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Abstract: Functional imaging is increasingly being used to provide a noninvasive alternative to intra-
carotid sodium amobarbitol testing (i.e., the Wada test). Although magnetoencephalography (MEG)
has shown significant potential in this regard, the resultant output is often reduced to a simplified esti-
mate of laterality. Such estimates belie the richness of functional imaging data and consequently limit
the potential value. We present a novel approach that utilizes MEG data to compute ‘‘complex lateral-
ity vectors’’ and consequently ‘‘laterality maps’’ for a given function. Language function was examined
in healthy controls and in people with epilepsy. When compared with traditional laterality index (LI)
approaches, the resultant maps provided critical information about the magnitude and spatial charac-
teristics of lateralized function. Specifically, it was possible to more clearly define low LI scores result-
ing from strong bilateral activation, high LI scores resulting from weak unilateral activation, and most
importantly, the spatial distribution of lateralized activation. We argue that the laterality concept is bet-
ter presented with the inherent spatial sensitivity of activation maps, rather than being collapsed into a
one-dimensional index. Hum Brain Mapp 34:1749–1760, 2013. VC 2012 Wiley Periodicals, Inc.
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INTRODUCTION

Magnetoencephalography (MEG) provides a noninva-
sive, patient friendly approach to study brain function
with relatively high spatial resolution (millimeters) and
real-time temporal resolution (milliseconds). Common clin-
ical applications of MEG have included seizure localiza-
tion in epilepsy and preoperative functional mapping for
brain tumor resection (Funke et al., 2009; Stufflebeam
et al., 2009].

One emerging epilepsy application for MEG is preopera-
tive evaluation of critical cognitive functions like language
and memory. Historically, hemispheric dominance, or
laterality, has been determined through the invasive Wada
test [Wada, 1949]. In the Wada test, a barbiturate is
injected into one internal carotid artery of an awake
patient to disrupt cognitive function within the injected
hemisphere. Neuropsychological testing is done concur-
rently to evaluate the likelihood of language and memory
impairments. The Wada test is being phased out in many
centers, in large part, due to invasiveness and the avail-
ability of amobarbital [Baxendale, 2009; Van der Haegen
et al., 2011]. Consequently, the critical need for a noninva-
sive alternative from functional imaging has become
increasingly clear. Advances in MEG and functional mag-
netic resonance imaging (fMRI) represent the leading solu-
tions in this realm [Baxendale, 2009; Binder, 2011;
Papanicolaou et al., 2004].

Functional Imaging, Language,

and the Wada Test

Significant effort has gone into validating MEG and
fMRI laterality testing for language. Often, the functional
imaging results are converted into laterality index (LI)
scores, which represent hemispheric dominance in terms
of a numeric index that often ranges from 1 (left) to �1
(right).

For example, Papanicolaou et al. [2004] used MEG with
auditory word presentation to calculate LI scores for lan-
guage laterality. The results were concordant with those of
the Wada test in 74 of 85 patients (87%). In terms of sensi-
tivity and specificity, MEG LI scores were greater than 90
and 80%, respectively, when compared with the Wada
test. More recently, McDonald et al. [2009] compared MEG
activation between visually presented words and false
fonts. LI scores based on a temporoparietal region of inter-
est (ROI) corresponded with Wada testing in 75% of cases,
whereas LI scores from a frontal ROI matched in all cases.
The pattern of closer frontal, than temporal, correspon-
dence with Wada testing has been seen with other studies
involving verb generation and picture naming [Bowyer
et al., 2005].

In fMRI, LI scores are also strongly consistent with
results of the Wada test. Using a semantic decision task,
Binder et al. [1996] showed that LI scores based on the
number of significantly activated voxels in each hemi-

sphere were in agreement with Wada results in all 22
patients, including typical and atypical language distribu-
tions [Binder et al., 1996]. Woermann et al. [2003] measured
fMRI activation in a large sample of patients performing a
covert naming task (n ¼ 100). The results, based on blinded
visual inspection, matched the Wada results in 91% of com-
pleted cases. Interestingly, fMRI activation was bilateral in
82% of cases, suggesting that involvement of both hemi-
spheres in language processes, rather than unilateral proc-
essing, is the norm in patients with epilepsy.

