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Abstract: Detection of epileptic spikes in MagnetoEncephaloGraphy (MEG) requires synchronized neu-
ronal activity over a minimum of 4cm2. We previously validated the Maximum Entropy on the Mean
(MEM) as a source localization able to recover the spatial extent of the epileptic spike generators. The
purpose of this study was to evaluate quantitatively, using intracranial EEG (iEEG), the spatial extent
recovered from MEG sources by estimating iEEG potentials generated by these MEG sources. We eval-
uated five patients with focal epilepsy who had a pre-operative MEG acquisition and iEEG with MRI-
compatible electrodes. Individual MEG epileptic spikes were localized along the cortical surface seg-
mented from a pre-operative MRI, which was co-registered with the MRI obtained with iEEG electro-
des in place for identification of iEEG contacts. An iEEG forward model estimated the influence of
every dipolar source of the cortical surface on each iEEG contact. This iEEG forward model was
applied to MEG sources to estimate iEEG potentials that would have been generated by these sources.
MEG-estimated iEEG potentials were compared with measured iEEG potentials using four source
localization methods: two variants of MEM and two standard methods equivalent to minimum norm
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and LORETA estimates. Our results demonstrated an excellent MEG/iEEG correspondence in the
presumed focus for four out of five patients. In one patient, the deep generator identified in iEEG could
not be localized in MEG. MEG-estimated iEEG potentials is a promising method to evaluate which MEG
sources could be retrieved and validated with iEEG data, providing accurate results especially when
applied to MEM localizations. Hum Brain Mapp 37:1661–1683, 2016. VC 2016 Wiley Periodicals, Inc.
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INTRODUCTION

Epilepsy is a chronic disorder that affects up to 1% of the
population worldwide, in which up to 40% of patients are
refractory despite multiple antiepileptic drugs [Kwan and
Brodie, 2000]. Surgery can be envisaged for many of these
patients, but the challenge that impacts surgical decision is
to accurately localize the epileptic focus. Scalp monitoring
of video-electroencephalography (EEG) and a good quality
magnetic resonance imaging (MRI) scans are the first non-
invasive tests performed in any pre-surgical work-up. They
can localize the focus suspected by clinical semiology in
many but not all patients. Additional non-invasive techni-
ques such as ictal/interictal single photon emission com-
puted tomography (SPECT) [Kim and Mountz, 2011],
positron emission tomography (PET) [Juhasz and Chugani,
2003], functional MRI (fMRI) [An et al., 2013; Gotman,
2008] and magnetoencephalography (MEG) [Knowlton
et al., 2006; Sutherling et al., 2008] are also utilized in each
individual patient, depending on each epilepsy center pro-
tocol [Duncan, 2010; Knowlton et al., 2008; Theodore, 1989].

Despite all these available non-invasive explorations, we
are often urged to proceed with invasive investigation
using intracranial EEG recordings. Intracranial EEG allows
a tunnelled but yet precise evaluation at millimetric reso-
lution of targeted brain regions, either acutely through
intraoperative electrocorticography or chronically through
intracranial depth electrodes/subdural grids recordings.
Intracranial EEG is the gold standard technique to confirm
the location of the seizure focus, but it relies on a priori
hypothesis of the topography of the epileptogenic zone as
well as its associated epileptogenic network [Chauvel
et al., 1996]. The limited spatial sampling requires an opti-
mal implantation strategy to which results of non-invasive
techniques contribute complementarily. Correct targeting
determines the yield and risks of intracranial EEG.

MEG is complementary to other standard non-invasive
investigations [Knake et al., 2006; Pataraia et al., 2004] and
also to intracranial EEG [Agirre-Arrizubieta et al., 2009;
Knowlton et al., 2006; Knowlton et al., 1997; Mikuni et al.,
1997; Minassian et al., 1999; Shigeto et al., 2002; Stefan
et al., 1992; Sutherling et al., 1988]. Interictal epileptic
activity is commonly used as an epilepsy neurophysiologi-
cal biomarker for each patient [Noachtar and Remi, 2009].
It allows diagnosis and classification of the epilepsy syn-

drome. Visual identification of these abnormal paroxysms
(e.g. epileptic spikes) from signals recorded non-invasively
from the scalp requires that their generators in the cortex
have a minimum spatial extent [Ebersole, 1997; Huiskamp
et al., 2010; Mikuni et al., 1997; Oishi et al., 2002; Tao
et al., 2007]. One of the main advantages of using MEG
over EEG is increased spatial accuracy, since, contrary to
EEG, MEG data are not spatially smeared by the poorly
conductive skull [Hamalainen et al., 1993]. Studies com-
paring scalp and intracranial recordings reported that epi-
leptic spikes to be detected in scalp recordings, require
generators to be extended within 4cm2 of cortex in MEG
[Mikuni et al., 1997; Oishi et al., 2002; Shigeto et al., 2002].
Regional differences have also been reported with some
cortical areas resulting mainly in tangential dipolar sour-
ces (e.g., occipital pole, temporal plane, post-central sulcus,
orbitofrontal region) and more likely to generate large
MEG signals [Huiskamp et al., 2010]. A minimum area of
10 cm2 was suggested in EEG by Tao et al. [2007] using
simultaneous acquisition of scalp EEG with intracortical
grids. Using biophysical and neurophysiological modeling,
Cosandier-Rim�el�e et al. confirmed that a cortical surface
ranging from 18 to 20 cm2 should be involved to generate
a typical neocortical temporal lobe epileptic spike
measured in intracranial EEG and scalp EEG [Cosandier-
Rim�el�e et al., 2007; Cosandier-Rim�el�e et al., 2008]. The
findings reported by Tao et al. [2007] have been carefully
validated using extensive realistic simulations using a
finite element model of the head [von Ellenrieder et al.,
2014], in which the correspondance between the actual
extent along the cortical surface versus the number of
electrodes involved in intra-cortical grid has been studied.

