
Clinical Neurophysiology 127 (2016) 2308–2316
Contents lists available at ScienceDirect

Clinical Neurophysiology

journal homepage: www.elsevier .com/locate /c l inph
High-resolution MEG source imaging approach to accurately localize
Broca’s area in patients with brain tumor or epilepsy
http://dx.doi.org/10.1016/j.clinph.2016.02.007
1388-2457/Published by Elsevier Ireland Ltd. on behalf of International Federation of Clinical Neurophysiology.

⇑ Corresponding author at: Radiology Imaging Laboratory, University of Califor-
nia, San Diego, 3510 Dunhill Street, San Diego, CA 92121, USA. Tel.: +1 858 534
1254; fax: +1 858 552 7404.

E-mail address: mxhuang@ucsd.edu (M.-X. Huang).
Charles W. Huang a, Ming-Xiong Huang b,c,⇑, Zhengwei Ji b, Ashley Robb Swan c, Anne Marie Angeles c,
Tao Song b, Jeffrey W. Huang d, Roland R. Lee b,c

aDepartment of Bioengineering, University of California, San Diego, San Diego, CA, USA
bDepartment of Radiology, University of California, San Diego, San Diego, CA, USA
cResearch Services, VA San Diego Healthcare System, San Diego, CA, USA
dWestview High School, San Diego, CA, USA

a r t i c l e i n f o
Article history:
Accepted 9 February 2016
Available online 17 February 2016

Keywords:
Broca
Wernicke
Expressive language
Receptive language
Object-naming task
h i g h l i g h t s

� Magnetoencephalography (MEG) provides high localization accuracy for Broca’s andWernicke’s areas.
� MEG reveals time latency differences between Wernicke’s and Broca’s areas.
� MEG assesses dominance in Broca’s area in patients with brain tumor or epilepsy.

a b s t r a c t

Objective: Localizing expressive language function has been challenging using the conventional magne-
toencephalography (MEG) source modeling methods. The present MEG study presents a new accurate
and precise approach in localizing the language areas using a high-resolution MEG source imaging
method.
Methods: In 32 patients with brain tumors and/or epilepsies, an object-naming task was used to evoke
MEG responses. Our Fast-VESTAL source imaging method was then applied to the MEG data in order
to localize the brain areas evoked by the object-naming task.
Results: The Fast-VESTAL results showed that Broca’s area was accurately localized to the pars opercu-
laris (BA 44) and/or the pars triangularis (BA 45) in all patients. Fast-VESTAL also accurately localized
Wernicke’s area to the posterior aspect of the superior temporal gyri in BA 22, as well as several addi-
tional brain areas. Furthermore, we found that the latency of the main peak of the response in
Wernicke’s area was significantly earlier than that of Broca’s area.
Conclusion: In all patients, Fast-VESTAL analysis established accurate and precise localizations of Broca’s
area, as well as other language areas. The responses in Wernicke’s area were also shown to significantly
precede those of Broca’s area.
Significance: The present study demonstrates that using Fast-VESTAL, MEG can serve as an accurate and
reliable functional imaging tool for presurgical mapping of language functions in patients with brain
tumors and/or epilepsies.

Published by Elsevier Ireland Ltd. on behalf of International Federation of Clinical Neurophysiology.
1. Introduction

Currently, magnetoencephalography (MEG) has been routinely
used as a noninvasive presurgical functional mapping tool in
patients with brain tumors and/or epilepsies. This is mainly due
to the better localization accuracy (in several millimeters for corti-
cal areas; Huang et al., 2006; Leahy et al., 1998; Niranjan et al.,
2013), compared to scalp electroencephalography (EEG), and
higher temporal resolution (in 1 ms) of MEG, compared to several
other commonly known functional mapping techniques, such as
functional magnetic resonance imaging (fMRI, in sec) and positron
emission topography (PET, in min). MEG has been proven to be
highly valuable in localizing activity in the somatosensory cortex
(Huang et al., 2000, 2005; Niranjan et al., 2013; Schiffbauer et al.,
2001, 2003), motor cortex (Bourguignon et al., 2013; Huang
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et al., 2004; Pang et al., 2008; Schiffbauer et al., 2001), auditory
cortex (Chen et al., 2013; Edgar et al., 2006, 2008; Huang et al.,
2003; Nakasato et al., 1997), and receptive language areas (i.e.,
Wernicke’s area) (Billingsley-Marshall et al., 2007; Papanicolaou
et al., 1999, 2004, 2005, 2006). Yet, it has been previously challeng-
ing to localize expressive language function (i.e., the activity in
Broca’s area) using MEG.

In presurgical planning, evaluation of a patient’s language func-
tion has become an important procedure that requires high accu-
racy and reliability. In general, presurgical language mapping
approaches can be divided into three categories with different spa-
tial scales: (1) the large-scale language lateralization approach that
addresses the question whether the left or right hemisphere is
the language-dominant hemisphere, without assessing the exact
location of specific anatomical areas; (2) the language localization
approach that reveals the voxels in specific anatomical areas con-
trolling the language function; and (3) the ROI-based small-scale
lateralization approach that assesses the anatomical areas in the
left or right hemisphere controlling the language function. In these
approaches, signals from voxels within the specific anatomical
areas or regions of interest (ROIs) are usually summed up, and then
the summed signals are used to assess lateralization (Hirata et al.,
2004).The present study deals with voxel-wise language localiza-
tion and ROI-based small-scale language lateralization.

