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Abstract

Studies of first (L1) and second (L2) language representation in the brain have not identified the
timing and locations of neural regions involved in L1 and L2 processing.
Magnetoencephalography offers high spatial and temporal resolution and can be employed to
disentangle subtle timing and neural control differences between L1 and L2 use. We tested
bilingual adults in the MEG as they completed a picture verb generation task in L1 and L2. We
found the expected progression of activation from occipital to temporal to inferior frontal areas.
We also observed the following differences. A sustained insula and early cingulate event-related
desynchrony was observed only with L2; the fMRI literature suggests that the former reflects an
activation, and the latter an inhibition, sub-process for language selection. L2 processes exhibited a
lag and were bilateral compared to L1 processes. Finally, L1 and L2 activated adjacent language
control in dorsolateral pre-frontal cortex.

Keywords
magnetoencephalography (MEG); bilingualism; event-related desynchrony (ERD); beamformer

1. Introduction

Second language representation in the brain has been a topic of great interest in
neuroimaging research. Historically, some studies have reported distinct neural
representations suggesting spatially separate networks for multiple languages; others have
reported overlapping areas controlled by a common, integrated neural network for bilingual
or multilingual use; the current working model assumes that bilingual language processing is
not subsumed in spatially distinct areas, but different languages show functional distinctions
in the brain (Abutalebi, 2008). A paper reporting the results of a meta-analysis of
hemodynamic studies of bilingualism points to the huge variability in the literature, and
suggests that this is primarily due to differences in experimental parameters; however, the
author concludes that despite these limitations, there are differences in the activation patterns
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between L1 and L2 that likely are not due to coincidence although the factors of L2 onset,
proficiency and exposure need to be controlled and consistent between subjects (Indefrey,
2006). These same issues have been raised in more recent reviews also (Kotz, 2009;
Leonard, et al., 2010).

With regard to experimental parameters and paradigms, an important first distinction is the
separation of language into its receptive and expressive components. A well-used model of
language (Geschwind, 1970) localizes receptive language, or the processing of incoming
language, to left posterior temporal brain (Wernicke’s) areas and expressive, or productive,
language to left inferior frontal (Broca’s) areas. While simplistic, this division is helpful for
comparing across paradigms. It may be that the neural representation of a second language
dissociates into its receptive and expressive components depending on a number of different
factors including age of acquisition, degree of second language exposure, level of
comprehension (receptive language) and fluency (expressive language).

With regard to the use of different imaging modalities, the earliest investigations of
bilingualism involved lesional and electrical stimulation studies and usually described
expressive language deficits, i.e., aphasias. Event-related potential (ERP) studies, on the
other hand, focused primarily on receptive language paradigms to avoid contamination by
the muscle artifacts involved with language production. While ERPs have offered good
temporal resolution to examine functional differences between L1 and L2 use, its spatial
resolution is poorer and is probably unable to resolve questions of whether neural areas are
truly distinct or simply adjacent or overlapping.

PET and fMRI (see van Heuven and Dijkstra, 2010 for a review) studies have used a
combination of paradigms that activated both receptive and expressive language in the same
task; however, one of the first PET studies showed left frontal lobe activation including
inferior frontal gyrus (BA 47, 46, 45) and left pre-motor area (BA 8) for first (L1) and
second (L2) language, regardless of task or language, suggesting that common brain areas
are involved in within- and across- language searches (Klein, et al., 1995). One of the first
fMRI studies (Kim, et al., 1997) reported that L2 was spatially separated from L1 if the
subject learned their second language later in life, whereas, “early” bilinguals showed both
languages in spatially common frontal cortical areas; however, subjects’ language
proficiencies were not controlled and language comprehension was not directly tested, thus,
interpretation of these results is difficult. Furthermore, late acquisition subjects showed more
variability in neural areas activated (Bloch, et al., 2009). PET and fMRI have offered good
spatial resolution but with poorer temporal resolution resulting in findings which represent
only the strongest summed activations over time and may not capture the subtleties that are
involved in L2 use. An event-related fMRI comparison of L1 and L2 picture naming showed
bilateral anterior cingulate cortex, left inferior (BA 44, 47, 45), left middle (BA 10/46), and
right dorsal frontal gyri (BA 9) and left pre-central gyrus (Abutalebi, et al., 2008).