The concordance of MEG/fMRI LI scores with Wada
test results remains high despite the different tasks used
across studies. However, recent work suggests that clinical
outcome may be a more appropriate ‘‘gold standard’’ com-
parator than the Wada test [Baxendale, 2009; Binder, 2011].
Binder et al. [2008] found that including fMRI laterality
scores in presurgical assessment improved the predictive
accuracy after surgery. In contrast, the Wada test results
made no appreciable difference. In a study of patients
with epilepsy involving the left anterior temporal lobe,
Sabsevitz et al. [2003] compared the accuracy of fMRI and
Wada language tests in predicting postsurgical language
deficits. They too reported better predictive performance
for fMRI based on a temporal lobe ROI as compared to
the Wada test.

Revisiting Laterality Scores

Questions have also been raised about reliance about
over reliance on the LI [Jones et al., 2011; Sharan et al.,
2011]. In particular, MEG and fMRI studies have remained
largely wedded to traditional LI calculations. LI scores
have been defined based on the well-known basic formula:

LI ¼ QLH �QRH

QLH þQRH
(1)

where Q represents a measure of activation in the appro-
priate hemisphere. Thus, LI ranges from 21 to 1 to indi-
cate right to left hemispheric dominance. The measure of
activation, Q, may be (1) the number of active sources in a
hemisphere or ROI [Binder et al., 1996; Binder et al., 2008;
Kamada et al., 2007; Papanicolau et al., 2004; Sabsevitz,
2003]; (2) the magnitude of activation in a ROI [Hirata
et al., 2010; Kim and Chung, 2008; McDonald et al., 2009];
or (3) the length of time for which activation occurs in a
ROI [Bowyer et al., 2005].

While useful, the LI approach has two main disadvan-
tages. First, the LI scores discard information about activa-
tion strength, such that scores near 0 are ambiguous—they
may represent either weak or strong bilateral activation.
Second, the LI measure suffers from the coarse spatial sen-
sitivity, as it is dependent on the selection of specific ROIs
or is summed over the entire hemisphere. Consequently,
LI scores, in effect, are under representative of the
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valuable patient-specific, high-resolution neuroanatomical
data provided by functional imaging.

Objectives and Hypotheses

This study was designed to redefine the LI score by tak-
ing advantage of the rich data available in functional
imaging. This new approach extracts information about
the degree of laterality, magnitude, and location of neural
activity by scoring laterality as a complex number, and
subsequently remapping this information on a patient-spe-
cific cortical surface. Laterality maps were generated based
on MEG scans during a verbal memory task. The results
for both healthy controls and people with epilepsy were
compared against standard LI scores derived from tradi-
tional ROIs.

There were two main hypotheses: (1) the language-
related laterality maps would match closely with the
known functional anatomy that supports language; and (2)
the laterality map would provide more specific and clini-
cally relevant information about activation magnitude and
location, when compared with typical LI scores for both
healthy controls and patients.

METHODS

Participants

Twenty adult participants were included across two
groups. The control group included 10 healthy controls
(mean age ¼ 28.2 years, standard deviation (SD) ¼ 9.4
years; six females). All subjects were right handed and flu-

ent in English. The patient group included 10 people with
epilepsy (mean age ¼ 32.4 years, SD ¼ 10.5 years; six
females). The patient sample was recruited from the Epi-
lepsy Monitoring Unit at the Halifax Infirmary, Halifax,
Nova Scotia. For all patients, the lateralization of language
function was in question. Data from one patient could not
be included due to an inability to perform the task (reduc-
ing the patient sample size to n ¼ 9). A summary of the
patient group characteristics is provided in Table I. Seven
of nine remaining patients were right handed, and all
were fluent in English. No patient had a Wada test as part
of the investigation. The study had research ethics board
approval, and all participants provided informed consent.

Experimental Paradigm

Figure 1a provides an overview of the experimental
paradigm. Participants sat upright in the MEG and com-
pleted a simple verbal working memory task [adapted
from D’Arcy et al., 2011]. Each trial started with an encod-
ing phase, wherein three consecutive pictures were pre-
sented visually (1 s duration per picture, no interstimulus
interval). Each trial used stimuli that were either intact col-
ored line drawings of common objects [Rossion and Pour-
tois, 2004] or the same line drawings scrambled on a 9 �
14 grid. Subjects were instructed to covertly name each
intact object and to try to remember the appearance of
each scrambled picture. Encoding of the three pictures
was followed by a variable 3–4-s retention period, during
which participants were instructed to remember the pic-
tures they had just seen (covert repetition of names or vis-
ually remembering the ‘‘unnamable’’ scrambled pictures).

