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Abstract
Bilinguals have a remarkable ability to juggle two languages. A central question in the field is
concerned with the control mechanisms that enable bilinguals to switch language with ease.
Theoretical models and neuroimaging evidence suggest that a range of control processes are
at play during language switching, and their underlying neural mechanisms are closely related
to executive function. What remains unclear is when these control processes are engaged in
language switching. In this study, we used magnetoencephalography (MEG) to examine the
brain activity while unbalanced Mandarin-English bilinguals performed a digit-naming task
with cued language switching. Following presentation of the language cue, an asymmetrical
switch effect was observed in the left inferior frontal gyrus (IFG), where switch-related
increase in evoked brain activity was larger for switching into the non-dominant language.
Following presentation of the naming target, evoked brain activity in the right IFG was larger
when naming was required in the non-dominant language compared to the dominant
language. We conclude that control processes take place in two stages during language
switching, with the left IFG resolving interference following cue presentation and the right
IFG inhibiting competing labels following target presentation.
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1. INTRODUCTION
Bilinguals have a remarkable ability to juggle two languages in daily life. When communicating
with other individuals who share the same languages, they naturally adopt a bilingual mode
and switch between these languages seamlessly. Yet, in a monolingual setting, they are able
to keep the languages separate, and converse in the required language without intrusion from
the other. A long-standing question in bilingualism research is concerned with the control
mechanisms which enable bilinguals to switch language as desired during speech production.
The present study explores this question by examining the neuro-dynamics of control
processes in bilingual language switching.
In a seminal paper, Green (1998) proposed that bilinguals inhibit one language in order to
produce speech in the other language. Green further suggested that the dominant language
would receive stronger inhibition when production occurs in the non-dominant language than
vice versa. This view is well supported by behavioural findings from unbalanced bilinguals. In
a typical language-switching paradigm, bilingual participants name digits or pictures
according to language cues, which instruct them what language to use on each trial. Reaction
times (RT) are longer on trials where the language changes from the previous trial (switch
trials) compared to trials where the language stays the same as the previous trial (stay trials).
The RT difference between stay and switch trials is referred to as the switch cost. Usually a
larger switch cost is observed when bilinguals switch into the dominant language, compared
to when they switch into the non-dominant language. This phenomenon, commonly referred
to as switch cost asymmetry, has been reported in many studies (e.g. Meuter & Allport, 1999;
Jackson, Swainson, Cunnington, & Jackson, 2001; Costa & Santesteban, 2004, Exp. 1;
Campbell, 2005; Philipp, Gade, & Koch, 2007; Schwieter & Sunderman, 2008), and it has
become the signature evidence of inhibitory control enaction in bilingual speech production
(but also see Bobb & Wodniecka, 2013 and Declerck & Philipp, 2015, for alternative
explanations of this phenomenon). The switch cost asymmetry between the two languages
supports Green’s proposal that the dominant language receives strong suppression when
production occurs in the non-dominant language; it then takes more time to overcome this
suppression when the bilingual subsequently switches back to the dominant language.
The electrophysiological evidence for the inhibition of non-target language is less consistent.
Early studies looking at event-related potentials (ERP) in bilingual language switching typically
focused on the N2 component (a negative deflection around 200 - 300 ms following stimulus
onset), which is thought to represent inhibition (Jodo & Kayama, 1992; Falkenstein,
Hoormann, & Hohnsbein, 1999; Bruin & Wijers, 2002; but alternative interpretations exist,
see Nieuwenhuis, Yeung, Van Den Wildenberg, & Ridderinkhof, 2003 and Yeung, Botvinick, &
Cohen, 2004). Jackson et al. (2001) were among the first to conduct ERP studies using a
language-switching paradigm. In a digit-naming task with cued switching, these authors found
a switch effect in the ERP, indexed by a larger N2 component on switch trials compared to
stay trials. This N2 switch effect was only present when bilinguals switched into the nondominant language (and not in the other direction), suggesting that stronger inhibition

(applied onto the dominant language) was required for switching into the weaker language.
This inhibition then needs to be overcome when bilinguals switch back to the dominant
language, resulting in a larger RT switch cost for that language. While this study offers strong
support for Green’s proposal, subsequent ERP studies of language switching have not been
able to demonstrate such clear evidence for inhibition of the non-target language. Christoffels,
Firk, and Schiller (2007) showed a "switch advantage" (smaller N2 amplitude on switch trials
compared to stay) when bilinguals switched into the dominant language, and no difference
between stay and switch trials in the non-dominant language. They argued that no inhibition
is required for language switching. Verhoef, Roelofs, and Chwilla (2010) found a switch effect
in the N2 component in response to the language cue, which they interpreted to be in favour
of attentional control rather than inhibition. Blanco-Elorrieta and Pylkkänen (2016) were the
first to conduct a language-switching study using magnetoencephalography (MEG), a
technique that offers relatively superior ability to reconstruct source activity in specific brain
regions (Cohen & Cuffin, 1983). This study found that switch trials elicited increased activity
in the dorsolateral prefrontal cortex (DLPFC) compared to stay trials, and the authors
considered this brain region to play a role in response inhibition or proactive control (to
retrieve target word while maintaining the task goal). Taken together, these findings do not
arrive at the simple conclusion that language switching relies on inhibition; rather, they
suggest that a range of control processes may be at play during language switching (see Green
& Abutalebi, 2013, for a proposal on eight possible control processes in bilingual speech
production).
It has been suggested that the brain mechanisms underlying bilingual language control are
domain-general and closely related to executive function (e.g. Bialystok & Craik, 2010; Kroll
& Bialystok, 2013; Green, 1998; Green & Abutalebi, 2013; but for alternative views, see
Declerck, Koch, & Philipp, 2015 and Grainger, Midgley, & Holcomb, 2010). Recent
neuroimaging studies have identified a number of brain regions involved in language
switching, and these regions are also part of the executive control brain network (for a metaanalysis, see Luk, Green, Abutalebi, & Grady, 2012). The anterior cingulate cortex (ACC) has
been reported to be responsible for conflict monitoring in both language control and nonverbal cognitive control (Abutalebi et al., ; Abutalebi et al., 2012; Van Heuven, Schriefers,
Dijkstra, & Hagoort, 2008); an alternative view suggests that the left ACC carries out inhibitory
control in language switching (Wang, Xue, Chen, Xue, & Dong, 2007). The right inferior frontal
gyrus (IFG) and pre-supplementary motor area (preSMA) have been found to be involved in
language inhibition (de Bruin, Roelofs, Dijkstra, & FitzPatrick, 2014), aligning with the wellknown roles of these brain regions in response inhibition (Jahfari et al., 2011; Aron, Robbins,
& Poldrack, 2004, 2014). The left IFG has been proposed to carry out interference resolution
in language switching (Green & Abutalebi, 2013), which matches its role of resisting
interference in working memory (Nee et al., 2012) and in non-verbal task switching (Garbin
et al., 2010). The dorsolateral prefrontal cortex (DLPFC) has also been reported to be involved
in suppressing interference in language switching and mixed-language production

