks on stay trials revealed
greater brain response for color-shape vs. language in multiple widespread brain regions
including frontal, parietal, temporal, occipital, cingulate, insular, and subcortical areas (all ps
< .025; volume threshold <1088 mm3; see Figure 5 and Table 3). There were no regions in
which brain response was greater for language than color-shape during stay trials3. This is
the opposite pattern reported for single and switch trials). Thus, in relative terms, and
interpreting greater activation as an indication of greater effort required (e.g., recruitment of
additional neural resources in order to perform the task at a comparable level; Petersen et al.,
1998), the language task was more demanding on single and switch trials, whereas the color-
shape task was more demanding on stay trials.

4. Discussion

Our study aimed to identify regions of overlap as well as differences in the neural
mechanisms underlying bilingual linguistic and non-linguistic control. Based on previous
behavioral and imaging studies, we predicted that there should be considerable overlap in
brain regions underlying language and color-shape task, particularly on switch trials. In
some ways, our data confirmed this prediction (e.g., widespread activation for each task and
trial type compared to baseline), corroborating recent behavioral studies that reported
significant relationships between language and color-shape switching (Prior &
MacWhinney, 2010; Prior & Gollan, 2011), and in line with previous neuroimaging research
showing that aspects of bilingual language control recruit similar neural substrates as non-
linguistic tasks of executive control (e.g., Abutalebi et al., 2012; for review see Hervais-
Adelman et al., 2011). However, in other ways, our data also revealed differences across
domains, and implied that the precise manifestation of similarities versus differences can
vary with trial-type, supporting studies that suggested only partial overlap in mechanisms of

3To further assess the robustness of this effect, we examined whether the pattern observed for stay trials appeared to be present in
each individual bilingual. Of note, all but three bilinguals showed a pattern in which PSC for color-shape was greater than for
language during stay trials. The three bilinguals that did not show this pattern did not differ systematically from the other bilinguals in
self-reported language switching behavior or proficiency ratings (i.e., all three rated their language proficiency in both languages as
high and self-reported as English dominant).

Neuropsychologia. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Weissberger et al. Page 11

control in language and task switching (e.g., Weissberger et al., 2012; Prior & Gollan,
2011).

Imaging data comparing single, stay, and switch trials to baseline revealed widespread
activation for both language and color-shape switching tasks across many overlapping
regions including cortical (e.g., frontal, temporal, parietal, cingulate) and subcortical (e.g.,
caudate, thalamus) regions. This widespread activation is consistent with previous task
switching studies that report regions of activation that are not only specific to “executive”
brain areas, but also include regions that are relevant to the specific tasks at hand (e.g.,
color/shape naming, number naming; Dove, Pollmann, Schubert, Wiggins, & von Cramon,
2000). To supplement these findings, we also conducted a post-hoc conjunction analysis to
statistically identify the regions of overlap between color-shape and language for each of the
three trial-types. This confirmed extensive overlap for single and switch trials but not stay
trials (corrected for an individual p-value of .00001). Overall, behavioral data patterned
similarly to the baseline comparisons and post-hoc analyses in that there were no significant
differences between tasks either in RTs or in error rates on single, stay, and switch trials, and
on mixing and switching costs across tasks.

Direct task comparisons for each trial-type reveal more nuanced results than demonstrated
by behavioral data, the baseline comparisons, and the post-hoc conjunction analyses alone.
Comparing tasks on single and switch trials revealed relatively few differences, with
significantly greater brain response for language than for color-shape on single and switch
trials in the bilateral thalamus, posterior cingulate, and parahippocampal gyrus (single trials)
and in the bilateral thalamus, right caudate, and cingulate gyrus during (switch trials). In
contrast, comparing tasks on stay trials revealed greater activation in frontal, parietal,
temporal, occipital, cingulate, insular, and subcortical areas for color-shape than language®.