The large-scale language lateralization evaluation has been tra-
ditionally administered through the Wada Test (Wada and
Rasmussen, 1960), more formally known as the intracarotid
sodium amobarbital procedure. However, a major limitation of
the Wada Test is that it does not localize language areas, whereas
for surgical planning, ROI-based small-scale language lateraliza-
tion and language localization are often essential. Thus, noninva-
sive functional neuroimaging has become an important
component of language mapping in clinical settings. FMRI, in par-
ticular, is a neuroimaging method that monitors change in blood
oxygenation level-dependent (BOLD) contrast imaging to measure
the corresponding change in neural activity. Yet, for patients, the
limitations of fMRI include the possibility of claustrophobia, loud
high-pitched noises caused by the Lorentz forces induced in the
gradient coils, and the intolerance of head movement during scans.
Moreover, the fMRI BOLD effect may be disturbed by pathological
vascularization in the tumor that prevents a local increase of blood
flow, thus resulting in lower BOLD contrast (Grummich et al., 2006;
Holodny et al., 1999, 2000; Roux et al., 2003; Schreiber et al., 2000).
By contrast, MEG provides direct measurements of neural activity
and is insensitive to the abnormal blood flow-related artifacts in
tumors. MEG recordings are conducted in a quiet environment,
and the ability to perform head motion tracking and correction
in Elekta/Neuromag MEG machines (Taulu et al., 2004a; Taulu
and Simola, 2006) also enhances the potential of MEG as a clinical
tool for language localization and ROI-based small-scale language
lateralization.

In the MEG literature, studies of expressive language localiza-
tion (i.e., Broca’s area) have been limited. Salmelin and colleagues
performed one of the first MEG studies to examine responses in
Broca’s area using a naming task and a dipole-fitting analysis
(Salmelin et al., 1994). However, in their study, large discrepancies
in the dipole locations of Broca’s area may limit the application of
dipole fitting during presurgical mapping in a clinical setting.

Using picture verb generation and word verb generation tasks,
Pang and colleagues examined the MEG and fMRI responses in
10 healthy subjects (Pang et al., 2011). Beamformer (Gross et al.,
2001; Gross and Ioannides, 1999; Robinson and Vrba, 1999;
Sekihara et al., 2001; Van Veen et al., 1997) was used in that study
for MEG source localization. They found 79.6% overlap of voxels
activated by both MEG and fMRI for picture verb generation and
50.2% overlap for word verb generation. However, our close
examination of the figures in the work from Pang and colleagues
suggests large discrepancies in the exact cortical representation
of Broca’s area responses between fMRI and MEG. Many of the
MEG frontal lobe hot spots reported in their study appear to be
outside of the typical Broca’s area including pars opercularis (Brod-
mann Area or BA 44) and pars triangularis (BA 45). Wernicke’s
responses were not examined in the above study by Pang and col-
leagues (Pang et al., 2011).

In addition, using the beamformer analysis, Hirata and col-
leagues examined the beta and gamma band desynchronization
during a silent reading task in presurgical patients. Based on
MEG activity in inferior frontal areas as part of an ROI-based
small-scale lateralization approach, they reported that in 95% of
the cases, the MEG small-scale lateralization results were congru-
ent with the result of the Wada Test (Hirata et al., 2004). In addi-
tion to the inferior frontal areas, activity from other brain areas
such as middle frontal lobe, temporal–occipital lobe, and angular/
lateral occipital areas was also reported in that study (Hirata
et al., 2004). However, the spatial resolution of the source images
from their approach appears to be limited, and the sequence of
activation between the activity in inferior frontal activity and other
brain regions was not presented.

In another MEG study using beamformer analysis, Bober and
colleagues examine the MEG responses evoked by a silent reading
and a silent naming task in eight healthy subjects and seven
patients with brain tumors (Kober et al., 2001). They reported
localization of both Wernicke’s and Broca’s areas. However, our
examination of the figures in that study showed that the inferior
frontal sources obtained from their beamformer analysis were
actually from the precentral gyri as part of the motor cortex, again
not the typical Broca’s area (i.e., pars opercularis/BA 44 and pars
triangularis/BA 45), although some studies included the inferior
aspect of the precentral gyrus as part of Broca’s area (Price,
2000). In a separate study of 172 patients with brain tumors from
the same laboratory, Kober, Grummich, and their colleagues used
sequential dipole fits (4D-Neuroimaging proprietary software)
and beamformer analysis to localize the MEG responses in Broca’s
and Wernicke’s areas evoked by several language tasks (Grummich
et al., 2006). Many of these patients were also examined using
fMRI. Their findings report congruence between fMRI and MEG in
77% of the localizations of language areas. They also reported Bro-
ca’s activity that was localized to the frontal operculum and the
ventral premotor cortex using MEG. The discrepancies in MEG
localization of Broca’s area in the above studies suggest that fur-
ther studies are warranted for addressing MEG’s accuracy in local-
izing the expressive language function.