(Hernandez, Dapretto, Mazziotta, & Bookheimer, 2001; Wang et al., 2007; Blanco-Elorrieta &
Pylkkänen, 2016, 2017).
Despite the abundant evidence from neuroimaging studies showing the involvement of
executive-control brain regions in language control, it remains unclear when these brain
regions (and the control processes they are associated with) are engaged during language
switching. Are bilinguals able to proactively regulate the activation levels of their two
languages, as soon as they know which language to speak; or can they only exert control
reactively to resolve competition between words from both languages after they know what
concept to express? This is the central research question of the present study. The traditional
language-switching paradigm is unable to answer this question: when the language cue and
naming target are presented simultaneously (e.g. Jackson et al., 2001; Christoffels et al., 2007),
the neural processes in response to the cue and those in response to the target cannot be
differentiated. Therefore, a modification to the task design - which separates the cue and the
target by a brief time interval - is required to answer such a question. In behavioural studies
that adopt this modified design, a reduction in switch cost is sometimes observed when cue
onset and target onset are separated by a longer interval compared to a shorter interval
(Costa & Santesteban, 2004; Fink & Goldrick, 2015; Khateb, Shamshoum, & Prior, 2017; but
see Philipp et al., 2007; Stasenko, Matt, & Gollan, 2017; Lavric, Clapp, East, Elchlepp, &
Monsell, 2018). This shows that, at least in certain cases, bilinguals may be able to utilise the
“preparation time” after they see the cue, to perform some components of the language
switch. Subsequently, when participants see the target and perform the naming, a switch cost
is still present in the RT, even when a long preparation time is given (e.g. Costa & Santesteban,
2004). This suggests that some other components of the language switch can only be
completed after the naming target is known. Overall, the behavioural findings show that there
may be distinct control processes taking place both following cue onset and following target
onset. This idea is consistent with the two-stage models of task switching (Meiran, 2000;
Rogers & Monsell, 1995; Rubinstein, Meyer, & Evans, 2001), based on findings from both
linguistic and non-linguistic switching tasks (see Kiesel et al., 2010, for a review).
Taking advantage of the high temporal resolution of electrophysiological techniques, a
language-switching paradigm with separate cue and target presentation has the ability to
disentangle the cue-locked and target-locked brain response, making it possible to examine
the different brain regions and control processes engaged at each stage. A few recent
EEG/MEG studies have adopted such a design; however, they report mixed findings. In two
ERP studies, Verhoef, Roelofs, & Chwilla (2009, 2010) found that bilinguals start the process
of language switching once the language cue is shown (switch trials elicited a larger N2
component than stay trials following cue presentation), and there were no remaining
switching process taking place after the target is shown (no difference between stay and
switch trials following target presentation). On the other hand, Chang, Xie, Li, Wang, and Liu
(2016) observed the complete opposite in their ERP study: there was no switch effect
following cue onset; rather, the switch effect only occurred between 270 - 400 ms following

target onset. To examine switching-related activity in specific brain regions (DLPFC and ACC),
Blanco-Elorrieta and Pylkkänen (2017) conducted an MEG study, in which they found that the
switch effect took place between 100 - 160 ms following target presentation. In sum, some
studies have found that the language-switch effect occurs only following cue onset, while
others report that the effect occurs only following target onset. A recent fMRI study of
language switching (Reverberi et al., 2015) has also adopted a design with separate cue and
target presentation, using a much longer delay between cue and target to allow sufficient
time for the haemodynamic response. The authors report that a few brain regions activate
more on switch trials compared to stay trials during the cue window (precuneus, right
superior lateral parietal lobe, and middle temporal gyrus), whereas a number of other brain
regions show differential activation between L1 and L2 naming during the target window
(most notably the ACC and caudate). Crucially, the brain areas engaged at the cue stage and
at the target stage differed from each other. These findings support the idea that language
control takes place at both stages, but different control mechanisms are involved at each
stage.
One possible explanation for the seemingly contradicting results from the
electrophysiological studies mentioned above is that there are a number of differences in the
study designs. In the present MEG study, we considered these design choices carefully and
combined the improvements made by each of these studies (more details in Section 2.2), with
the aim of resolving the discrepancy in these previous findings. Based on the behavioural and
neural evidence discussed above, we hypothesised that control processes take place in two
stages during language switching. When the language cue is presented, the bilingual
participants know which language is required for production. At this point, they may start
disengaging from the previously-used language and engaging the newly required language
(Verhoef et al., 2010). However, participants cannot prepare for the (as yet unknown) specific
word they will be required to produce. When the naming target is presented, the participants
now know exactly what they need to say. If the concept still activates words in both languages
during lexical selection, then any reactive control required to resolve this competition should
occur at this time (Chang et al., 2016). According to Abutalebi and Green (2008), switching
can be unpacked into three basic processes: shifting, goal updating, and inhibition. In the task
switching literature, it is generally accepted that shifting and goal updating are carried out by
endogenous control processes in the first stage of switching, which can be completed before
target onset (Rogers & Monsell, 1995; Meiran, 1996; Karayanidis, Coltheart, Michie, &
Murphy, 2003); the second stage of switching, which can only take place following target
onset, is thought to reflect inhibition of the currently-irrelevant task or overcoming lingering
inhibition of the currently required task (Arbuthnott & Frank, 2000). In line with these theories,
we made the following predictions in the present study: (1) A switch effect would occur
following cue presentation, reflecting the process of shifting away from the language no
longer required and updating the task goal to speaking the currently required language. We
predicted that this process would be carried out by one or more brain regions in the executive
control network (ACC, IFG, DLPFC; see review of neuroimaging studies above). For unbalanced