Although there were few differences in activation for switch trials between the tasks, the
bilateral thalamus, right caudate, and cingulate gyrus were significantly more active during
language switch trials compared to color-shape switch trials (though these regions were
involved in both tasks). Neuroimaging studies of language processing have reported the

4Though we tested early and relatively proficient bilinguals in the present study and we did not observe significant dominance effects
in the RTs (see footnote 2), fMRI data might be more sensitive to dominance effects; if so, it might seem possible that some of the
above-reported between-task differences might reflect production of Spanish, the non-dominant language, during some trials of the
language task (the color-shape task was done exclusively in English). To consider this possibility, we examined whether activation
differed within the language task for responses produced in English versus Spanish. We conducted these analyses separately for
single, stay, and switch trials with three t-tests comparing regions of activation for English and Spanish (all corrected ps < .001;
volume threshold = 256 mm3). Of greatest interest, we found no significant differences between English and Spanish responses on
stay trials within the mixed blocks. Thus, our main conclusion, which is that language stay trials are executed more efficiently within
the brain than color-shape stay trials is not an artifact of language dominance effects. We did observe some significant differences
between English and Spanish responses on single and switch trials. In both cases Spanish elicited greater activation than English (with
a larger number of regions exhibiting language dominance effects on switch than on single trials). During switch trials, activation was
greater for Spanish than English across multiple brain regions including the paracentral lobule, postcentral gyrus, superior and dorsal
parietal regions, left insula, caudate, and thalamus. However, a follow-up analysis comparing English switch trials to color-shape
switch trials demonstrated that these language dominance effects cannot explain the between-task differences we reported for switch
trials. Specifically, even when including only responses that were produced in English in the language task (excluding Spanish
responses), language switch trials still showed significantly greater activation than color-shape switch trials across several brain
regions (p <.001; volume threshold = 256 mm3). Thus, this result too appears to not be driven exclusively by language dominance
effects (i.e., more effort to produce Spanish responses). Finally, comparing Spanish to English single trials revealed greater activation
in the bilateral cuneus for Spanish trials relative to English trials. Although the cuneus is found in language switching studies (e.qg.,
Guo et al., 2011), its role remains unclear, and future studies may focus on its role in language control.
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importance of the thalamus for linguistic processing (e.g., Crosson, 1999; Crosson, Zawacki,
Brinson, Lu, & Sadek, 1997; Fabbro, Peru, & Skrap, 1997). Many imaging studies have also
reported the importance of the caudate and cingulate cortex during tasks of language control
(e.g., Abutalebi et al., 2008; Crinion et al., 2006; Hosoda et al., 2012; for meta-analysis, see
Luk, Green, Abutalebi, & Grady, 2012). However, most of the language switching studies
report activation of the left caudate (e.g., case study by Abutalebi, Miozzo, & Cappa, 2000;
Crinion et al., 2006; Hosoda et al., 2012; case study by Wang et al., 2012), whereas we
found greater activation for language switch trials in the right caudate (though it should be
pointed out that the left caudate was also active during language switch trials as indicated by
our baseline comparison). One question that arises is why the right caudate was activated to
a greater extent than the left caudate during language switching. Studies of bilingual
language lateralization report greater right hemisphere involvement in early (i.e., both
languages acquired before the age of 6) bilinguals compared to late bilinguals (see meta-
analysis by Hull & Vaid, 2007), and 15 of the 20 bilinguals in our sample were early
bilinguals. In addition, one previous study of language switching in second-language
learners also reported right caudate activation during switching specifically (Wang et al.,
2007). Thus, based on our comparison of language switching to color-shape switching, it is
clear that the left caudate facilitates both linguistic and non-linguistic switching, while the
right caudate may be a region that is recruited more specifically to achieve language control
and may represent a unique region necessary for bilingual language control, especially in
early bilinguals. Future studies may consider focusing on the role of the caudate in linguistic
and non-linguistic control to further explore this notion.