Magnetoencephalography (MEG) data have high temporal and spatial resolution and this
modality is thus a good candidate for examining the spatiotemporal dynamics of L1 and L2
representation (Salmelin, 2007). There is an extensive literature on MEG studies of bilingual
receptive language processing. Schmidt and Roberts (2009) review these studies which
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involve the use of MEG to examine bilingual word processing, word listening, and sentence
grammar violations primarily using mismatch negativity (MMF) and the M100. Comparing
L1 and L2 reading, the right fusiform gyrus was found to be active at 273 ms for both
languages, but the left superior temporal and supramarginal gyri were active at 616 ms for
only first language use (Kamada, et al., 1998). Another reading study reported early left
hemisphere gamma event-related synchrony (within 200 ms) for L1 and L2. This ERS was
more pronounced in the right hemisphere only for L1 (Ihara and Kakigi, 2006). Although it
has been found that event-related synchrony is most closely related to the hemodynamic
response (Singh, et al., 2002), event-related desynchrony is more often seen in cognitive
tasks (Niedermeyer and Lopes da Silva, 2005) and with language tasks (Fried, et al., 1981,
Hirata, et al., 2004; lhara, et al., 2003; Yamamoto, et al., 2006).

Expressive language tasks in the MEG are less common because the artefacts and trial-by-
trial variability of speech production have been problematic for the small neuromagnetic
signals (Hari, et al., 2010). Some groups have found creative approaches to these problems
(e.g., Breier and Papanicolaou, 2008). The development of beamforming methods (Robinson
and Vrba, 1999; Vrba and Robinson, 2001), a spatial filtering technique, has allowed us to
directly compare oscillatory changes in power between active and baseline time windows on
a single-trial basis (Herdman, et al., 2007; Ressel, et al., 2008). We recently reported a
validation study of an MEG covert verb generation that identified left inferior frontal
(Broca’s area) with high consistency when compared to fMRI (Pang, et al., 2011). These
novel MEG expressive language tasks have not yet been applied to the question of bilingual
language representation in the brain. In the current study, bilingual adults completed an
MEG verb generation task in L1 and L2 and we compared the spatiotemporal profile of both
languages using beamforming methods.

2.1. Language Questionnaire Summary

Mean age of L2 acquisition was 5.1 years. All subjects confirmed that they had not received
any speech language therapy or intervention in either L1 or L2. Table 1 (top panel)
summarizes the subjects’ exposure to both L1 and L2 through their families, community and
education. Table 1 (bottom panel) summarizes the subjects’ self ratings of fluency in L2.
While all subjects were fluent in L2 by self-report; they clearly reported L1 dominance as
evidenced by a balance towards L1 in both usage and ability.

2.2. Occipital and Temporal activations prior to masking

Figure 1 (left panel) shows the strong desynchrony observed in left cuneus and right middle
occipital gyrus areas for both L1 and L2. Time-frequency plots at each of these locations
reveal similar patterns for L1 and L2: a rapid wide-band evoked response, probably the
P100, followed by a sustained and broad (5-30 Hz) desynchrony. Figure 1 (right panel)
shows the strong desynchrony observed in left middle and right superior temporal gyri for
L1 and bilateral middle temporal gyri for L2. Time-frequency plots at these locations reveal
sustained broadband desynchrony in the temporal regions.
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2.3. 5-15 Hz event-related desynchrony

Figure 2 shows thresholded ERD localizations in the lowest bandpass (5-15 Hz) for each of
the time windows with L1 in the top row and L2 in the bottom row. For L1, left inferior
frontal gyrus (BA 47) is active in the first window and remains active into the 250-400 msec
window. As well, right hemisphere primary motor hand area (BA 4) is co-active with left
hemisphere primary somatosensory (BA 3) area. Interestingly, L2 activation begins and is
sustained in right insula (BA 13), with right inferior frontal gyrus (BA 47) coming on-line
after 450 msec, followed by right hemisphere primary motor cortex (BA 4). This same
sequence of BA 47 followed by BA 4 was seen in L1, but there is a lag with the L2
condition.

To confirm the inferior frontal activations, a virtual sensor location was selected at the left
inferior frontal location with maximal ERD on L1. TFRs were created at this location for
both L1 and L2 and also for both languages at the homologous right hemisphere location.
These are contained in Figure 3. Inspection of this figure shows that all four figures show
desynchrony in approximately the 5-15 Hz bandpass and approximately between 250-550
msec. For L1, although the desynchrony is strongest in left IFG, it is clearly present in right
IFG. For L2, the desynchrony is of approximately equivalent strength in both left and right
hemispheres.