Figure 1.

Task design (a) and regions of interest (ROIs; b) are shown. In each trial, participants performed

a verbal working memory task. The contrast between nameable and scrambled pictures revealed

language processing. ROIs defined in the inferior frontal lobe (blue), superior/middle temporal

lobe (yellow), and supramarginal gyrus (orange) are depicted on the left hemisphere. These ROIs

were used for calculating downsampled LI/CLV scores.

r D’Arcy et al. r
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Following this was a verification phase with the presenta-
tion of a probe picture, in which there was either one of
the three pictures presented in the encoding phase (old) or
a new one (2 s duration). Novel pictures were used for
each trial of the task. Participants were instructed to indi-
cate, using a button press response, whether the probe pic-
ture was old or new (50:50). There was a variable 4–5 s
delay between trials. Every eighth trial was followed by a
short animation (5 s) to break up the task. In total, 128 tri-
als were presented over four blocks to each participant.

Stimuli presentation and response monitoring were
achieved using Presentation software (Neurobehavioral
Systems, Albany, CA). Stimuli were back-projected on a
translucent screen positioned 1 m away. The visual angle
for stimuli was 5.7�. A practice run with visual feedback
was used before scanning to ensure task proficiency. No
image was repeated within the experiment. Response
hand and the order of image presentation were counter-
balanced across subjects.

Acquisition

Magnetic fields were recorded using an Elekta Neuro-
magV

R

whole head 306-channel MEG system located within
a magnetically shielded room, equipped with 102 magneto-
meters and 204 gradiometers (Elekta NeuromagV

R

, Helsinki,
Finland).1 A separate MEG scan was performed for each
block of the experimental paradigm. MEG data were band-
pass filtered at 0.1–330 Hz and sampled at 1,000 Hz. Electro-
magnetic head position indicator (HPI) coils were used to
track head motion during the scan. The three-dimensional
(3D) positions of these coils with respect to the nasion and
the left and right preauricular points were obtained using a
3D position monitoring system (Polhemus, Colchester, VT).
In addition, 100–150 points along the head were digitized to
coregister MEG data with the anatomical magnetic reso-
nance imaging (MRI).

Anatomical MRI data were acquired using a 1.5T GE
scanner (GE Medical Systems, Waukesha, WI). A 3D T1-
weighted anatomical image was acquired using an spoiled
gradient recalled (SPGR) sequence (inversion time (TI) ¼
400 ms, recovery time (TR) ¼ echo time (TE) ¼ min, Flip
angle ¼ 12�, field of view (FOV) 25.6 cm, 256 � 256, 2 mm
slices). Functional MRI data were acquired in the same
session, but the results were analyzed separately.

Behavioral Data Analysis

Behavioral analysis included 128 retrieval trials divided
by four conditions (nameable-old, nameable-new,
scrambled-old, and scrambled-new). Reaction time (RT)
and accuracy data for the verification probe phase were
analyzed using a repeated measures analysis of variance

(ANOVA), with conservative degrees of freedom [Green-
house and Geisser, 1959]. Posthoc t-tests were conducted
on significant interactions. An alpha level of P < 0.05 was
used to establish statistical significance.

MEG Data Analysis

Temporal signal-space separation [Taulu et al., 2004]
was applied to the raw data for environmental noise
reduction using standard Elekta NeuromagV

R

software.
MEG scans were excluded if intrascan movement of any
HPI coil exceeded 1 cm. MEG data were segmented with
respect to the onset of each picture in the encoding phase
(�100 to 1,000 ms), baseline corrected, low-pass filtered
(40 Hz), and down-sampled (250 Hz). Principle compo-
nents of MEG epochs that exceeded the threshold of 1.0
pT (magnetometers) and 150 fT/cm2 (gradiometers) were
removed as artifacts [Kobayashi and Kuriki, 1999; Lager-
lund et al., 1997]. For patient data, segments containing
interictal activity were rejected based on visual inspection.

For signal averaging to compute evoked data, trials
were categorized into two types: nameable and scrambled.
The contrast between these two trial types in the encoding
phase was used to isolate language processing. Nameable
and scrambled conditions were presented in four separate
scans with 48 segments for each of the signal-averaged
conditions (192 epochs in total per condition, less errors).