We believe that the discrepancies in MEG’s localization of Bro-
ca’s area from the above studies were at least in part due to the
dipole fitting and beamformer techniques. In the current study,
we assessed the accuracy of using our Fast-VESTAL MEG source
imaging method in localizing expressive language function,
especially Broca’s area using an object-naming task. Our recent
development of the high-resolution MEG source imaging method,
Fast-VESTAL, allows for a voxel-wise whole-brain source imaging
of human brain function in a more advanced way than the
traditional methods (e.g., dipole fits, minimum L2 norm
approaches, and beamforming; Huang et al., 2014a). Advantages
of Fast-VESTAL over the standard MEG methods include its ability
to (1) localize multiple correlated sources without distorting
activity, (2) faithfully recover source time courses, and (3) generate
accurate statistical maps of source images without signal
leakage to other brain areas. Fast-VESTAL and its processor, VES-
TAL, have been successfully applied in analyzing resting-state as
well as evoked MEG signals(Chen et al., 2013; Diwakar et al.,
2015; Huang et al., 2006, 2009, 2010, 2012, 2014a,b,c; Robb
et al., 2015).
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The primary goals of our present MEG study are as follows: (1)
Use a single-subject basis analysis to examine Fast-VESTAL’s voxel-
wise localizations of Broca’s area during an object-naming task in
individual patients with brain tumors and/or epilepsies. (2) Exam-
ine the ROI-based small-scale language lateralization and language
dominance using an asymmetry index for Broca’s responses. In this
type of ROI-based group analysis, the source activity from pars
opercularis (BA 44) and pars triangularis (BA 45) was summed
up. (3) Use a voxel-wise group-analysis approach to examine the
common features across patients of the brain activity localizations
inside as well as outside Broca’s area. In this approach, the MEG
activity of individual patients from the object-naming task was
co-registered to the MNI-152 brain atlas. (4) Examine the latency
differences between Broca’s and Wernicke’s responses. In the pre-
sent study, we adopt the typical definition of Broca’s area to
include the pars opercularis (BA 44) and pars triangularis (BA 45)
and the typical definition of Wernicke’s area in BA 22 to be located
in the posterior section of the superior temporal gyrus (STG).
2. Materials and methods

2.1. Clinical cases and MEG object-naming task

De-identified MEG object-naming data from 35 clinical patients
obtained from the UCSD clinical MEG database were selected for
this study. Among these patients, two were removed from the
actual study due to severe artifacts in their MEG data caused by
metal objects, which could not be removed by our software (see
MEG artifact removal procedure later). An additional patient was
removed from the study because this patient with epilepsy had
highly frequent interictal spike discharges from the pars opercu-
laris and pars triangularis, which may have contaminated the
MEG responses evoked by object-naming task. The MEG data from
the remaining 32 patients were used in this study.

Among these 32 patients, 22 were men and 10 women; the
mean value and standard deviation (SD) for age were 41.2 years
and 18.2, respectively. Among these patients, 21 patients had brain
tumors (19 with left frontal/temporal lobe tumors and two with
right frontal tumors), seven epilepsies, and four both epilepsies
and left frontal/temporal lobe tumors. The MEG data were col-
lected under our standard clinical protocol for presurgical func-
tional mapping in patients with brain tumors and/or epilepsies.
Among these patients, 27 were right-handed and five left-handed.

The stimuli used in the MEG object picture-naming task were
taken from the UCSD Center for Research in Language-
International Picture-Naming Project (CRL-IPNP) database (http://
crl.ucsd.edu/experiments/ipnp/) (Bates et al., 2003; Szekely et al.,
2005), which contains 520 black-and-white two-dimensional line
drawings representing different objects. These items have been
tested in healthy and patient populations across seven different
international sites and languages. Presentation software (Neurobe-
havioral systems) was used to display these pictures on a screen
via a Panasonic DLP projector (PT-D7700U). The stimuli were dis-
played with inter-stimulus intervals of 2 s in a random order and
without repeats. The patient was then instructed to name each
object silently as soon as the object was displayed on screen.
2.2. MEG data acquisition and signal preprocessing to remove artifacts

MEG responses to the object-naming stimuli were collected at
the UCSD MEG Center using the VectorViewTM whole-head MEG
system (Elekta-Neuromag, Helsinki, Finland) with 306 MEG chan-
nels. Patients sat inside a multilayer magnetically shielded room
(IMEDCO-AG) (Cohen et al., 2002). Precautions were taken to
ensure head stability; foam wedges were inserted between the
participant’s head and the inside of the unit, and a Velcro strap
was placed under the participant’s chin and anchored in superior
and posterior axes. Head movement across different sessions was
about 2–3 mm. MEG data were then sampled at 1000 Hz and run
through a high-pass filter with a 0.1-Hz cutoff, a low-pass filter
with a 300-Hz cutoff, and a notch filter (58–62 Hz) to remove
60-Hz power-line noise. Eye blinks, eye movements, and heart sig-
nals were recorded simultaneously with the MEG data. Maxfilter,
also known as signal space separation (Song et al., 2008; Taulu
et al., 2004a,b), was used to remove external interferences from
the raw MEG data. A total of 100 artifact-free responses were then
averaged with respect to the stimulus trigger to increase the
signal-to-noise ratio (SNR).