bilinguals, this switch effect may be asymmetric across the two languages, as it should be
more difficult to switch away from the dominant language and suppress its interference. (2)
Inhibition would occur following target presentation, and there would be stronger inhibition
of the dominant language while production occurs in the non-dominant language than vice
versa (Green, 1998). We predicted that this process would be carried out by the right IFG and
preSMA, given the important role of these brain regions in domain-general inhibitory control
(Jahfari et al., 2011; Aron et al., 2004, 2014) and recent evidence showing the involvement of
these regions in language inhibition (de Bruin et al., 2014). Such inhibition may be required
equally on stay and switch trials, in which case we would observe a main effect of language;
alternatively, the inhibition may be required only on switch trials, in which case we would
observe an asymmetric switch effect.

2. METHODS
2.1. Participants
Twenty right-handed Mandarin-English bilinguals participated in this study (age 25.9 ± 4.5
years; six males). Information on participant characteristics were gathered through a
language history questionnaire, which probed their language use patterns and self-rated
proficiencies in the two languages (more details in Table 1). All participants were native
speakers of Mandarin (age of acquisition 0.4 ± 1.0 years), and learned English in primary
school or junior high school, at the age of 9.4 ± 3.5 years. We specifically recruited late
bilinguals who have unbalanced proficiency in the two languages, in an effort to examine
whether the dominant language and non-dominant language would be suppressed to
different extents during language production, as suggested by Green (1998). As is usually the
case, the dominant language for these bilinguals was their first language (L1), and the nondominant language was their second language (L2); from here onwards, we will use the terms
“dominant/non-dominant” and “L1/L2” interchangeably. At the time of participation, all the
bilinguals had been living in an English environment for no more than 3 years, and in their
daily life, they used Mandarin 69.2% ± 19.1% of the time. All participants were free from
neurological conditions, and had normal or corrected-to-normal vision. This study was
approved by the Human Ethics Committee of Macquarie University, and informed consent
was obtained from all participants.

Age (in years)
Age of acquisition - Mandarin (L1)
Age of acquisition - English (L2)
Mandarin listening ability a
Mandarin speaking ability a
Mandarin reading ability a

Mean
25.9
0.4
9.4
7.0
7.0
7.0

SD
4.5
1.0
3.5
0.0
0.0
0.0

Mandarin writing ability a
English listening ability a
English speaking ability a
English reading ability a
English writing ability a
English listening ability relative to Mandarin b
English speaking ability relative to Mandarin b
English reading ability relative to Mandarin b
English writing ability relative to Mandarin b
Number of years living in L2 environment
Percent L1 use in daily life
Switching frequency in daily life c

7.0
4.7
4.2
5.1
4.5
2.8
2.4
3.3
2.8
1.4
69.2
3.8

0.2
0.9
0.9
0.9
0.9
0.8
0.7
1.4
0.9
0.9
19.1
1.0

Table 1. Participant characteristics.
a Language proficiency based on self-ratings on a 7-point scale: 1 = little to no knowledge, 7 =
like a native speaker.
b Relative proficiency based on self-ratings on a 5-point scale: 1 = much worse than Mandarin,
5 = just as good as Mandarin.
c Based on a 6-point scale: 1 = never, 6 = constantly.
2.2. Stimuli and experimental design
2.2.1. Target stimuli
The digits 1 to 8 were chosen as naming targets. The consideration behind this was that even
quite proficient bilinguals are known to process numbers in their first language, while they
might be comfortable to process other things in their second language (see claim in Meuter
& Allport, 1999). Although we already targeted unbalanced bilinguals in our recruitment, our
participants were relatively proficient in their L2 compared to some previous studies (e.g.
Jackson et al., 2001; Christoffels et al., 2007). Therefore, digit stimuli were used to (possibly)
maximise the imbalance between the two languages, which would enable us to observe
proficiency-related effects. The digit ‘9’ was the naming target on filler trials.

2.2.2. Language cues
To ensure the language-switch effect was not contaminated by cue-related processes, we
used natural language cues and adopted a design where two cues were mapped onto each
language. The reasons for this approach are as follows. Firstly, Blanco-Elorrieta and Pylkkänen
(2017) showed that artificial language cues, such as colours, produced an increased switch
effect compared to more natural cues, such as faces of interlocutors. Lavric et al. (2018)
observed a similar pattern when using auditory language cues, where more opaque cues