2.4. 15-25 Hz (beta) and 25-50 Hz (gamma) event-related desynchrony

Figure 4 shows the thresholded ERD locations in the beta band (15-25 Hz) for each of the
time windows with L1 on the top row and L2 on the bottom row. For L1, left premotor area
(BA 6) shows a sustained activation starting at mouth motor areas and proceeding superiorly
to hand motor areas. It should be noted that the left mouth premotor area is active in the
same time window as the left inferior frontal gyrus in the lower frequency band. For L2, left
premotor area (BA 6) shows a sustained activation starting in the 150-300 ms window, but
this is preceded by activation in right anterior cingulate cortex (BA 32). Again, L2 follows a
similar pattern of activations as L1, with the exception of the additional cingulate cortex
response.

Figure 5 shows the thresholded ERD locations for the gamma band (25-50 Hz) responses for
each of the time windows with L1 and L2 on the top and bottom, respectively. For L1, a
circuit is seen in left frontal cortex starting with left superior frontal gyrus (BA 9) to left
insula (BA 13) and back to superior frontal gyrus in the last window. As well, right inferior
gyrus (BA 47) becomes active in the 450-600 ms window. For L2, activations begin in
bilateral frontopolar regions (BA 10 and 11) before switching into the motor network
involving left supplementary motor (BA 6), primary motor (BA 3) and somatosensory (BA
4) areas.

3. Discussion

In this study, we used MEG to elucidate the spatiotemporal profile of healthy adult
bilinguals as they completed a simple expressive language task in both their first and second
languages. The MEG and ERP literature suggest that the generally accepted progression for
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language production, cued by visual stimuli, begins with object recognition and
conceptualization processes at 0-175 ms involving occipital and ventrotemporal regions.
This progresses to the left middle temporal gyrus at 175-250 ms where the word is selected
from the mental lexicon; the phonological code is retrieved between 250-300 msec
extending from left middle to left superior temporal gyri. At this point, preparation is made
for oral output after 330 ms which engages Broca’s area in left inferior frontal gyrus and
bilateral sensorimotor areas (Vihla, et al., 2006).

The literature suggests that this basic progression through the language network is followed
regardless of the language being tested. Our choice to use a variety of first and second
languages across subjects was built on the rationale that an ‘innate’ language system exists
that is open to all languages, upon which all first languages are built. We also hypothesized
that the basic mechanisms of second language control are consistent, and innate, across
languages; thus, regardless of the first and second languages, the controllers are the same.
The subtle differences between first and second language only emerge when one begins to
probe the finer aspects of each language, such as its grammar, syntax, or roots (e.g.,
Romanic languages might be more similar to other Indo-European languages, and these
families are quite different from Sino-Tibetan or American Indian languages). This latter
investigation is beyond the scope of this paper. In this paper, as a first step, we were
interested in elucidating the basic, innate mechanisms involved in L1 and L2 verb
production.

The spatiotemporal progression reported in our findings is consistent with what has been
suggested in the literature: occipital to ventrotemporal to inferior frontal/sensorimotor areas;
however, we further identify areas that may be involved in the control of second language
use. Our most striking finding is the sustained insula desynchrony with L2 language use, and
the early and immediate involvement of anterior cingulate cortex, also with L2 use. An fMRI
(Chee, et al., 2004) study, examining receptive language localization, reported left insula
activation for the dominant language and left anterior cingulate activation for the less
proficient language. While there is probably no direct relationship between the BOLD signal
and ERD, as both are complex responses (Winterer, et al., 2007), Chee and colleagues
(2004) were the first to identify insula and anterior cingulate as areas important in
bilingualism.

In a verbal memory study, the insula was thought to be involved in subvocal rehearsal
(Smith, et al., 1998), and another fMRI study which involved switching between L1 and L2
interpreted the insular activation as a priming effect that activated the appropriate language
(Isel, et al., 2010). A recent MEG study using a semantic judgement task (Leonard, et al.,
2011) found insular activation to be related to L2 proficiency and not L2 use. This most
recent paper offers a plausible explanation of our findings of insula activation only in the L2
condition, as our subjects report that their balance between L1 and L2 proficiency is in
favour of L1. The sustained insula desynchrony could reflect their lower proficiency in L2.