2.3. Structural MRI, MEG–MRI registration, and BEM forward
calculation

Structural T1-weighted MRIs of the patients were used to co-
register the MEG source imaging as well as to construct realistic
boundary element method (BEM) head models for the MEG for-
ward calculations. The MRI data were obtained from a variety of
MRI scanners (GE, Siemens, and Philips) at either 1.5T or 3T field
strength. All T1-weighted MRIs were examined by Dr. Roland Lee
(neuroradiologist) to ensure that the imaging resolution, contrast,
and SNR meet the requirements of the MEG. If the preexisting
MRI did not meet the MEG requirements, a new T1-weighted
MRI was collected using the General Electric 1.5T Excite MRI scan-
ner, in the same building as the MEG scanner. The acquisition con-
tains a standard high-resolution anatomical volume with a
resolution of 0.94 � 0.94 � 1.2 mm3 using a T1-weighted 3D-IR-
FSPGR pulse sequence.

To co-register the MEG with the MRI coordinate systems, three
anatomical landmarks (i.e., left and right preauricular points, and
nasion) were measured for each participant using the Probe Posi-
tion Identification system (Polhemus, VT, USA). Using MRILAB
(Elekta/Neuromag) for identifying the same three points on the
participant’s MRIs, a transformation matrix involving both rotation
and translation between the MEG and MR coordinate systems was
established. In order to increase the reliability of the MEG–MR co-
registration, approximately 100 points on the scalp were digitized
with the Polhemus system, in addition to the three landmarks, and
those points were co-registered onto the scalp surface of the MR
images. The T1-weighted images were also used to extract the
brain volume and innermost skull surface (SEGLAB software devel-
oped by Elekta/Neuromag). A realistic BEM head model was used
for MEG forward calculation (Huang et al., 2007; Mosher et al.,
1999). The BEM mesh was constructed by tessellating the inner
skull surface from the T1-weighted MRI into �6000 triangular ele-
ments with �5-mm size. A cubic source grid with 5-mm size was
used for calculating the MEG gain (i.e., lead-field) matrix, which
leads to a grid with �10,000 nodes covering the whole brain.

2.4. MEG source magnitude imaging with Fast-VESTAL

Voxel-wise MEG source magnitude images were obtained using
our recent high-resolution Fast-VESTAL MEG source imaging
method (Huang et al., 2014a). Waveforms from all 306 sensors
including 204 planar gradiometers and 102 magnetometers were
used in the analysis. In this approach, we first calculated the sen-
sor–waveform covariance matrix for the 200–1000 ms poststimu-
lus interval and used the �200 to 0 ms baseline interval for
estimating baseline noises and DC corrections. A low-pass filter
with a cutoff frequency of 50 Hz was used when calculating the
sensor–waveform covariance matrix. Using such a sensor–wave-
form covariance matrix, MEG source magnitude images covering
the whole brain were obtained following an updated version of
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Fig. 1. Applying a mask (green color) used in an ROI-based small-scale lateraliza-
tion measurement to calculate asymmetry of the MEG response in Broca’s area.
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our previously published Fast-VESTAL algorithm (Huang et al.,
2014a). Fast-VESTAL is a spatiotemporal L1 minimum norm solu-
tion applying L1 constraints to fit the sensor waveforms. Extensive
computer simulations with white and brain noises, at a variety of
noise levels, have been used in validating the Fast-VESTAL
approach (Huang et al., 2014a). For further validations, Fast-
VESTAL has been applied to the resting state as well as evoked
MEG data in humans, and the results were highly consistent with
established knowledge of neurophysiology (Huang et al., 2014a).
The change of this updated version from its original Fast-VESTAL
formulation involves the adoption of a second-order cone pro-
gramming strategy (SOCP) for the L1 minimum norm solver (see
Supplementary Appendix A for details).

2.5. Single-subject-based Voxel-wise MEG source magnitude images
for language localization

As the anatomical areas BA 44 and 45, commonly considered as
Broca’s area, are sizable brain areas, high-resolution MEG language
location is essential for presurgical planning. In the present study,
we used voxel-wise MEG localization with Fast-VESTAL to provide
more precise information about the language localization within
these sizable anatomical areas in a single-subject-based analysis.
Such voxel-wise high-resolution MEG source magnitude images
have to be provided to the neurosurgeons in a single-subject basis.

For each patient’s Fast-VESTAL source magnitude imaging data,
voxel-wise F-tests were used to assess the variances between the
poststimulus 200–1000 ms interval over the prestimulus interval
of �200 to 0 ms for each grid node. The voxel-wise F-value maps
for the Fast-VESTAL solution were constructed for the �10,000 grid
nodes. False discovery rate (FDR) (Benjamini and Hochberg, 1995)
corrected for multiple comparisons (corrected p = 0.01) was
employed. This procedure was the same as described in our previ-
ous publication (Huang et al., 2014a). The emphasis here is to
examine Fast-VESTAL’s voxel-wise localization of Broca’s area in
each patient.