(short fragment of national anthem) resulted in a larger switch cost compared to more
familiar cues (spoken word “English” or “Deutsch”). These findings suggest that when artificial
or indirect cues are used, the switch cost may reflect some cue-related processes that are
independent of the language-switch process (Heikoop, Declerck, Los, & Koch, 2016). To
ensure that the switch effect we observe in this study more specifically reflects language
switching, we used face cues, which are natural and direct language cues. In a real-world
setting, the face of the interlocutor should naturally prompt the appropriate response
language (Woumans et al., 2015; Molnar, Ibáñez-Molina, & Carreiras, 2015; Li, Yang, Scherf,
& Li, 2013). Secondly, most previous language-switching studies involve a confound of cueswitching: if one cue is mapped to each language, whenever there is a language change, the
cue also has to change. Therefore, the switch cost is likely to be a combined effect from both
the cue switch and the language switch. We addressed this issue by mapping two cues to each
language and making the cue change on every trial (Verhoef et al., 2010). Even though this
does not remove the effect of cue-switching, that effect would be controlled for because it
occurs on both language-stay and language-switch trials.
The language cues in this study consisted of four grayscale images: two Chinese faces for
Mandarin and two Caucasian faces for English (Figure 1), taken from Rhodes, Hickford, and
Jeffery (2000). Each face was an average of 24 real photographs. To ensure the face change
was obvious on every trial, we used one female face and one male face for each language (the
gender changed on every single trial). Before the MEG session started, participants were
introduced to the faces and told that they would be playing a number game with these four
people: they would see a face first, followed by a number, and their task was to tell that
person (in the language he/she speaks) what number they see next.
One potential concern with using faces as language cues is whether any difference in the face
images themselves might introduce artificial effects. To avoid this potential problem, we
made the four face images as similar as possible in terms of low-level visual features, and
equalised the luminance across the four images using the SHINE toolbox (Willenbockel et al.,
2010). It has also been reported that there may be an “own-race / other-race” effect in face
perception, but findings on this have been inconsistent. Some ERP studies report a larger
N170 component for other-race faces (e.g. Stahl, Wiese, & Schweinberger, 2008; Caharel et
al., 2011), while some report a larger N170 for same-race faces (e.g. Ito & Urland, 2005). At
the same time, other studies were unable to replicate these effects and found the N170 to be
insensitive to the race of the faces (e.g. Caldara, Rossion, Bovet, & Hauert, 2004). Here, we
ran a pilot MEG study to check if there was any difference in the visual evoked field (VEF)
elicited by the Chinese faces and Caucasian faces, in order to make sure there was no
difference in the low-level sensory effect produced by the faces from different races. No
significant race effect was found in the VEF (details of this pilot study can be found in
Supplementary Materials A).

Figure 1. Two Chinese faces (left) as cues for Mandarin, and two Caucasian faces (right) as
cues for English. The faces were taken from Rhodes, Hickford, and Jeffery (2000).

2.2.3. Trial structure
To examine language control in distinct stages of processing, we separated the cue onset and
target onset by an interval of 750 ms, which has been shown to be sufficient for optimal
preparation (Rogers & Monsell, 1995; Verhoef et al., 2009). On each trial, the language cue
(face of interlocutor) was displayed for 750 ms, followed immediately by the target (digit to
be named), which was shown for 1500 ms. The inter-trial interval was jittered between 800 1000 ms, during which a fixation cross was displayed. Participants were instructed to name
the digit as quickly and accurately as possible upon target onset.

Figure 2. On each trial, the face cue was displayed for 750 ms, followed immediately by the
target digit, which was displayed for 1500 ms. The inter-trial interval was jittered between
800 - 1000 ms.

2.2.4. Task procedure
Trials were presented in a pseudorandom order, satisfying two constraints: (1) there were no
consecutive trials with the same target digit (2) each trial type had a maximum run length of
3 (i.e. no more than 3 consecutive stay trials or switch trials). One consideration when
generating the trial sequence is that switch costs can carry over onto the next trial (BlancoElorrieta & Pylkkänen, 2016). To avoid any switch trials contaminating its following trial, a
filler was inserted after every switch trial. The naming target on filler trials was the digit 9. As

the filler trials were all stay trials themselves, they would not produce a carry-over effect onto
the next critical trial.
The entire experiment consisted of 4 blocks, with 168 trials per block (including fillers). Trials
were evenly distributed across the four experimental conditions: L1 stay, L1 switch, L2 stay,
L2 switch. This provided 108 critical trials in each condition overall (27 per block). Each block
lasted approximately 9 minutes. Participants were given a short rest break after completing
each block.

2.3. Data acquisition
Data collection took place at the KIT-Macquarie Brain Research Laboratory, Sydney, Australia.
Behavioural and MEG data were collected simultaneously. Visual stimuli were displayed via a
projector (EPSON EB-G7400U; refresh rate 60 Hz) and reflected by a mirror onto a white
screen placed directly above the participant’s head, at a distance of 1.06 meters. The
experiment was controlled by the Presentation software (Version 18.3; Neurobehavioral
Systems, Inc., Berkeley, CA, USA). MEG measurements were acquired using a 160-channel
whole-head axial gradiometer system (Model PQ1160R-N2; Kanazawa Institute of Technology,
Kanazawa, Japan). Participants were tested while lying supine, in a dimly-lit and magneticallyshielded room (Fujihara Co. Ltd., Tokyo, Japan).
Before participants entered the magnetically-shielded room, head shape information were
recorded using the Polhemus Fastrak system and digitizing pen (Colchester, VT, USA).
Approximately 4000 points were collected from each participant’s head surface, and the
locations of three cardinal landmarks (nasion and bilateral preauricular points) were also
recorded. In addition, participants wore a tight-fitting elastic cap with five marker coils
attached to it, which allowed measurement of participant’s head position in relation to the
MEG sensors. During each testing session, the participant’s head position was measured at
the beginning, middle, and end of the session. All participants’ head movements from
beginning to end were less than 5mm (averaged across the five marker coils).
Continuous MEG data were acquired at a sampling rate of 1000 Hz (online bandpass filter
0.03 - 200 Hz). Participants’ vocal responses were captured using an MEG-compatible
microphone and saved for offline analysis. The RT on each trial was determined by the
software voice key in Presentation. Behavioural errors (including incorrect responses as well
as all verbal disfluencies, e.g. partial responses, stuttering, and utterance repairs) were
manually coded by the experimenter. Any trials involving these behavioural errors were
excluded from RT analysis and subsequent MEG data analysis.

2.4. Behavioural data analysis
Statistical analysis of the behavioural data was performed in R (Version 3.4.4; R Core Team,
2018) using the “lme4” package (Bates, Maechler, Bolker, & Walker, 2015). The RT and error
rate data were submitted to a 2 x 2 linear mixed effects model. “Language” (L1 vs L2),
“transition type” (stay vs switch), and the interaction between the two factors were entered
as fixed effects; “participant” and “item” were entered as random effects. The RT values were
Box-Cox transformed (Box & Cox, 1964) to satisfy the assumption of normality of residuals.
All effects were categorised as significant at p < 0.05.