Spatiotemporal activation maps for nameable and
scrambled evoked field data were generated using
dynamic statistical parametric mapping (dSPM) of the
change in activation from the prestimulus interval as a
pseudo-Z statistic [Dale et al., 2000]. The maps were aver-
aged across the four separate scans for each condition. Ex-
amination of the differences between the nameable and
scrambled spatiotemporal dSPM activation maps for
healthy control participants’ using the partial-least squares
method applied to event-related MEG source data [Moses
et al., 2009] revealed predominant differences between 200
and 600 ms poststimulus. For each subject, the difference
between nameable and scrambled activation maps was
used to generate language-related spatiotemporal maps. A
dSPM threshold for significant language-related activation
was set to the 99.5% largest value in the null-hypothesis
distribution using the 100 ms baseline. In the 200–600-ms
poststimulus period, only vertices (�5,000 elements per
hemisphere) above the dSPM threshold for more than 100
ms were included for further analysis. Time-collapsed lan-
guage-related maps were plotted on the anatomical MRI
by taking the maximum suprathreshold dSPM activation
occurring 200–600-ms poststimulus for each included loca-
tion and were used in the laterality calculations below.

Complex Laterality Vector Calculation

For each location on the spatially normalized cortex of
the left hemisphere, a two-dimensional (2D) construct
called a complex laterality vector (CLV) was calculated
that included the magnitude of activation at the left

110–20 electroencephalography (EEG) data were also recorded using
a MEG compatible electrode cap (Elekta NeuromagV

R

, Helsinki, Fin-
land). The EEG data were compared to theMEGdata for verification,
but did not otherwise add a significant contribution to the results.

r MEG Laterality Maps r
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hemisphere location of interest and the mirror location in
the right hemisphere. Mathematically, this 2D information
was represented as a complex number, as in Formula 2,
which contains both a ‘‘real’’ and ‘‘imaginary’’ component.
The imaginary component was generated by multiplying
the magnitude of the second dimension by the mathemati-
cal constant i. The ‘‘real’’ component was defined as the
magnitude of left hemisphere (LH), dSPM activation at the
location of interest (QLH). The ‘‘imaginary’’ component
was defined as the magnitude of dSPM activation at the
mirror location in the right hemisphere (QRH). The same
calculation was also made for each location on the right
hemisphere.

LI ¼ QLH þ i �QRH (2)

For visualization, laterality was overlaid on the left hemi-
sphere of the individual’s cortical surface, showing left and
bilateral activation only. Laterality was also overlaid on the
right hemisphere of the individual’s cortical surface, show-
ing right and bilateral activation only. On both hemispheres,
the real (left) component of CLV was plotted on a red-to-
yellow color scale, and the imaginary (right) component
was plotted on a blue-to-light blue color scale. Bilateral acti-
vation was represented as the sum of both color scales.

ROI Analysis

To compare laterality maps to standard LI scores, ROIs
were defined in the inferior frontal lobe/insula, supramar-
ginal gyrus, and superior/middle temporal region. ROIs
were selected using the FreeSurfer cortical surface recon-
struction [Desikan et al., 2006; Fischl et al., 2004]. The ROIs
are shown in Figure 1b. Within each ROI, mean activation

and LI scores were calculated based on the language acti-
vation maps. For comparison, CLV scores were calculated
using the same mean activation.

RESULTS

Behavioral Performance Verification

Overall task performance was high for both controls
(mean accuracy ¼ 90.8%, standard error ¼ 1.2%) and
patients (mean accuracy ¼ 87.2%, standard error ¼ 1.2%).
Accuracy and RT data were analyzed using a repeated
measures ANOVA with between-subjects (nine patients
and 10 controls) and within-subjects factors (old/new and
nameable/scrambled). The performance results are pre-
sented in Table II. In brief, the results showed a trend
towards a group difference in performance (controls better
than patients; P ¼ 0.051), stimulus type differences (name-
able better than scrambled; P < 0.001), and memory differ-
ences (new better than old; P < 0.05). There was also a
stimulus type by memory interaction (P < 0.05), reflecting
the worst performance for the recognition of scrambled
objects that were previously seen.