2.6. ROI-based small-scale MEG language lateralization for Broca’s
area

This subsection describes the procedure for examining the
small-scale language lateralization and language dominance using
the asymmetry index for Broca’s responses. In ROI-based small-
scale lateralization, it is important to integrate functional imaging
information from MEG with the previously established knowledge
of neurophysiology and anatomy. When mapping the expressive
language, many statistically significant sources often light up dur-
ing the task. Previous knowledge of neurophysiology and anatomy
can help us select the statistically significant sources within the
pars opercularis/BA 44 and pars triangularis/BA 45 for expressive
language function. However, the knowledge of neurophysiology
and anatomy cannot help in determining whether left or right BA
44 and 45 are responsible for expressive language. It is worth not-
ing that we move beyond large-scale language lateralization and
into ROI-based small-scale lateralization. We want to know not
only which hemisphere controls the expressive language, but also
specifically if the left BA 44 and 45 ROIs are for language expres-
sion. For the purposes of the ROI-based small-scale lateralization,
we sum up all activities within the mask covering the BA 44 and
45 areas for the group analysis of language dominance.

Specifically, the voxel-wise Fast-VESTAL root mean square
(RMS) values for the 200–1000 ms poststimulus interval were first
spatially co-registered to an MNI-152 brain–atlas template using a
linear affine transformation via FLIRT program in FSL software
package (www.fmrib.ox.ac.uk/fsl/). Next, in the MNI-152 coordi-
nates, an ROI-based mask was constructed, which contains the
pars opercularis (Brodmann Area or BA 44) and pars triangularis
(BA 45) in the left and right inferior frontal gyri, expanding to
the frontal operculum cortex to account for MEG’s less sensitivity
in depth (see Fig. 1). Visual inspections were performed to ensure
that the ROI-based mask accurately covered the pars opercularis
(BA 44) and pars triangularis (BA 45). Such an ROI-based mask
was applied to the voxel-wise Fast-VESTAL RMS source images,
and all activity within the mask was summed up for left and right
hemispheres, respectively (i.e., Lsum and Rsum). The standard asym-
metry index was calculated using Eq. (1):

Asym ¼ Lsum � Rsum

Lsum þ Rsum
� 100% ð1Þ

The above approach was similar to a previous ROI-based later-
alization approach by Hirata and colleagues. However, the defini-
tion of asymmetry index in Eq. (1) is different from the one used
by Hirata and colleagues (Hirata et al., 2004) by a factor of two.

2.7. Voxel-wise group statistical analysis on brain area evoked by
object-naming task

Next, voxel-wise group statistical analysis was performed to
reveal the common brain areas evoked by the MEG object-
naming task. The voxel-wise MEG source magnitude imaging vol-
umes obtained with Fast-VESTAL covering the whole brain from
all patients were first spatially co-registered to the MNI-152
brain–atlas template using the FLIRT program and then spatially
smoothed using a Gaussian kernel with 5-mm full width half max-
imum (FWHM). For each voxel in the MNI space, the MEG source
magnitude data were run through a logarithmic transformation.
For each voxel of the brain volume in the MNI space, a paired t-
test was performed to assess the differences in root mean square
(RMS) values between the 200 and 1000-ms poststimulus intervals
and �200 to 0 ms prestimulus intervals. A standard cluster analy-
sis was performed for the t-value maps to control for family-wise
errors at a corrected p < 0.01 level, using ‘‘3dFWHMx” and
‘‘3dClustSim” functions in AFNI (http://afni.nimh.nih.gov). A mask
that contains the statistically significant clusters was created and
then applied to the t-value maps to create group statistical maps
for the MEG source magnitude images. The emphasis here is to
examine all common brain areas (not limited to Broca’s area)
evoked by the object-naming task.

3. Results

3.1. Results for single subject-based Voxel-wise MEG language
localization

First, MEG activity evoked by the object-naming task in individ-
ual patients was examined on a single-subject basis. Fig. 2 shows
axial cuts of the MEG responses in Broca’s area (green arrows) from
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10 representative patients obtained using Fast-VESTAL. In each
subject, a voxel-wise F-test was used to assess the statistical signif-
icance of the RMS values for each grid node between the 200 and
1000-ms poststimulus interval and �200 to 0 ms prestimulus
baseline. False discovery rate (FDR) corrected for multiple compar-
isons (corrected p = 0.01) was employed, as described in the previ-
ous publication (Huang et al., 2014a). Among these 10 patients,
eight showed markedly stronger activity in left Broca’s area, one
showed similar responses in bilateral Broca’s area, and one showed
markedly stronger activity in right Broca’s area. In several subjects,
the responses in the left hemispheric Wernicke’s area are also vis-
ible in the axial cuts; in addition, activity from visual cortices was
also commonly visible.

Among the 32 patients, two right-handed patients had large left
frontal lobe tumors that severely distorted the left pars opercularis
(Brodmann Area or BA 44) and pars triangularis (BA 45) in the infe-
rior frontal gyrus with Broca’s area (Fig. 3). In these two patients,
Fig. 2. Single-subject-based MEG localization of Broca’s area (green arrows) in ten represe
test was used to assess the statistical significance of the source magnitude (RMS value) be
data of subjects were also used in a group analysis.