2.5. MEG data analysis
Preprocessing and analysis of MEG data were performed in Matlab (Version R2014b;
MathWorks, Inc., Natick, MA, USA) using the FieldTrip toolbox (Oostenveld, Fries, Maris, &
Schoffelen, 2011; http://fieldtriptoolbox.org). The preprocessing steps were as follows: MEG
data were bandpass filtered between 0.5 - 40 Hz (using a two-way Butterworth filter), and
bandstop filtered between 49.5 - 50.5 Hz to remove electrical line noise. Epochs were created
from -1000 to 1000 ms around critical stimulus onset (each cue and each target was treated
as a separate stimulus), based on the timing of photodetector triggers. Data were then
downsampled to 200 Hz to save disk space and improve processing speed.
Any trial that resulted in a behavioural error was excluded from the MEG data analysis. Since
this experiment involved a naming task with overt responses, it is important to remove
possible contamination from muscular activity. The 0.5 - 40 Hz bandpass filter during
preprocessing removed most of the muscle artefacts, which typically affect the gamma
frequency range (> 40 Hz; Gross et al., 2013; Muthukumaraswamy, 2013). In addition, we
created epochs around the speech onset (-1000 to 1000 ms) on each trial, and computed the
event-related field (ERF) time-locked to speech onset. A principal component analysis (PCA)
was performed on this ERF time course to identify the main components that best
characterise the speech-related artefact, and these components were projected out from the
original epoched MEG data (similar to the approach used by Salmelin, Schnitzler, Schmitz, &
Freund, 2000). Outlier trials (e.g. those containing large amplitude artefacts) were
subsequently identified using the “visual artifact rejection” method in FieldTrip, and these
trials were excluded from analysis.

2.5.1. ERF analysis
For all MEG sensors, we calculated ERFs time-locked to both the cue onset and the target
onset. Statistical analysis was conducted using a similar 2 x 2 design as for the behavioural
data analysis, with “language” (L1 vs L2) and “transition type” (stay vs switch) as factors. All
trials belonging to each condition (L1 stay, L1 switch, L2 stay, L2 switch) were averaged to
obtain the ERFs.

Data for each time point in the ERF time courses were submitted to cluster-based
permutation tests (Maris & Oostenveld, 2007). The main effect of language was tested by
assessing the difference between L1 trials and L2 trials (averaged across transition types); the
main effect of transition type was assessed as the difference between stay trials and switch
trials (averaged across languages); and the interaction between language and transition type
was assessed as the difference between the switch cost in L1 and the switch cost in L2 (switch
minus stay, in each language). Permutation tests were conducted in the time interval between
cue onset and target onset (100 ms before to 750 ms after cue presentation), and the time
interval between target onset and speech response onset (100 ms before to 550 ms after
target presentation). Data from all sensors were included in the analysis. A cluster-based
approach was used to control for multiple comparisons in both the spatial and temporal
dimensions, using the following procedure. A t-test was first performed on each individual
sample (one sample = one time-channel pair) to select candidates to form clusters, with an
alpha of 0.05. The selected samples were then grouped into clusters on the basis of spatial
and temporal proximity. Cluster-level statistics were obtained by calculating the sum of the tvalues within every cluster, and the maximum of these sums was taken as the test statistic.
The data were permuted 2000 times, each time the condition labels were randomly shuffled
and the test statistic was recomputed. The final p-value was defined as the proportion of
recomputed test statistic values (out of the 2000 shuffles) that exceeded the initial test
statistic value (calculated from the real observed data). We report spatio-temporal clusters
thresholded at p < 0.05 as significant effects.

2.5.2. ROI analysis
We reconstructed brain activities in pre-defined regions of interest (ROIs). The ROIs were
selected according to previous neuroimaging studies on language switching (see Introduction);
these included the bilateral ACC (Abutalebi et al., 2012; Wang et al., 2007; Reverberi et al.,
2015), IFG (de Bruin et al., 2014; Green & Abutalebi, 2013; Reverberi et al., 2015), preSMA
(de Bruin et al., 2014), and DLPFC (Hernandez et al., 2001; Wang et al., 2007; Blanco-Elorrieta
& Pylkkänen, 2016, 2017). The ROIs were defined anatomically using the AAL atlas (TzourioMazoyer et al., 2002): the ACC was defined as the “anterior cingulate gyrus”; the IFG was
defined as the “pars opercularis” and “pars triangularis” combined (note that with this
definition, the left IFG would be roughly equivalent to Broca’s area); the DLPFC was defined
as the “middle frontal gyrus” (this included BA9, 10 and 46, consistent with the definition of
DLPFC in previous language-switching studies, e.g. Blanco-Elorrieta & Pylkkänen, 2016); the
preSMA was defined as the “supplementary motor area” (no sub-division exists in the atlas
to specifically define the preSMA).
As the participants in this study did not have individual MRI scans, we used the MEMES
toolbox (Seymour, 2018; https://github.com/Macquarie-MEG-Research/MEMES) to estimate
the best-matching structural scan for each participant, by searching through an existing

database. The MEMES tool works by matching the participant’s head shape data collected
during the MEG session to the MRI scans in the database using an Iterative Closest Point
algorithm, and choosing the best-fitting MRI with the lowest objective registration error
(Gohel, Lim, Kim, Kwon, & Kim, 2017). Because the Mandarin-English bilinguals we tested in
this study were all Chinese, we selected a Chinese MRI database (Southwest University
Longitudinal Imaging Multimodal Dataset; Liu et al., 2017) and customised it for use with
MEMES. For each participant, an appropriate cortical mesh and source grid were created from
the custom-matched MRI and co-registered with the MEG sensor positions. The forward
model (i.e. leadfield) was computed using the cortical mesh as the volume conductor model.
Source reconstruction was performed using a linear constrained minimum variance (LCMV)
beamformer. A spatial filter (for each vertex in the source grid) was computed separately for
cue-locked and target-locked brain response, based on the covariance matrix computed from
data combined across conditions. The spatial filters for all vertices within an ROI were then
combined into a single spatial filter by way of singular value decomposition, which was then
used to estimate the source activities in that ROI (by multiplying the spatial filter with the
respective ERF time course in each condition; also see Seymour, Rippon, Gooding-Williams,
Schoffelen, & Kessler, 2019). This procedure produced a time course of brain activity in each
condition for each ROI, time-locked to the cue onset and target onset.
Statistical analysis was performed separately for each ROI. As with the ERF analysis, data for
each time point in the ROI time courses were submitted to cluster-based permutation tests,
using a 2 x 2 design with “language” and “transition type” as factors, to identify temporal
clusters during which the ROI activity differed significantly across conditions. The clusterbased approach was used to control for multiple comparisons in the temporal dimension. The
data were permuted 2000 times. We report the temporal clusters thresholded at p < 0.05 as
significant effects.