Our finding of anterior cingulate desynchrony is also of interest. Functional MRI studies by
Chee and colleagues (2004) and Isel and colleagues (2010) report anterior cingulate
activation which is interpreted as a subprocess inhibiting the inappropriate language.

Brain Res. Author manuscript; available in PMC 2016 May 27.



1duosnue Joyiny YHID 1duosnuely Joyiny JHID

1duosnuen Joyiny YHID

Pang and MacDonald

Page 6

However, another model of bilingual control identifies the anterior cingulate cortex as being
important in conflict monitoring and error detection (Abutalebi, 2008; Abutalebi and Green,
2007). Using this model, the results from the current study is consistent with the idea that
the lower proficiency of L2 in our cohort would result in the need for greater error
monitoring and thus, anterior cingulate response. A recent fMRI study (Guo et al., 2011)
examined global versus local inhibition in bilingual picture naming whereby the dorsal
anterior cingulate cortex was implicated in local inhibition (switching languages within a
block) and the left frontal gyrus in global inhibition (switching between blocks). By this
definition, our task was a global inhibition task, yet we found significant responses in
anterior cingulate. We postulate that this may be due to differences in the study populations.
We tested participants who acquired L2 relatively early in life whereas the participants in the
study by Guo and colleagues (2011) acquired L2 later in life (after age 12 years). It may be
that L1 and L2 processing is more integrated in individuals who acquired L2 early, and this
is what requires greater monitoring and inhibition. This is an interesting finding that requires
future empirical validation.

It has also been suggested in the literature that L2 processing requires greater right
hemisphere involvement. An MEG study of semantic classification (Leonard, et al., 2010)
reported greater right inferior precentral and pars opercularis activation to L2 than L1, and
the authors concluded that L2 word processing required the additional recruitment of right
hemisphere homologous areas; furthermore, peak activations of right hemisphere areas were
delayed for L2 compared to L1. We saw this in our study where similar patterns of
activations were repeated in the right hemisphere after a brief lag. This was particularly true
of the inferior frontal (BA 47) ERD, which came on-line in the 50-200 ms window and
again at 250-400 ms in L1, but was only seen later in right homologous BA 47 in the 450-
600 ms window.

Classical thinking about the neural underpinnings of expressive language points solely to BA
44 and 45, that is, canonical Broca’s area. However, it is now known that BA 44/45 are
functionally, and cytoarchitecturally, distinct (Horwitz, et al., 2003). BA 44 is more involved
in the complex articulatory movements involved in speech, while BA 45 is involved in the
narrative aspects of language. Extending past canonical Broca’s area, the pars orbitalis
region of the inferior frontal gyrus, BA 47, has been identified as being involved in semantic
processing with fMRI (Dapretto and Bookheimer 1999; Isel, et al., 2010; Parker Jones, et al.,
2012), PET (Klein, et al., 1995), and MEG (Dhond, et al., 2001). Our finding of a BA 47
response, without BA 44/45 activation, is consistent with our use of a semantic task and the
absence of any overt articulation or narration in our paradigm. In fact, new diffusion tensor
imaging results highlight the importance of the inferior-occipito-frontal fasiculus (IOFF), a
pathway that is not usually included in the canonical language network, in the
comprehension and production of meaningful speech, and this fibre tract directly connects
the middle temporal region to BA 47 (Turken and Dronkers, 2011) — regions that are
identified in our study as important in both L1 and L2 language production.

The report by Turken and Dronkers (2011) of a direct fibre tract between middle temporal
gyri and inferior frontal BA 47 regions offers a potential explanation for our finding of BA
47 ERD in the earliest time window. BA 47 is important for semantic processing and
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decisions, and this area may be active early to prime the system in preparation for the task to
be performed. Other studies involving expressive language have found early activation in
frontal areas (e.g., Herdman, et al., 2007) supporting a priming effect in frontal regions, and
also highlighting the fact that a posterior-anterior model of language is inadequate and too
simplistic.