Of particular interest is why the difference in activation between color-shape and language
tasks was greatest during stay trials. More experience with a task, corresponding to greater
task efficiency, can lead to reduced activation (Petersen et al., 1998), whereas inefficient
performance can lead to increased activation (Suskauer et al., 2008). Thus, if greater
activation is interpreted as greater effort needed to accomplish the task at hand, the results of
the baseline and cross-task comparisons suggest that sustaining more than one task-set (i.e.,
stay trials) is more challenging for non-linguistic than for linguistic control in bilinguals.
Broadly, these findings suggest that regions shared during stay trials require less neural
activation during linguistic than non-linguistic processing. This finding is consistent with
recent characterization of language as an “expert task” when compared with the color-shape
task (Weissberger et al., 2012), and further suggests efficiency in sustaining a task set during
mixed task blocks as a more specific locus for the relevant expertise.

Consideration of how bilinguals communicate on a daily basis may shed light on this
finding. A wealth of behavioral data suggest that, even when bilinguals speak in just a single
language, both languages remain active (e.g., Colomé, 2001; for review, see Kroll, Bobb,
Misra, & Guo, 2008). Kroll et al. (2008) suggested that rather than learning to avoid
competition between languages, bilinguals become skilled in dealing with the constant
activation of two languages. The bilinguals in the present study reported speaking in mixed
language contexts frequently, especially throughout childhood (see Table 1). Although
switching between languages is common practice in some bilingual communities, even in
conversations with frequent switches, non-switches (i.e., staying within the same language)
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would nevertheless occur with much greater frequency. Consequently, though bilinguals
who switch often have practice switching, they likely have even more practice staying
within the same language in situations where both languages are active response
alternatives. In contrast, color and shape decisions are not naturally competing tasks, thus
there is no prior expertise for maintaining these response alternatives simultaneously.

Bilinguals might also become “staying experts” from conversations in monolingual contexts.
When bilinguals speak with monolinguals, they may need to maintain consistent inhibition
of the non-target language (de Bruin, Roelofs, Dijkstra, & FitzPatrick, 2014; Guo et al.,
2011), and if so they would have constant practice “staying” in one language. In line with
this, a recent imaging study by Guo et al. (2011) found evidence for two types of inhibition
involved in bilingual language processing; global inhibition in situations which require
sustained processing in one language (e.g., monolingual contexts) and local inhibition
situations requiring rapid and frequent language switches. While the dorsal anterior
cingulate cortex and supplementary motor area played important roles for local inhibition,
the dorsal left frontal gyrus and parietal cortex were important during global inhibition.
Frequent interactions with monolinguals essentially place bilinguals in an everlasting “stay”
trial in which they recruit neural resources for sustained language control during
conversation on a daily basis. Although single blocks are more analogous to monolingual
contexts than mixed blocks, it is nevertheless possible that practice in single-language
contexts could transfer to trials without a switch in mixed-language blocks (i.e., the stay
trials). Though we did not find greater efficiency in response (i.e., decreased neural
activation) in single language blocks than in single color-shape blocks (possibly evidence
against the idea that practice in monolingual contexts transfers to “staying” in bilingual
contexts), this could reflect idiosyncrasies of the tasks chosen for study. That is, the color-
shape task only had two response alternatives in single task blocks, whereas the language
task had 9 response alternatives. This might explain why the “staying” advantage was
observed in our data only in mixed blocks which entail elevated control demands, possibly
overriding any demands associated with the greater number of response alternatives.