3. RESULTS
3.1. Behavioural results
The error rate data were submitted to a 2 x 2 linear mixed effects model (see Section 2.4 for
details). The model with the main effects of “language” and “transition type” had the best fit
(AIC = 2070.0, BIC = 2112.6). Bilinguals made more errors on switch trials compared to stay
trials (error rate difference was 3.3%; z = 7.851, p < 0.0001), and more errors on L1 trials
compared to L2 trials (3.2%; z = 4.035, p < 0.0001).
All error trials were excluded from the RT analysis. The RT data were submitted to a 2 x 2
linear mixed effects model (see Section 2.4 for details). The full model (main effects of
“language” and “transition type”, plus the interaction term) had the best fit to the data (AIC
= -96410.9, BIC = -96361.6). Specifically, naming was slower on switch trials compared to stay
trials (F = 56.432, p < 0.0001), and slower on L2 trials compared to L1 trials (F = 17.383, p <

0.0001). The interaction between language and transition type (F = 5.461, p = 0.0195)
revealed that the switch cost in L1 (RT difference between L1 switch and L1 stay) was
significantly larger than the switch cost in L2; the magnitude of this difference was 16ms. This
result replicates the switch cost asymmetry found in many language-switching studies (e.g.
Meuter & Allport, 1999; Jackson et al., 2001; Campbell, 2005; Philipp et al., 2007; Schwieter
& Sunderman, 2008). Post-hoc analysis showed that the switch cost was significant both in
Mandarin (32ms; t = 6.234, p < 0.0001) and in English (16ms; t = 3.98, p < 0.0001). The
threshold was adjusted for the post-hoc analysis using Bonferroni correction (0.05 / 2 = 0.025).

Figure 3. Mean reaction times and error rates as a function of language (L1 Chinese vs L2
English) and transition type (stay vs switch). “Stay” means staying in the language shown on
the x-axis (i.e. previous trial and current trial are both in that language), and “Switch” means
switching into the language shown on the x-axis (i.e. previous trial was in the other language).
Error bars indicate one standard error above and below the mean values.

3.2. ERF results
Cluster-based permutation tests were performed on the ERF time courses from all sensors,
time-locked to the cue onset and the target onset. This analysis revealed a main effect of
language following target onset (p = 0.0200), meaning that the brain activity after the target
digit appeared was significantly different between L1 and L2 trials. The sensors that formed
the cluster were distributed around the right-frontal region (Figure 4B), and the cluster
occurred between 360 - 515 ms after target onset. The average ERF time course from these
sensors showed increased evoked activity on L2 trials compared to L1 trials during this time
interval (Figure 4A). The sensor-level analysis revealed no significant clusters in the time
window following cue onset and before target onset.

(A)

(B)

(C)

Figure 4. Cluster-based permutation tests on the sensor-level ERFs revealed a main effect of
language following target onset, corresponding to a right-frontal cluster between 360 - 515
ms after target presentation. (A) ERF time course averaged over all the sensors that formed
the cluster, showing increased activity on English (L2) trials compared to Mandarin (L1) trials
during this time interval. Time 0 is the onset of target digit, and the shaded region indicates
the temporal extent of the cluster. (B) Topography averaged over the time interval of the
cluster. White dots show the location of sensors which formed the cluster. (C) Topography
transformed into planar gradients for illustration purposes.

3.3. ROI results
The sensor data were mapped to source space to examine the brain activity in pre-defined
ROIs: bilateral ACC, IFG, preSMA, and DLPFC. Source reconstruction was carried out using a
LCMV beamformer (see Section 2.5.2). This produced a time course of brain activity in each
condition for each ROI, time-locked to the cue onset and target onset. The time courses in
each ROI were then submitted to statistical analysis using cluster-based permutation tests.

3.3.1. Cue-locked response: asymmetrical switch effect
Following cue onset, there was an interaction between language and transition type in the
left IFG (p = 0.0340), revealing a significant difference between the switch effect in the two
languages. This corresponded to a cluster occurring between 315 - 345 ms after cue onset.
The reconstructed brain activity time course shows a larger switch effect for L2 compared to
L1 (Figure 5); in other words, there was increased evoked activity in this brain region when
switching from L1 production into L2 production, compared to switching in the other direction.
Post-hoc t-tests showed that the switch effect in each language was not significant (p > 0.1).
In all other ROIs, no significant clusters were identified in the time window following cue onset
(see Supplementary Materials B).

Figure 5. Reconstructed brain activity in left IFG in the cue-locked window. There was an
interaction between language (L1/L2) and transition type (stay/switch), corresponding to a
cluster between 315 – 345 ms following cue onset. This interaction was characterized by a
larger switch effect for English (L2) compared to Mandarin (L1). Time 0 is the onset of
language cue. Shaded region indicates the temporal extent of the cluster.

3.3.2. Target-locked response: language effect
Following target onset, there was a main effect of language in the right IFG (p = 0.0450),
revealing a significant difference in the activity of this brain region between L1 and L2 trials.
This effect corresponded to a cluster occurring between 200 - 230 ms. The right IFG showed
increased activity when L2 production took place compared to L1 production (Figure 6). In all
other ROIs, no significant clusters were identified in the time window following target onset
(see Supplementary Materials B).

Figure 6. Reconstructed brain activity in right IFG in the target-locked window. There was a
main effect of language, corresponding to a cluster between 200 – 230 ms following target
onset. Increased activity was observed in this brain region on English (L2) trials compared to
Mandarin (L1) trials. Time 0 is the onset of target digit. Shaded region indicates the temporal
extent of the cluster.