In addition to the BA 47 region, we observed dorsolateral frontal involvement in the left
hemisphere for L1 and bilaterally for L2. While the L1 area was identified as BA9, the L2
area was in bilateral BA 10/11. These regions are consistent with an event-related fMRI
study (Abutalebi, et al., 2008) and models of bilingual language control which state that the
dorsolateral frontal cortices are connected to the anterior cingulate, and are involved in
language control, specifically response selection and response inhibition (Abutalebi, 2008;
Abutalebi and Green, 2007). An fMRI connectivity study examining language recovery in a
clinical population further demonstrated a strong connection between cingulate and
dorsolateral prefrontal cortex and the connectivity studies suggest that these areas work
together to inhibit interference from the non-target language. The cingulate serves to signal
the prefrontal cortex of potential response conflicts and the prefrontal cortex seeks to avoid
incorrect selection (Abutalebi, et al., 2009). Our finding of a very early cingulate response in
the L2 condition supports this idea that the cingulate signals the possibility of response
conflicts which is later responded to by the dorsolateral cortex. An intriguing interpretation
for the left BA9 activity seen with L1, in contrast to the bilateral BA10/11 with L2, comes
from the literature describing specific functional roles for these areas. Left BA9 has been
implicated in many cognitive functions including monitoring and manipulation within
working memory (Owen, 1997; Petrides, 1994), response selection (Rowe et al. 2000), and
encoding and recognition for both working and long-term memory (Ranganath et al., 2003)
— the involvement of this area is not surprising in our task. While right BA10 has been
implicated in a number of cognitive processes including working memory (MacLeod et al.,
1998), it seems be specifically engaged in situations where an integration of two or more
separate cognitive operations are required to fulfill a higher behavioural goal (Ramnani and
Owen, 2004). Further, BA 11 has been found to be involved in planning and verbal
reasoning tasks (Colom et al., 2009). The involvement of bilateral BA10/11 in L2 verb
generation suggests that L2 processing requires additional resources, in terms of process
integration, planning and monitoring. This hypothesis requires further empirical
confirmation.

In addition to finding neural regions involved in bilingual verb generation, our use of MEG
allowed us to examine the role of different frequency bands and their involvement in both L1
and L2 use. Studies of motor cortex control (Salmelin and Sams, 2002) demonstrate that the
human sensorimaotor cortex displays 20 Hz oscillatory activity which is generated largely in
the post-central primary somatosensory cortex in and around the hand area. Our study
suggests that for L1, the desynchronization of BA 47 interrupts this oscillatory activity in
primary somatosensory areas (BA 3/4) to prepare for the oral response. Further, this
literature shows that the 20Hz activity originates in primary motor cortex and shows
homuncular organization; this is consistent with our finding of modulation over mouth/face
regions in BA 6 and BA 3. It was initially puzzling to observe activity in motor cortex with a
covert response, but there are several potential explanations. Recent evidence shows that
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neurons in motor cortex are active with observation of a movement and with both imagined
and covert movements (Cattaneo, et al., 2009; Kilner, et al., 2009; Lui, et al., 2008;
Wadsworth, et al., 2011).

This study has several limitations that should be noted. One limitation is our use of subjects
with different L1 and L2. Future studies should attempt to create homogeneous L1 and L2
groups so as to control for language subtleties, for example, phonologic or orthographic
similarities). Another limitation is the inability of this study to disentangle the effects of
noun versus verb processing. While verb generation was chosen in this study to follow on a
long clinical tradition of using verb generation (Brown, et al., 2005; Gaillard, et al., 2003;
Holland, et al., 2001; Wood, et al., 2004), this limits the interpretation of these results as it is
well known that nouns and verbs are processed differently in the brain (Khader and Résler,
2004; Liljestrom et al., 2008; Peran et al., 2009; Shapiro et al., 2006). A third limitation of
our study is the use of an open-ended questionnaire that did not specifically query the
subject as to their language choices in different environments, with different people, and for
different functions. As well, we did not capture questionnaire data regarding the subject’s
ability to switch languages within and between environments. Clearly, this study
demonstrates that the brain data are sensitive enough to be correlated with specific
behavioural questions so as to address particular hypotheses. This should be considered in
future studies. A final limitation is our use of covert responding and thus our inability to
obtain behavioural measures such as reaction time and accuracy. While this paradigm has
been useful for us in the clinical setting for localizing expressive language, this is certainly a
limitation in this study.