Fig. 3. Single-subject-based MEG localization of Broca’s area (green crossing hairs) in tw
VESTAL. The settings of the statistical significance in this figure are the same as in Fig. 2
group analyses as the linear affine transformation failed to correctly register the MRIs o
the MEG responses were still accurately localized to the highly dis-
torted pars opercularis or pars triangularis by Fast-VESTAL (see
three views in Fig. 3). However, the structural distortions were
too severe to correctly register their MRI data to the standard
MNI-152 atlas using the linear affine transformation (see Sec-
tion 2). Specifically, after the affine transformation, their MRI
images failed our visual inspections due to large mismatches to
the MNI-152 atlas in the pars opercularis and pars triangularis
areas. Thus, the MEG data from these two patients were excluded
from further group analyses in the present study.

3.2. Results for ROI-based small-scale MEG language lateralization for
Broca’s area

In the remaining 30 patients, their MRI data were successfully
registered to the MNI-152 atlas, and their MEG Fast-VESTAL source
images were used in further group analysis. In order to provide a
ntative patients during object-naming task using Fast-VESTAL. In each subject, an F-
tween a 200 and 1000-ms poststimulus interval and prestimulus baseline. The MEG

o subjects with large left frontal lobe tumors during object-naming task using Fast-
. The MEG data from these two patients with large tumors were not used in further
f these two patients to the MNI-152 atlas.
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quantitative measure of the ROI-based small-scale language
lateralization/dominance, the asymmetry index (Eq. (1)) of the
MEG activity from Broca’s area was calculated for these 30
patients. The procedure has been described in the Materials and
Methods section, after applying the ROI-based mask (see Fig. 1).
Fig. 4 plots the histogram of the asymmetry index. Empirically,
the entire asymmetry scale was uniformly divided into three
regions: dominance in left Broca’s area (33.3–100.0%), dominance
in right Broca’s area (�100.0% to �33.3%), and bilateral Broca rep-
resentation (�33.3% to 33.3%). Among these 30 patients, 23 (or
76.7%) were in the left Broca-dominant group, four (or 13.3%) in
the bilateral group, and three (or 10.0%) in the right Broca-
dominant group. We also found that two patients were left-
handed among the three patients with right Broca dominance.
There was one left-handed patient among the four patients with
bilateral Broca representation.
3.3. Results of Voxel-wise group analysis on brain areas evoked by
object-naming task

Next, voxel-wise group statistical analysis was performed to
reveal the common brain areas evoked by the MEG object-
naming task (see Section 2). Fig. 5 shows the significant MEG
responses during the 200–1000 ms poststimulus interval and pres-
timulus baseline in the 30 presurgical patients. In this figure, t-
value maps of the MEG source magnitude images within the
cluster-analysis mask that was associated with corrected p < 0.01
are displayed (see Section 2). Significant responses were shown
in language network including the left Broca’s and left Wernicke’s
areas. Significant responses were also shown in the parietal atten-
tion network including the bilateral supramarginal gyri and bilat-
eral angular gyri. In addition, both primary visual and other
dorsal and ventral visual areas showed strong responses. Further-
more, the bilateral ventral temporal and temporal pole areas
showed strong responses as well. Finally, the ventromedial pre-
frontal cortex and bilateral frontal pole areas showed strong
responses. It appears that Broca’s area and Wernicke’s area are
the two brain areas with strong scenarios of lateralization, as both
have markedly stronger left hemisphere responses than those of
the right hemisphere.

The peak latencies of the MEG activity inWernicke’s and Broca’s
areas were analyzed. Fig. 6 plots the peak latency of these areas in
Fig. 4. ROI-based small-scale language lateralization using asymmetry index of
MEG responses from Broca’s area during object-naming task in 30 presurgical
patients. The two dashed lines divide the subjects into three groups: left Broca-
dominant (33.3–100.0%), right Broca-dominant (�100.0% to �33.3%), and bilateral
(�33.3 to 33.3%) groups.
individual patients. The peak latency was obtained from the source
time course for the voxel with highest activity (for the 200–
1000 ms poststimulus interval) within Broca’s and Wernicke’s
areas. All 30 patients showed a main peak for Wernicke’s source
with a latency of 315 ± 80.6 ms (mean ± SD). All 30 patients
showed a main peak for Broca’s source with a latency of
643.9 ± 188.1 ms. The main peak latency of Wernicke’s source is
significantly earlier than that of Broca’s source (t = 8.8, p < 10�11,
df = 58). In addition, we found an earlier and weaker peak in the
source time courses of Broca’s area in 15 (i.e., 50%) patients, with
a peak latency of 282.9 ± 14.8 ms. However, we found no statistical
difference in latency between this early peak in Broca’s source and
main peak in Wernicke’s source (p > 0.2).
3.4. Computational costs

The computational cost of Fast-VESTAL analysis is rather low.
All Fast-VESTAL programs were developed in MATLABTM (Math-
Works, Natick, MA, USA), and all analyses were done on a Dell Pre-
cision 7500 Workstation with Dual Intel Xeon X5550 Processors
(each with 8 M Cache, 2.67 GHz, and 6.40 GT/s QPI) and with
24 GB system RAM. Although Fast-VESTAL is inherently a good
candidate for parallel processing, no parallel processing was per-
formed in the present study. For a grid with �10,000 nodes cover-
ing the whole brain, the CPU time was about 108 s for analyzing a
typical MEG dataset using Fast-VESTAL.
4. Discussion

While language-related functions, namely speech production
and perception, were among the first localized in the brain, much
research and advancement in neuroimaging technology has
expanded the understanding of the neural networks underlying
language-related functions. Although the networks involved in
language-related functions are complex, the ‘‘classical model” of
language organization, popularized in the 19th century by Wer-
nicke and Geshwind, suggests that expressive language functions
can be localized to a frontal area of the brain named after Broca.
This model also proposes a posterior area of the brain, more
responsible for receptive language functions, named after Wer-
nicke. However, this classical model has some limitations: (1) It
does not specifically detail the cortical areas that make up Broca’s
and Wernicke’s areas, and (2) it fails to account for the complex
connections between the sensory and association areas. The pre-
sent MEG study greatly contributed, along with many fMRI and
PET studies (see review in (Price, 2000)), in assessing the former
limitations of the classical model.