4. DISCUSSION
This MEG study investigated the neural mechanisms of language control underlying bilinguals’
ability to switch language in speech production. The main aim was to examine when control
processes take place during language switching: as soon as the bilingual knows which
language to speak, or only after they know specifically what to say. To resolve the discrepancy
in previous findings (Verhoef et al., 2009, 2010; Chang et al., 2016; Blanco-Elorrieta &
Pylkkänen, 2017), we brought together a number of design improvements in this study, as
detailed in the Methods section.

4.1. When does language control take place?
Our main research question concerns the timing of the control processes in language
switching: do they take place following the cue or following the target? Results suggest that
control processes are engaged at both stages. In the cue window, we found an interaction
between language and transition type, indicating an asymmetrical switch effect across the
two languages. This interaction was characterised by increased brain activity in the left IFG
when switching from L1 into L2 (compared to switching in the other direction). A similar effect
was reported by Hosoda, Hanakawa, Nariai, Ohno, and Honda (2012) in an fMRI study on
unbalanced Japanese-English bilinguals. In the language-switching literature, the left IFG has
a proposed role of resolving interference from the non-target language, especially controlling
interference posed by the dominant language (Green & Abutalebi, 2013; Rodriguez-Fornells,
Rotte, Heinze, Nösselt, & Münte, 2002). The asymmetrical switch effect in the present study
suggests that the left IFG has to exert more effort to suppress the dominant L1 (when this
becomes the irrelevant task), but not as much effort to suppress the L2 (when switching away
from that weaker language). Because such strong suppression is applied on L1, when the
bilingual subsequently needs to switch back to L1, they have to overcome this suppression.
This interpretation is corroborated by our behavioural results, where the RT switch cost was
larger in L1 compared to L2 (i.e. when switching into the dominant language, it takes longer
to overcome the prior inhibition applied on this language). The fact that the switch effect in
the left IFG was not significant within each language may be a reflection of its small magnitude
compared to the switch effect found in most previous studies; this is likely due to our
deliberate design decisions to separate cue-related switching processes as much as possible
from the actual language-switch effect, so that we could truly observe the specific effect of
language switching. An alternative explanation for the asymmetrical switch effect in the left
IFG, which does not involve inhibition of the non-target language, is also possible. Because L2
is the weaker language, increased cognitive control is required to re-activate L2 after L1
production, hence the switch effect is larger when switching from L1 into L2. According to
Branzi, Martin, Carreiras, and Paz‐Alonso (2020), this effort to boost the target language
activation occurs as a proactive control mechanism during the cue window; this is consistent
with our observation. In this case, the behavioural asymmetry (larger switch cost for switching
into L1) can be explained by assuming that the now-strongly-activated L2 induces a larger
carry-over effect on the L1 than the other way round (Branzi, Martin, Abutalebi, & Costa, 2014;
for similar interpretations in the task-switching literature, see Kiesel et al., 2010 for a review).
In the target window, we found a main effect of language, suggesting that the amount of
control required for speaking L2 differs significantly from speaking L1. The ERF results
revealed a right-frontal cluster showing increased activity on L2 trials compared to L1 trials; a
corresponding effect occurred in the reconstructed activity for the right IFG in source space,
where larger brain activity was observed on L2 trials compared to L1. This finding is consistent
with a recent fMRI study reporting increased activity in the IFG during the target window for
L2 naming compared to L1 naming (Reverberi et al., 2015). The right IFG has a well-known

role in response inhibition (for reviews, see Aron et al., 2004 and 2014) and has also been
shown to be involved in language inhibition (de Bruin et al., 2014). The stronger activation of
this brain region during L2 production likely reflects the control processes to inhibit the
prepotent L1 label in order to resolve lexical competition. Despite the earlier regulation of the
two languages following cue onset, the presentation of the target may still activate the
corresponding labels for that digit in both languages. In order to correctly produce the
response in the required language, bilinguals must be able to manage this competition. One
way to do this would be to inhibit the competing label in the non-target language. It is possible
that bilinguals apply such inhibition throughout language production, that is, when they are
speaking one language, they are constantly inhibiting the other language. However, due to
the proficiency difference in the two languages, the L1 labels should have a higher level of
baseline activation, such that bilinguals need to apply stronger inhibition on the competing
L1 label during L2 production than vice versa. Green (1998) suggested that the amount of
inhibition applied on a language is proportional to the relative dominance of that language in
the bilingual individual. Our findings are consistent with this proposal. The increased
activation of right IFG on L2 trials (compared to L1) shows that stronger inhibition is applied
during L2 production, suppressing the dominant L1 label so that the correct response in L2
can be produced on these trials. An alternative possibility is that the increased right IFG
activity on L2 trials reflects salient cue detection rather than inhibition (Green & Abutalebi,
2013; Hampshire, Chamberlain, Monti, Duncan, & Owen, 2010; Chatham et al., 2012).
Because L2 is the more difficult language for these bilingual speakers, the cue to speak L2 may
prompt a larger response in this brain region. However, if the effect in the right IFG is truly
related to cue detection, it would make more sense if the effect occurred in the cue window
(rather than occurring after target onset). Therefore, we believe the first interpretation is
more likely. A few limitations should be noted here. Firstly, as the bilingual participants have
different proficiency levels in their two languages, for a main effect of language (where the
less proficient language requires more mental effort than the more proficient language) we
cannot rule out the possibility that this is a language dominance effect. Similarly, due to
intrinsic differences between languages, we also cannot completely rule out the possibility
that the main effect of language is caused by the low-level properties (e.g. phonological
differences) of the two languages. Secondly, previous research suggests that immersion in the
L2 environment could influence L1 activation and the interaction between the two languages
(Linck, Kroll, & Sunderman, 2009; Malt, Li, Ameel, Pavlenko, & Zhu, 2013). Although it is
unlikely that our participants have switched language dominance (given that all of them
maintained active use of their L1 in daily life and their self-rated proficiencies indicated a
strong dominance in L1; see Table 1), their experience of living in an English-speaking country
may nonetheless have reduced the gap between their L1 and L2 compared to bilinguals who
live in a purely L1 environment.
The other ROIs we tested (ACC, preSMA, and DLPFC) did not show an effect in either the cue
or target window. This does not necessarily mean that these brain regions are not involved in
language switching, given the current neural models of bilingual control (Abutalebi & Green,

2008; Green & Abutalebi, 2013) and existing findings from neuroimaging studies suggesting
possible roles of these brain areas in language control (Abutalebi et al., 2012; Wang et al.,
2007; de Bruin et al., 2014; Hernandez et al., 2001; Wang et al., 2007; Blanco-Elorrieta &
Pylkkänen, 2016, 2017). It may be that the source activity reconstruction from MEG sensor
data does not offer the same level of spatial preciseness as fMRI, or the definition for these
ROIs differ slightly depending on the atlases used by each study. It should be pointed out that
even among the existing fMRI studies, the exact location reported to be activated in language
control vary from one study to the next; the general consensus is that language control
engages brain areas that are associated with executive function. We provide the
reconstructed source activity for all the non-significant ROIs in Supplementary Materials B.