Healthy Control Laterality Maps

Language laterality maps for the control group are pre-
sented in Figure 2. Laterality data were overlaid on the left
(in red) and right (in blue) hemispheres. Bilateral activation
(in purple) is shown on both hemispheres. These maps con-
vert activation intensity into the relative strength of laterali-
zation.2 Across the group, the results show the expected
trend of left hemisphere asymmetry in the inferior frontal,

TABLE II. Behavioral results

Factors degrees of freedom (DOF) Mean (%) Standard error (%) F P

Accuracy
Group 1,17 Controls: 90.8 Controls: 1.17 4.4 0.051

Patients: 87.2 Patients: 1.23
Type 1,17 Nameable: 97.9 Nameable: 0.45 135.6 <0.001

Scrambled: 80.1 Scrambled: 1.55
Memory 1,17 New: 91.9 New: 1.09 8.5 0.01

Old: 86.0 Old: 1.52
Type � memory 1,17 6.6 0.02

Factors DOF Mean (ms) Standard error (ms) F P

Reaction time
Group 1,17 Controls: 856 Controls: 34.7 1.6 0.23

Patients: 918 Patients: 36.6
Type 1,17 Nameable: 804 Nameable: 24.2 114 <0.001

Scrambled: 971 Scrambled: 28.3
Memory 1,17 New: 869 New: 25.5 4.5 0.048

Old: 906 Old: 27.7
Type � memory 1,17 6.1 0.024

2Healthy control dSPM activation maps used to derive the laterality
maps are provided in Supporting Information Figure 1.
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temporal, and inferior parietal regions, which is highly con-
sistent with the functional neuroanatomy of language.

Figure 3 shows language laterality calculated as both (a)
LI and (b) CLV scores for each ROI and for all control sub-
jects. Using a standard cutoff (LI score ¼ �0.1), 8/10 con-
trols were left dominant for language based on the
combined ROIs. The angle of the CLV closely corresponds
to a measure of laterality. The length of the x (right) and y
(left) components of the CLV represent the magnitude of
activation in each hemisphere. In the CLV plots (Fig. 3b),
the line x ¼ y is drawn which would correspond to an LI

of 0. Vectors to the left of that line indicate leftward later-
ality, and vectors right of that line, rightward laterality. It
can be seen, however, that this measure provides richer in-
formation than the simple LIs plotted in the top of Figure
3, as the length of the vector varies with activation
strength. Thus, a vector along the x ¼ y line will differenti-
ate no or weak activation from strong bilateral activation.
In the present data, the CLV scores were consistent with
the LI measures in terms of the overall proportion of con-
trols that were left lateralized for language, based on the
combined ROI.

Figure 2.

Language-related laterality maps are shown for all healthy control subjects. All subjects were

right handed. Left and bilateral activation are shown on the left hemisphere. Right and bilateral

activation are shown on the right hemisphere. Left lateralized activation is depicted as red-

to-yellow and right lateralized activation is depicted as blue-to-cyan. Bilateral activation is shown

as the combination of both color scales (purple). Significant activation only is shown (P < 0.01).
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Importantly, there were several cases where the LI and
CLV data did not agree. These are quite instructive. For
example, compare Subjects 6 and 8 for the temporal lobe
ROI in Figure 3. The LI indicates strong rightward laterali-
zation for both these subjects. However, in the CLV plots,
it can be seen that Subject 6 is truly right lateralized (a
long vector right of the x ¼ y line), whereas Subject 8
shows a vector with the same slope as Subject 6, but a
much shorter length. In other words, while both of these
people demonstrate a similar ratio of left–right activation,
only one (Subject 6) actually shows robust levels of activa-
tion in the right hemisphere. A second situation can be
seen, also for the temporal lobe ROI, in comparing Sub-
jects 9 and 10. These two people showed similar, weak LI
strengths, though in opposite directions (i.e., slightly right
lateralized for Subject 9, slightly left lateralized for Subject
10). However, the CLV plots reveal a very different story
for the two subjects. The CLV score of Subject 9 is quite
short, indicating low levels of activation in this region. The
CLV score of Subject 10, however, is the longest of any
subject for this ROI. In other words, a similar magnitude
LI represented weak overall activation in Subject 9,
but strong activation in both hemispheres of Subject 10.
In both of these cases, the LI scores did not accurately
represent the underlying dSPM activation, as shown in the
corresponding dSPM activation maps (Supporting Infor-
mation Fig. 1).