In summary, while our results clearly show consistencies with the literature, there are
discrepancies with the extant fMRI literature. The relationship between the fMRI bold
response and the MEG neurophysiological response are still poorly understood (Liljestronm,
et al., 2009). Both methods have differing preferences and sensitivities; the fMRI is
incapable of capturing temporally brief or sparse events (Singh, et al., 2002), while the MEG
may miss long-lasting non-time- and phase-locked events and may not encompass the entire
extent of the neural network involved in the complexities of language production. This
emphasizes the need for multi-modal recordings, cross-modal comparisons, and further
studies of regional brain or network connectivity differences between L1 and L2 use.

In conclusion, our findings shed light on the discrepancies seen in the neuroimaging
literature regarding first and second language use. We demonstrate that L2 processes are
slower, due to the involvement of early control processes that activate appropriate, and
inhibit inappropriate, language selection. We also demonstrate that L2 processing requires
more bilateral resources compared to the primarily left-lateralized L1 processes. Finally, we
demonstrate that L2 processes are subsumed in areas that are adjacent and non-overlapping
with areas controlling to L1 processing.
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4. Methods and Materials
4.1. Subjects

Twelve right-handed young adults (4 male, 8 female; mean age = 23.5+3.9 yrs) participated
in the study. Subjects were screened and found to be free from academic, speech-language,
neurological, neuropsychological, or psychiatric issues. Subjects had normal or corrected-to-
normal vision and normal hearing, by self report. Subjects were also required to be free of
magnetic appliances and compliant with MEG/MRI imaging requirements. Prior to entering
the MEG, subjects completed a detailed language history, use and proficiency questionnaire
to document age of L2 acquisition and self-reported proficiency in each language. All
subjects gave informed consent and this study was approved by the Hospital for Sick
Children Research Ethics Board.

4.2. Stimuli and task

Subjects completed a picture verb generation task (Kadis, et al., 2008). A verb generation
task was selected as fMRI (Liljestrom et al., 2008; Peran et al., 2009; Shapiro et al., 2006)
and ERP (Khader and Roésler, 2004) studies have shown that verbs activate inferior frontal
areas more robustly than nouns. For this task, subjects were shown a picture of a common
object and asked to think rapidly of a verb that corresponded to the object. Pictures were
high resolution, colour drawings of common objects. Each condition consisted of 92 pictures
which appeared sequentially, in random order, on the centre of the screen for 500 ms
followed immediately by a colour-frequency scrambled picture, as baseline, for an inter-
stimulus interval of 2 sec. Baseline and active pictures were matched for size, brightness and
contrast. All pictures subtended 5 degrees of visual angle and were back-projected via
mirrors to a screen located 65 cm from the subject’s nose. Stimuli were controlled using
Presentation (Neurobehavioral Systems Inc., Albany CA). Subjects completed the verb
generation task in either their first or second language with language of testing counter-
balanced across subjects.

To minimize head movement and muscle artefact, this was a covert task which we have
demonstrated to have high reliability compared with fMRI for identifying left inferior frontal
areas associated with language production (Pang, et al., 2011). Due to the covert nature of
the task response, and to ensure subject attention during the task, we inserted vigilance trials
which consisted of a picture of a hand pressing a computer mouse. These appeared with a
frequency of approximately 13% and subjects were trained to make an overt button press
with their either right or left hand (counter-balanced across subjects) when they saw this
stimulus. This allowed the MEG operator to track missed responses to button presses and
query the subject for task compliance. Each condition was 4 minutes and there were no
problems with compliance or subject inattention. After exiting the MEG shielded room,
subjects sat at a computer in the lab and completed the same task but responded overtly so as
to confirm adequate performance.

4.3. MEG Data and Structural MRI acquisition

Subjects were tested in a whole-head 151 channel MEG (with axial gradiometers and third
order noise reduction) (CTF Omega, MISL, Coquitlam BC) located in the Neuromagnetic
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Lab at the Hospital for Sick Children. Prior to entering the magnetically shielded room,
three fiducial markers were placed on the subject’s nasion, left and right pre-auricular
points, to allow co-registration with anatomical MRI. Subjects were tested supine on the
MEG bed in a darkened room. The subject’s head was localized before and after each test
condition to check for head movements while in the MEG dewar. Motion was comparable
between conditions and none of our subjects failed the movement limit of 5 mm; our
criterion being that conditions with greater than 5 mm movement would be re-run. MEG
data were acquired continuously with a digitization rate of 625 Hz and 0-100 Hz filter
settings and third-order gradient noise reduction. After MEG testing, the three fiducial
markers were replaced with radiological markers and a 3-dimensional T1-weighted SPGR
anatomical MRI was acquired (1.5T, GE Medical Systems, Waukesha WI). The 3D volumes
were transferred to BrainSuite2 (Dogdas, et al., 2005; Shattuck and Leahy, 2002; Shattuck,
et al., 2001) and the tissue automatically segmented to establish inner skull morphology. A
mask of each subject’s inner skull was used to develop multiple sphere models for
beamforming analyses.