4.2. Global vs local control
De Groot and Christoffels (2006) suggested that language control may act upon an entire
language (global control) or upon specific lexical items (local control). A few studies have since
attempted to explore this aspect of bilingual language control (for a review, see Baus, Branzi,
& Costa, 2015). De Groot (2011) argued from a theoretical perspective that local control
should be the primary type of language control in bilinguals, while global control may be
dispensable. Van Assche, Duyck, and Gollan (2013) observed both global and local control in
Mandarin-English bilinguals in a verbal fluency task. In recent fMRI studies, Branzi, Della Rosa,
Canini, Costa, and Abutalebi (2015) reported dissociable brain mechanisms for global and
local control in language switching (also see Abutalebi & Green, 2016, for a discussion on this),
while Rossi, Newman, Kroll, and Diaz (2018) went one step further to examine three possible
levels of language control (lexical, semantic category, whole language) and found that
different parts of a wide control network are engaged at each level.
In the present study, we observed that control processes are engaged both following the cue
and following the target. We propose that these processes may operate on different levels of
the language system. Following cue onset, the bilingual knows which language they need to
speak, but the specific digit to be named is not yet known. Therefore, any control processes
taking place at this stage are likely to operate on the whole-language level (or at least on the
whole set of naming targets, i.e. digits 1 – 9). Each language would be treated as a task set,
and the activation level of each task set is adjusted as a whole: the target language is made
more active, while the non-target language is made less active. Such activation/inhibition
applied on the language/set level may then get passed down to all the individual lexical
representations in each language. When switching from L1 to L2, the left IFG works extra hard
to suppress interference from the L1 task set (and possibly all the lexical representations in
L1), in order to facilitate the switch to L2. Following target onset, the bilingual knows exactly
what they need to name. At this stage, it now becomes possible to apply control on selected
lexical items, specifically targeting the highly-activated representations in order to resolve any
remaining competition. The fact that control is still required at this stage suggests that the

whole-language control during the cue window alone was not sufficient to guarantee correct
production. For example, if the bilingual needs to switch into L2 and name the digit ‘5’, even
though the L1 representation of ‘5’ is suppressed during the cue window (as a result of the
overall suppression applied on L1 upon seeing the L2 cue), the display of the digit ‘5’ at target
onset may nonetheless activate the L1 representation highly enough to form a competition
with the desired output (i.e. corresponding L2 representation); to avoid erroneous output,
that specific L1 label needs to be suppressed again, and this can be accomplished via a
response-inhibition mechanism involving the right IFG.

4.3. Conclusions
In real-life conversations, a bilingual speaker knows which language they need to speak before
planning the utterance (this knowledge is acquired by checking who they are speaking with).
This process can be considered analogous to seeing the face cues in this experiment. Based
on this knowledge, they are able to apply some forms of proactive control (Wu & Thierry,
2017; Woumans et al., 2015), suppressing interference from the non-target language as a
whole and biasing production towards the target language. However, even with such
proactive control in place, a bilingual would still find that words from the non-target language
sometimes pop into their mind, so they need to swallow them back to avoid actually saying
these words. This is comparable to the reactive control we observed following target onset,
which serves to inhibit competing words from the undesired language. We conclude that
language control is a complex behaviour which engages multiple processes taking place at
distinct stages (proactive and reactive) and acting on different levels of the language system
(global and local) during bilingual speech production.
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SUPPLEMENTARY MATERIALS

A. Pilot study to verify the validity of face cues
Using faces as language cues introduces a potential concern that own-race and other-race
faces might produce different brain responses. This would result in an artificial effect which
confounds with a main effect of language. To address this concern, we ran a pilot MEG study
to check if there was any difference in the visual evoked field (VEF) elicited by the two Chinese
faces and two Caucasian faces. In this pilot study, participants viewed the four faces
repeatedly in a random sequence. The procedure was the same as the main experiment,
except that digit stimuli were not shown and there was no active task for the participant to
perform.
Twelve Mandarin-English bilinguals participated in this pilot experiment. The participants
were drawn from the same population as those in the main experiment. Importantly, these
participants had not been exposed to the language-switching task, so their neural response
to the face stimuli would reveal the effect of recognising faces belonging to different races,
but not the effect of switching language upon seeing a face of a different race. The former is
precisely what we are interested in controlling for, to ensure any effect we observe in the
main experiment are specifically related to language switching.
Sensor-space analysis of the VEF was performed following the same procedure as in the main
experiment (see Methods). We examined whether there was any race effect that
distinguished between the Chinese faces and Caucasian faces. Cluster-based permutation test
revealed no significant cluster (p > 0.05). The global field power elicited by each face
(averaged across subjects) are plotted below for illustration purpose.

B. Reconstructed source activity in all remaining ROIs (where no significant effects were
found)
(1) In the cue-locked window (time 0 is cue onset):

Left ACC

Right ACC

Left DLPFC

Right DLPFC

Right IFG

Left preSMA

Right preSMA

(2) In the target-locked window (time 0 is target onset):

Left ACC

Right ACC

Left DLPFC

Right DLPFC

Left IFG

Left preSMA

Right preSMA

C. Data archiving
The raw data collected in this study can be accessed at the following link:
https://cloudstor.aarnet.edu.au/plus/s/SC25Uzjpqqfle6b
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