Finally, if there is greater task efficiency for language stay relative to task stay, one question
is why we did not find differences between language stay and color-shape stay reaction
times in the behavioral tasks. A previous behavioral study using similar paradigms by
Weissberger et al. (2012) reports faster overall reaction times across all three trial-types for
color-shape switching than language switching (main effect of task), but not differentially
for each trial-type (i.e., no interaction effect). This faster responding could be due to use of
button-presses in place of vocal responses in the color-shape task. In support of this, a study
by Prior & Gollan (2013) that used vocal responses in place of button presses found overall
slower color-shape reaction times across all three trial types. This suggests that behavioral
differences between tasks may be due to differences in methodological implementations.
Notably, lack of significant behavioral differences between the language and color-shape
tasks in our study suggests that the differences in brain activation are not due to
methodological differences related to task difficulty, error monitoring, or time spent on each
task. Rather, our imaging data reveal a more nuanced relationship between linguistic and
non-linguistic control depending on the trial-type under investigation that is not dependent
on methodological differences between the tasks.
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Although this study is the first to our knowledge to directly compare non-linguistic task
switching to bilingual language switching, there were some methodological limitations that
deserve to be addressed. First, participants were required to covertly provide responses to
both task paradigms while in the scanner and thus accuracy was not measured. To ensure
that participants were focused on completing the task, button presses were monitored by a
flashing light and the scan operator checked in with the participant between each scan run.
Additionally, an examination of error rates during the behavioral version of the tasks
completed prior to the scan session for each participant verified their ability to complete the
tasks with minimal errors. Another related limitation is the fact that covert naming during
both tasks may have introduced a potential confound related to speech inhibition. However,
because we were interested in differences between the tasks, our comparison analyses will
have eliminated any shared regions related to speech inhibition as a result of covert naming.
A third potential limitation is the difference in response options between the two tasks.
Whereas the color-shape task had four response options (“red”, “green”, “circle”,
“triangle™), the language switching task had 18 (numbers 1-9 in English or Spanish). It
could be argued that this difference might require greater effort to initiate a response during
the language switching task due to less frequent repetition of stimuli. If this were indeed the
case, we would expect greater activation for language switching than color-shape switching
across all three trial types; however, behavioral and imaging data do not confirm this
suggestion. A final potential limitation relates to our decision to introduce the behavioral
version of the task prior to imaging to reduce the novelty of the color-shape task, minimize
error rates, and to minimize superficial differences between tasks in familiarity. A recent
study reported greater practice effects for the color-shape than for the language task (Prior &
Gollan, 2013). Thus, the results reported here likely did not reflect such practice effects
given our finding of a double dissociation with respect to apparent efficiency such that
language appeared to be more efficient than color-shape on stay trials whereas the reverse
was true for single and switch trials.

5. Conclusion

The present study examined the relationship between linguistic and non-linguistic control.
Results revealed more similarities than differences between the tasks in relation to switching
task-sets (switch trials) and more differences than similarities related to maintaining a task-
set (stay trials), potentially as a result of the cognitive demands of successfully
communicating as a bilingual. Consistent with previous studies, our findings support the
notion that some aspects of executive control are necessary for successful language
switching, especially when in a bilingual context in which mixing languages is appropriate
and frequently done. However, our findings are also unique in that they suggest greater
efficiency in bilinguals for sustaining inhibition of a non-target language than a non-target
task. This efficiency may arise due to frequent interactions in both single and mixed
language contexts in which bilinguals must control dual language activation to avoid mixing
languages. On this view, bilingual language use, in both bilingual and monolingual contexts,
does not lead to switching expertise, but rather results in speakers who are experts at
“staying” in a single language when faced with linguistic alternatives.
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Figure 1.

Order of events and computer screen display for the color-shape task (top panel) and
language switching task (bottom panel). Images appeared in color during actual task.
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Figure 2.
Within group comparisons of single trials to baseline for color-shape and language

switching (R = right, L = left, P = posterior, S = superior; C = cluster = 256 mm?3). Color
bars refer to p-values for individual voxels.
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Figure 3.
Within group comparisons of stay trials to baseline for color-shape and language switching

(R =right, L = left, P = posterior, S = superior; C = cluster = 256 mm?3). Color bars refer to
p-values for individual voxels.
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Figure 4.
Within group comparisons of switch trials to baseline for color-shape and language

switching (R = right, L = left, A = anterior, P = posterior, S = superior, | = inferior; C =
cluster > 256 mm3). Color bars refer to p-values for individual voxels.
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Single

ﬂmn

Figure 5.
Within group comparisons of color-shape single to language single, color-shape stay to

language stay, and color-shape switch to language switch (R = right, L= left; C = cluster >
1088 mm3); Blue = greater activation for language than color-shape; Red = greater
activation for color-shape than language. Color bars refer to p-values for individual voxels.
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Participant characteristics for the 20 participants included in the fMRI analyses. Language history information

and picture naming data were obtained from the language switching study from which participants were

recruited.