4.4. Data processing and Statistical testing

Continuous MEG data were epoched from 500 ms pre-stimulus to 1000 ms post-stimulus,
resulting in 1.5 s trials with stimulus onset at time zero. Vigilance trials, which have hand
movements, were discarded from further processing. Data were filtered with three
bandpasses (5-15, 15-25, and 25-50 Hz), selected as per previous language studies using this
approach (Kadis, et al., 2008; Mohamed, et al., 2008; Ressel, et al, 2008), and analysed with
differential beamforming (see Robinson and Vrba, 1999; Sekihara, et al., 2001; Van Veen, et
al., 1997; Vrba and Robinson, 2001). Time windows were set at 150 ms widths with baseline
defined as —200 to —50 ms pre-stimulus. Sliding, overlapping active windows were used and
defined as: 50-200, 150-300, 250-400, 350-500, 450-600, and 550-700 ms. The region of
interest was set to include the whole cerebral cortex with a 5 mm voxel resolution. A
bootstrap statistical procedure was applied where observed data were randomly sampled
with replacement on a voxel-wise basis to create 99 pseudo runs of 80 trials which served as
null distributions for non-parametric inferential statistical comparisons with actual data and
a threshold set, a priori, at an alpha level of p<0.01 (uncorrected). Only voxels passing this
threshold were included in further analyses.

4.5. Data Visualization and Averaging

Multiple areas in the brain passed the bootstrap thresholding procedure, however, initial
observations of desynchrony results showed strong signals from posterior and temporal
regions that precluded visualization of other brain areas. To isolate the extra- occipital and
temporal components, we restricted the analyses of the thresholded data to a probabilistic
volume (Shattuck, et al., 2008) that excluded the occipital and temporal lobes (developed by
the /nternational Consortium for Brain Mapping, made publicly available through the
University of California’s Laboratory of Neuro Imaging at http://www.loni.ucla.edu).
Individual subject data were spatially normalized using SPMZ2 routines (Friston, 2003), then
the occipital and temporal areas masked so that the other loci of desynchrony could be
visualized. The masked images were grand averaged across subjects. Talaraich coordinates
were converted to Brodmann areas (Lancaster, et al., 1997; 2000).
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Figure 1. Event-related desynchrony (ERD) in occipital (Ieft panel) and temporal (right panel)

regionsfor L1and L2

Occipital ERD (left panel): Glass brains show occipital locations for ERD with L1 and L2
use. Time-frequency plots at these locations show similar patterns of percent change in ERD
for L1 and L2 at left cuneus and right middle occipital gyrus. Temporal ERD (right panel):
Glass brains show temporal locations for ERD with L1 and L2 use. Time-frequency plots at
these locations show similar patterns of percent change in ERD for L1 and L2 at middle and

superior temporal gyri.
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Figure 2. Thresholded event-related desynchrony localizationsin the 5-15 Hz bandpass
ERD locations for L1 (top row) and L2 (bottom) row for each time window in the 5-15 Hz

bandpass.
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Figure 3. Time-frequency plot at inferior frontal locations
Time- frequency plots demonstrate percent change in ERD in left BA 47 and homologous

right BA 47 for L1 and L2. The L1 ERD is more left lateralized while the L2 ERD is more

bilateral.
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Figure 4. Thresholded event-related desynchrony localizationsin the 15-25 Hz bandpass
ERD locations for L1 (top row) and L2 (bottom) row for each time window in the 15-25 Hz

bandpass.
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Figure 5. Thresholded event-related desynchrony localizationsin the 25-50 Hz bandpass
ERD locations for L1 (top row) and L2 (bottom) row for each time window in the 25-50 Hz

bandpass.
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