Patient Laterality Maps

Language laterality maps for the patient group are pre-
sented in Figure 4 using the same plotting criteria as in Fig-
ure 2. LI and CLV scores based on down-sampled patient
laterality maps are shown in Figure 5. Patient laterality
maps show a trend similar to healthy controls of dominant
activation in the inferior frontal, temporal, and inferior pari-
etal regions. However, examination of the laterality maps
and CLV scores revealed a general trend of reduced activa-
tion intensity, as compared to the control group.3

Using a standard cutoff (LI score ¼ �0.1), 5/9 patients
were left dominant for language based on the combined
ROIs. Again, the CLV scores were consistent with the LI
in terms of the overall assessment of laterality summed
across ROIs. However, as with the healthy control results,
the CLV scores identified instances of strong bilateral acti-
vation resulting in low LI scores, and weak unilateral acti-
vation resulting in strong LI scores.

For example, a patient case demonstrates the potential
value of the spatial data from the laterality maps. Patient 1
(right-handed female) had a medically refractory seizure
disorder caused by a left frontal cortical dysplasia.

Figure 3.

Laterality scores for each ROI and for all healthy control subjects are shown as (a) laterality indi-

ces (LIs) and (b) complex laterality vectors (CLVs). LIs are plotted as bars between �1 and 1,

indicating right-to-left hemisphere dominance. CLVs are plotted as 2D vectors, where angle indi-

cates laterality and length indicates activation magnitude.

3Patient dSPM activation maps used to derive the laterality maps are
provided in Supporting Information Figure 2.

r D’Arcy et al. r

r 1756 r



Previous scalp electroencephalography (EEG) revealed F3
spikes with seizure onset at F3-Fz. The seizures were pro-
ven, by stereotactic EEG depth electrodes, to arise from

the depth of the sulcus involved by the cortical dysplasia.
MEG spike dipole localization during interictal recording
was highly consistent with both the EEG localization and

Figure 4.

Language-related laterality maps are shown for all patients (all details as in Fig. 2). Note the spatial

sensitivity for bilateral activation in Patient 1. The white asterisk indicates the dipole location for epi-

leptogenic activity, which was colocalized with the cortical dysplasia in the left frontal lobe.
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the structural magnetic resonance (MR) findings (Fig. 4,
white asterisk). Surgical resection of the cortical dysplasia
(Type IIb) resulted in seizure freedom and no observable
postoperative cognitive impairment.

For this patient, both LI and CLV scores indicated left
lateralization of language processing in the inferior frontal
ROI. Examination of the spatial activation data may reduce
concern preoperatively given that the lesion was not in the
immediate vicinity of the left frontal activation. Preopera-
tive concern would be further reduced through examina-
tion of the laterality maps, which showed bilateral
contributions from Broca’s area and the right hemisphere
homolog. Importantly, the standard activation maps
would have revealed this spatial distinction, but not the
bilateral cluster. Thus, the clinical value of the laterality
map is the efficient and effective representation of all data
necessary for clinical evaluation in a single image.

DISCUSSION

Overview

The CLV laterality map results were highly consistent
with the functional anatomy involved in language (Hy-
pothesis 1). The overall pattern for right-handed individu-
als showed a left-greater-than-right asymmetry,
predominately involving lateral/inferior frontal, superior/

posterior temporal, and inferior parietal lobes (Fig. 2). This
result is highly consistent with prior MEG/EEG studies of
language [Breier and Papanicolaou, 2008; D’Arcy et al.,
2005; Kujala et al., 2004] as well as fMRI studies aimed at
localizing language-related MEG/EEG components
[D’Arcy et al., 2004; Newman et al., 2001]. Furthermore,
examination of the healthy control LI and CLV scores
showed that 8/10 subjects were left lateralized (combined
ROI), consistent with the high proportion of left domi-
nance in right handed persons that is typically reported
[Knecht et al., 2000]. The overall pattern of results pro-
vides validation of the method and sample characteristics.

Importantly, the CLV and laterality maps contributed
critical information when compared to the LI scores (Hy-
pothesis 2). CLV scores identified instances where low LI
scores resulted from strong bilateral activation and strong
LI scores resulted from weak unilateral activation. In these
instances, the LI scores incorrectly represented the under-
lying activation. Resolving these ambiguities would
require referring to the original activation data, which has
inherent complications discussed below.

The challenge with the original activation data relates to
spatial sensitivity for laterality. That is, the activation data
contain no laterality metric. Plotting CLVs as a laterality
map on the individual’s MRI increases the clinical utility
by improving spatial sensitivity when identifying vital
regions of hemispheric dominance and/or bilateral

Figure 5.