Age

Education

% Female

% Right Handed

% English Dominant/%Balanced/%Spanish Dominant based on self-report
Age 1st Exposure to English

Age 1st Exposure to Spanish

% of Current Spanish Use

% of Childhood Spanish Use

How often speak to bilinguals currently@

How often speak to bilinguals growing up2

English Speakb

English ListenP

English Readb

English WriteP

Spanish Speakb

Spanish ListenP

Spanish ReadP

Spanish WriteP

% English Dominant based on picture naming reaction time performance®
% English Dominant based on picture naming error rates®

Tendency to switch languages when speaking to bilingualsd

<

20.45
14.3
75
100
70/15/15
51
0.3
28
49.6
4.9

6.4
6.5
6.3
6.4
6.2
6.0
6.4
5.7
55
90%
90%

3.47

1.9
.7

(35)
(0.5)
(18.0)
(18.4)
7

1.3)
(0.8)
(1.6)
(0.8)
(0.9)
1.2)
(0.9)
(0.8)

Ly

1.3)

eLI'he following 7-point scale was used: 1 “rarely or never”, 2 “less than 1 hr/day”, 3 “about 1 hr/day”, 4 “about 2 hr/day”, 5 “about 3—4 hr/day”, 6

“about 5 hr/day”, and 7 “6 or more hr/day”.

bSelf-ratings were based on a 7-point scale: 1 “almost none”, 2 “very poor”, 3 “fair”, 4 “functional”, 5 “good”, 6 “very good”, and 7 “like native

speaker”.

Participants named pictures in English only and in Spanish only in the language switching study they were recruited from. Those with faster
reaction times (RTs) in English and less error rates were considered to be English dominant. The same two subjects who were Spanish dominant

based on RTs were also Spanish dominant based on error rates.

Participants filled out a questionnaire asking them to report their tendency to switch between English and Spanish in conversations with other
bilinguals. The following 6-point scale was used: 1 “never”, 2 “very infrequently”, 3 “occasionally”, 4 “frequently”, 5 “almost constantly”, and 6

“constantly”.

Neuropsychologia. Author manuscript; available in PMC 2016 January 01.



Page 25

Weissberger et al.

"0 = S[el} YdNMS [B10} {0p = S[el Aels [e10} ‘08 = S[eld1 ajbuls [elo} :abenbue] Joy
Ty = S[el YoUMS [10} ‘6E = S[ell) Aels [e10] ‘08 = S|ewl a1buls [e10} :adeys-10]09 10} ‘S|eLl} Yyda)ms pue ‘Aeis ‘a1Buls Jo Jaquinu Aq a)qel ul payiodal 10418 J0 Jaquinu BuipiAIp Ag parejnajed aq ued sajel B:m_m

- - ) ss - - (9v) ze  sIS0D youms
- - W) el - - (e9) &5 sIS0OXIN
(81) ¢1 (81) €9, (€1) T (S8T) 62L UIUMS
(20) g0 (t91) 8oL (80) S0 (19T) 169 Aeis
(#0) ¢o (sor) 629 (€0) TO (evT) Zv9 elbuis
& W

W da W a W aG =W

S1011T S1d 2510113 SRy

abenbue] adeys-1010D

"(6T=N) Syse1 |eJolneyaq abenbue| pue adeys-10]02 sy} 40 SI04IT JO JoqWINN pue (S1¥) SaWil UoIoeay JO SUOIIRIASP PJepuRlS pue SUBsIA

¢ ?olgel

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Neuropsychologia. Author manuscript; available in PMC 2016 January 01.



Page 26

Weissberger et al.