In a single subject-based approach, using Fast-VESTAL, the high-
resolution MEG source imaging technique, we were able to accu-
rately localize Broca’s and Wernicke’s areas in 32 patients with
brain tumors and/or epilepsies during the object-naming task. Bro-
ca’s responses in the present study were all localized to the typical
Broca’s area in the pars opercularis (BA 44) and/or pars triangularis
(BA 45) in the inferior frontal gyri, mainly to the ventral aspect of
the pars opercularis and/or pars triangularis. Even in the two cases
wherein the inferior frontal lobe brain structures were highly dis-
torted by brain tumors, Fast-VESTAL still accurately localized the
MEG responses to the highly distorted pars opercularis or pars tri-
angularis (Fig. 3). Thus, the exclusion of these two cases from the
rest of the group analyses was not a limitation of the Fast-
VESTAL but of the linear affine transformation of the MRI data.

The result of the present study shows substantial improvement
in spatial accuracy and resolution for localizing the responses of
Broca’s area over the previous MEG studies (Grummich et al.,
2006; Hirata et al., 2004; Kober et al., 2001; Pang et al., 2011;



Fig. 5. Voxel-wise significant MEG responses evoked by object-naming task, during 200–1000 ms poststimulus interval versus prestimulus baseline in 30 presurgical
patients. Arrows indicate the responses in left hemispheric Broca’s area (green arrows), left hemispheric Wernicke’s area (blue arrows), bilateral supramarginal gyri (brown
arrows), and bilateral angular gyri (magenta arrows). The corrected p threshold was set at 0.01 in cluster analysis to correct for family-wise errors. Z coordinate in MNI-152
atlas was shown for each axial slice.

Fig. 6. Peak latency of source time courses in Wernicke’s and Broca’s areas. Some
patients also showed an earlier peak in Broca’s area.
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Salmelin et al., 1994). We believe that in the previous MEG studies,
discrepancies in the localization of Broca’s area were at least in
part due to the beamformer techniques used. Beamformer assumes
that different brain sources are uncorrelated, and this assumption
may not be strictly valid for activities evoked by language tasks
when many brain areas are potentially firing synchronously. In
addition, Fast-VESTAL showed improvements in localization accu-
racy and success rate over the conventional single sequential
dipole fitting approach which only successfully localized the
expressive and receptive language cortex 50–70% of the time
(Grummich et al., 2006; Rezaie et al., 2014).

In the present study, we found that 76.7% patients were in the
left Broca-dominant group, 13.3% were in the bilateral group, and
10.0% were in the right Broca-dominant group. These values are
similar to the 81% left dominance, 16% bilateral, and 3% right dom-
inance in a previous MEG study conducted by Grummich and
colleagues (Grummich et al., 2006). They are also consistent with
the 80% left dominance and 20% right dominance in another MEG
study by Hirata and colleagues (Hirata et al., 2004). The percent-
ages of left hemisphere dominance in these three MEG studies,
including ours, appear to be <93% of left hemisphere speech
dominance in the overall population, as per the Wada Test
(Wada and Rasmussen, 1960). We believe that the difference was
due to the fact that the majority of our 30 patients had tumors in
the left frontal and/or temporal lobes, which differed from the gen-
eral population of the Wada Test study (Wada and Rasmussen,
1960). Functional reorganization to the right hemisphere during
the year of the tumor development cannot be excluded as a con-
tributing factor for the patients in our present study.

Similarly, in the present study, the latency of the main peak of
Wernicke’s activity (i.e., 315 ± 80.6 ms) was significantly earlier
than that of the main peak of Broca’s activity (i.e.,
643.9 ± 188.1 ms). This result is consistent with findings in previ-
ous MEG studies with similar tasks that showed Wernicke’s peak
activity at �300 ms and Broca’s peak activity at �600 ms in some
patients (Grummich et al., 2006; Kober et al., 2001; Salmelin
et al., 1994). However, our study provides the first statistically sig-
nificant finding in those main peak latencies between the receptive
and expressive language areas. In 50% of our patients, we also
found a weaker and earlier peak at 282.9 ± 14.8 ms in Broca’s
source time courses, which did not statistically differ from the
main peak latency of Wernicke’s source. This weaker and earlier
Broca’s peak was reported previously (Grummich et al., 2006) in
a subset of patients. The exact function of such a weaker and earlier
peak from Broca’s area is unclear; however, we believe that this
earlier Broca’s activity may be related to language priming
(Misiurski et al., 2005; Sakai et al., 2002; Silkes and Rogers, 2012).