Laterality for each ROI and for all patients is shown as (a) LI scores and (b) CLV scores. All

other details as in Figure 3.
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activation. Evidence for this was seen in our first single
patient example. The first patient case had undergone sur-
gical resection of a left frontal cortical dysplasia (Fig. 4;
right-handed female). Surgery resulted in a seizure-free
outcome and no postoperative cognitive impairment. In
this instance, both LI/CLV scores and the activation data
indicated left lateralization for the inferior frontal ROI. Ex-
amination of the laterality maps showed bilateral activa-
tion in Broca’s area (and the right homolog), which was
not located in the planned resection zone. Only the spatial
sensitivity of laterality maps could demonstrate this im-
portant bilateral cluster.

LIs calculated from brain imaging data have typically
collapsed activation across one or more specific ROIs [Kim
and Chung, 2008; Papanicolaou et al., 2004; Woermann
et al., 2003]. These approaches compress clinically valuable
information into a single numerical index, which is taken
as representative of a highly complex situation. However,
the intended application of identifying laterality is to spare
specific brain areas involved in critical cognitive functions.
During surgical assessment, it is arguably more beneficial
to fully express the laterality distribution. One can posit
then that ROIs can be refined for this purpose. Extended
to the spatial limit though, this argument leads to the lat-
erality maps presented here. The laterality map effectively
achieves spatial sensitivity by taking better advantage of
the high localization accuracy of neuroimaging data. When
computed from MEG data, it is further possible to utilize
temporal resolution by examining the maximal time points
for language-related activation. This, combined with the
spatial information, allows for improved specificity and
sensitivity.

Future Directions

This study proposes that the concept of laterality be rep-
resented in a more complex framework than that of one-
dimensional ‘‘left/right dominant’’ dichotomy. With
respect to language function, this is consistent with the
general understanding that bilateral language processing
is common [Woermann et al, 2003]. It is important to note
that CLV scores and the laterality mapping method we
have presented can be applied to other cognitive functions
(e.g., memory) and other imaging modalities (e.g., fMRI).
Indeed, the laterality map provides a modality independ-
ent framework in which MEG and fMRI results can be
compared directly. Future work in this area will examine
multimodal differences between fMRI and MEG in map-
ping language laterality.

LI scores provided the immediate comparison for CLV
score and laterality maps. Follow-up comparisons against
the Wada test and outcome are necessary and can be imple-
mented with existing datasets related to presurgical nonin-
vasive functional mapping for language and, by extension,
memory. In this respect, it is noteworthy that previous stud-
ies report differences in the predictive power between dif-
ferent anatomical regions/ROIs [e.g., Bowyer et al., 2005;

Sabsevitz et al., 2003]. However, the addition of magnitude
and spatial information clearly complicates any evaluation
of regional differences in LI scores (Figs. 3 and 5).

According to the recent Clinical Practice Guidelines for
Presurgical Functional Brain Mapping using Magnetic
Evoked Fields [Burgess et al., 2011], reporting MEG later-
ality results require the following:

• ‘‘When calculated, the LI should be stated, along with
a clear statement of which hemisphere is language
dominant (left dominant, right dominant, bilateral,
and inconclusive).’’

• ‘‘Plotting of language-related data on spatially aligned
MRI is at the discretion of each site and should be
based on their experience concerning the reliability of
localization information. Such plots may give the
impression to neurosurgeons that areas without plot-
ted activity are safe to resect. This type of error (false-
negative) cannot be excluded systematically, so quali-
fying statements may be appropriate.’’ (pp. 361)

The first point underscores the importance of the CLV
scores disambiguating laterality in terms of relative differ-
ences in magnitude. The current results demonstrate that
LI scores alone cannot appropriately demonstrate left
dominant, right dominant, bilateral, and inconclusive sit-
uations. The second point underscores the importance of
the spatial sensitivity in mapping laterality rather than
activation. This approach provides improved sensitivity,
as lateral and bilateral activations become an emergent
property of the map. In addition, the patient example
demonstrates improved specificity, as important clusters
are better detected. Gains in sensitivity and specificity
should translate into improved capabilities for evaluating
potential clinical outcome.

CONCLUSIONS

Spatiotemporal laterality mapping with MEG provides a
noninvasive alternative to riskier hospital procedures such
as the Wada test. Importantly, the results of the current
study demonstrate that CLV and laterality maps take bet-
ter advantage of the rich information within MEG for the
clinical implementation of presurgical functional mapping.
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