sndwesoddiHq

gzvdie'oe‘se‘oe'eTvVE 1R A snIA9 [edwedoddiyered  [ea111000NS
yva1Izvadice'eIva 1w Y BINSU]  X91I0D Jensu|
o€ va
lleevadige'ie'se've'ecva1® o snIA9 ajenbui) JoLalsod ‘lousiuy  arenbuld
lLeval®y SnJAS wioyisn4
6T 8T 'LTVvE 1l sniA9 fenbui ya
snIA9 snaund Yo
SNIA9 [end1oo0 BIpPIN - fendioo0
8¢ 'Tzva Y Zz'eTva1®Y  SnIAD [elodwal a|ppIN By pue Jousdns  fetods L
Te.va1®y snaundald  [ewBlied
Te'sval®y 3|ngo [esuadeled
v ‘€T ve sniko
Tip PGy '2€ €T 0T '6'8'9VE 1R Y [elu014 Jouadns ‘[eIpSIA ‘BIPPIIA ‘JoLdjul  suoifiey [euold
vr'6'9vea SNIAD |enusdaid Y8 UIod Snoo
180 4A) TL'S 9eS LV 8g1 02SSST SNIAD |enusdaid Yo WIod Snoo 10
SSeL0Sd PUBTOSd  ANsusiul @AX) ey (W) swn[oA uorpaIqns/ve UO[EJ0 [edIiojely
sbenbue| < adeys-10]0J :ABIS
- snIA9 aye|nbui) 10118104
- sniA9 jedwesoddiyered
- snwefeyl yo
W1 T€¢C vev- S €&d <o 9€GT - snweyeyl 1ybry  ulodsnoo4 2D
- SNaJoNN |esioq [e1pa pue snwejey ] Ja
- snajanN [esioq [e1paiN b1y
80T cLT 0T'v- 9IS Tdd 2o 0097 - snwefeyl ybry  ulodsnoo4 1O
MSel DSd bBueTDdSd Ajsusiul yead 1e anjeA- | (Z'AX) 18 {gWw) swnjoA  UoIbaiqns/vg Uoned0| [ediworeuy

Author Manuscript

3deys-10]00 < abenpbue| -a[buIs

(8bueyD [eubis wsdlad = OSd ‘gWW 95z < JaIsnjo = O ‘Yol =1 Wb =y
‘ealy s, uuewpolg = v4g) s|eil youms pue ‘Aels ‘ajbuis Burinp adeys-10]09 pue abenbue| usamiag UOIIBAIIIR Ul S3oURJaL4IP JuRdIJIUBIS Bulmoys seale ulelg

€9l|qel

Author Manuscript

Author Manuscript

Author Manuscript

Neuropsychologia. Author manuscript; available in PMC 2016 January 01.



Page 27

Weissberger et al.

“(SI1e1ap 40} 1x0) 35 1G0°0 > d UNeIq SJOUM ‘eLULL GOT < ANJOA ‘S20°0 > d [SXOA [ENPIAIPUI :S131SNJ) 81NPadoid uooaj0ld-eydle PloySaIL) JaISNIO INO PBAIAINS UMOUS SIAISNID

SN3JONN [eSI0Q [BJ8IeT] 18T ‘SNBONN SUIIPIAl 4T ‘snwejey ] Yo

snIA9 arenbui)

ajepne) 1ybry

€0'T 89'T Lye- 02S €Id 0T 82.T - snweyeyl ybry  ulodsnoo4 1O
¥eL0Sd bueT10Sd Aususiuiesd — (ZAX)Jeusd  (gWW) sWNOA  Uolbaians/vg U080 [eolWoreuy
30eys-10]09 < abenbue[ oHms
ajepne) Yo
sniA9 jedwesoddiydered a1  [eonIoogns
or va 3|NQ0T [e1alied JoLaju| Yo
sniA9 Jejnbuy Ya
oy vd 1 sniA9 jeulbreweldns Yya1  felodwe
cevdan snIA9 |edodwa] a|ppPIN UaT
190 870 8’y ¥S L[&d 91 124514 6€‘cz'Te'eTva snuA9 [elodwsa] J018dNS Yo UI0d SnNoo4 e}
snpljjed snqojo
‘UslEINd ‘SN3joNN WLI0JIIUaT ‘eyepned  eljfues) feseg
vevaled SnIA9 [esoj[eagns
wnsnerd
snwiejeylodAH pue snwejey
elepbAwy
SseL0Sd  PUBTOSd  Asusiul ZAX)uey (W) swn[oA uoraIgns/ve UOITe30 T [edIWoyeuy
abenbue[ < adeys-10[0d -AelS
Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Neuropsychologia. Author manuscript; available in PMC 2016 January 01.