Besides Broca’s, Wernicke’s, and visual areas, we also found sig-
nificant responses in the bilateral supramarginal gyri and bilateral
angular gyri. These visual areas provide essential sensory inputs in
processing visual stimuli. In the present study, the supramarginal
gyrus and angular gyrus areas did not show strong lateralization
compared to Broca’s and Wernicke’s area. In the previous fMRI
studies (see review in (Price, 2000)), the angular gyrus is known
to be part of a distributed semantic system that can be accessed
by stimuli of objects and faces as well as speech. Conversely, the
supramarginal gyrus was shown to be involved in processing
phonological information (Demonet et al., 1994; Devlin et al.,
2003; Mummery et al., 1998; Price et al., 1997) or due to automat-
ically computing the sound of words (Stoeckel et al., 2009).

In the present study, we believe that a major contributor for
obtaining good localization of the activity in Broca’s area was the
application of our Fast-VESTAL algorithm. Fast-VESTAL differs from
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some conventional L1 minimum norm solutions (e.g., MCE in
Elekta/Neuromag software package) or L2 minimum norm solu-
tions (e.g., the ones implemented in BrainStorm software package)
in several ways. MCE (Uutela et al., 1999) is a L1 minimum norm
solution with a least-squares fit to the sensor waveform signal
(i.e., L2 constraints). Here, the basic functions are the lead-field
(i.e., gain) matrix or the vector spherical harmonic functions when
sensor waveforms are run through MaxFilter (Taulu et al., 2004a;
Taulu and Simola, 2006). Like other conventional L1 minimum
norm solutions, the reconstructed source time-courses from MCE
suffer from ‘‘spiky” or discontinuous features. In our standard VES-
TAL approach (Huang et al., 2006), we first introduced a spatiotem-
poral projection in an L1 minimum norm solution, with L1
constraints in fitting the sensor waveforms, which effectively
solved this major problem associated with the ‘‘spiky” or discon-
tinuous source time courses.

However, one limitation of the standard VESTAL and MCE has
been the relatively high computational costs when the number of
time samples is large. This is because in the standard VESTAL,
the large number of L1 minimum norm solutions, with L1 con-
straints for fitting the sensor waveforms, need to be solved time
point by time point. By contrast, in the present study, we used
Fast-VESTAL (Huang et al., 2014a), which requires a much lower
computational cost. Like in the standard VESTAL (Huang et al.,
2006), Fast-VESTAL also adopts the spatiotemporal projection
using the temporal modes in the sensor waveforms. However,
unlike the standard VESTAL, Fast-VESTAL obtains source magni-
tude images for a smaller number of spatial modes of the sensor
waveforms, which in turn results from the spatiotemporal projec-
tions (see Eq. (A4) in the Supplementary Appendix A). Specifically,
Fast-VESTAL obtains the optimally weighted L1 minimum norm
solutions of source magnitude images with L1 constraints applied
when fitting the spatial modes of the sensor waveforms ((Huang
et al., 2014a), also see the Supplementary Appendix A). The optimal
weighting in Fast-VESTAL is crucial for obtaining the accurate
localizations in depths, e.g., subcortical sources (US Patent Provi-
sional Application Attorney Docket No.: 009062-8264.US00). This
feature has been supported by the resting-state MEG study on
post-traumatic stress disorder (PTSD) wherein deep brain activity
from ventral–medial frontal lobe, insular cortex, amygdala, and
hippocampus were reliably localized (Huang et al., 2014c).

However, the variety of approaches in the category of L2 mini-
mum norm solutions with L2 constrains implemented by BrainS-
torm (Tadel et al., 2011) was based on dSPM (Dale et al., 2000)
and sLORETA (Pascual-Marqui, 2002). The spatial resolution of
these L2 minimum norm-based approaches is substantially lower
than the L1 minimum norm-based solution, such as Fast-VESTAL
(Huang et al., 2014a) and standard VESTAL (Huang et al., 2006).
Such big spatial resolution difference lies in the different ways in
treating sparse source configurations: The L2 minimum norm solu-
tions severely penalize sparse source configurations, whereas the
L1 minimum norm solution allows for the formation of sparse
source configurations (i.e., with high-resolution solutions).

In summary, using our recently developed high-resolution MEG
source imaging technique (i.e., Fast-VESTAL), the present study
showed that expressive as well as receptive language areas can
be accurately localized during the object-naming task in patients
with brain tumors and epilepsies. The expressive language area
was localized to Broca’s area in the pars opercularis (BA 44) and/
or pars triangularis (BA 45), whereas the receptive language area
was localized to Wernicke’s area in the posterior aspect of the
superior temporal gyri in BA 22. The main peak of Wernicke’s
responses was significantly earlier than that of Broca’s responses.
One limitation of the present study has been the lack of complete
records of surgical conformation, from the patients who
underwent surgeries. Such information had not been collected
systematically in the past, an area we are currently improving in
our clinical practice. In essence, the present study demonstrates
that, with the newly established high-resolution source imaging
method (i.e., Fast-VESTAL), MEG can serve as an accurate and reli-
able functional imaging tool for presurgical mapping of language
functions in patients with brain tumors and/or epilepsies.
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