Source localization of MEG epileptic spikes has been
mainly performed by modeling brain activity with few
equivalent current dipole (ECD) sources [Knowlton et al.,
2006; Leijten et al., 2003; Mikuni et al., 1997; Oishi et al.,
2002; Papanicolaou et al., 2005; Schwartz et al., 2003; Wenn-
berg and Cheyne, 2014]. Whereas this is the only clinically
approved method, ECD can localize at best the center of
mass of these spatially extended generators [Ebersole, 1997].
ECD localization can often be misleading in presence of large
spatially extended generators, resulting in false deep localiza-
tions [Kobayashi et al., 2005]. Dipole scanning approaches
using spatial filters, sequentially assessing the contribution to
the data of any dipolar source on a 3D grid within the brain,
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have also been proposed [Agirre-Arrizubieta et al., 2009;
Bouet et al., 2012; Ishii et al., 2008]. It has never been care-
fully demonstrated through numerical simulations that
dipole scanning approaches could be sensitive to the spatial
extent of the sources, except by replacing the local single
dipole model by a realistically shaped extended source
along the cortical surface [Birot et al., 2011; Hillebrand and
Barnes, 2011]. However, correlation between the spatial
extent of source localization obtained using a standard
Beamformer estimated on a 3D grid and intracranial iEEG
with implanted depth electrodes has been suggested [Bouet
et al., 2012; Jung et al., 2013]. In this context, incorporation
of realistic anatomical constraints by estimating source
activity distributed along the cortical surface [Dale and
Sereno, 1993] is an interesting option to recover the spatial
extent of the sources. Standard distributed sources methods
like the Minimum Norm Estimate (MNE) [H€am€al€ainen and
Ilmoniemi, 1994] are very popular and can accurately
describe the location and time course of epileptic source
activity, as well as its propagation patterns [Tanaka et al.,
2010]. However, the ability of MNE to recover the spatial
extent of the generators is questionable [Ding, 2009].

We previously proposed the Maximum Entropy on the
Mean (MEM) regularization framework [Amblard et al.,
2004], a new source localization method, which demonstrated
its ability to localize accurately the generators of epileptic
activity together with their spatial extent. When compared to
other distributed methods, MEM demonstrated excellent per-
formance to recover spatially extended sources when applied
on realistic simulations of epileptic spikes either in EEG
[Grova et al., 2006] and or in MEG [Chowdhury et al., 2013;
Lina et al., 2014]. MEM also suggested promising results
when applied on clinical data. We found good spatial corre-
spondence between the extent of MEM sources and hemody-
namic responses to similar epileptic discharges recorded
using simultaneous EEG/fMRI [Grova et al., 2008; Heers
et al., 2014]. In a recent study, MEM showed a positive predic-
tive value of 0.79, where the maximum amplitude of MEM
sources was qualitatively validated with intracranial EEG
data for 14 out of 19 patients [Heers et al., 2016].

Whereas realistic simulations offer a well-controlled
framework to validate and to compare source localization
methods [Birot et al., 2011; Chowdhury et al., 2013; Grova
et al., 2006], clinical evaluation involving clinical data is
more difficult and has been mainly addressed using inva-
sive recordings. In this paper, we will refer to ECoG for
intracranial recordings using subdural grids and to iEEG for
intracranial recordings using implanted depth electrodes.
Most validation studies in MEG were based on comparison
with ECoG recordings [Agirre-Arrizubieta et al., 2009; de
Gooijer-van de Groep et al., 2013; Fujiwara et al., 2012;
Knowlton et al., 2006; Leijten et al., 2003; Mikuni et al., 1997;
Minassian et al., 1999; Oishi et al., 2002; Tanaka et al., 2010].
Fewer studies have compared MEG sources with iEEG
recordings [Badier et al., 2016; Bouet et al., 2012; Gavaret
et al., 2014; Heers et al., 2016; Jung et al., 2013; Schwartz

et al., 2003]. As ECoG is performed with subdural contacts,
evidently this technique allows recording of the most super-
ficial aspects of the cortex only, whereas iEEG with depth
electrodes records from superficial neocortical and deeper
structures such as the bottom of the sulci [Chauvel et al.,
1996; Olivier et al., 1994]. Validation of EEG/MEG source
localization with ECoG and iEEG recordings is only feasible
and valid for the near vicinity of implanted brain regions
[Merlet and Gotman, 2001]. Consequently, ECoG or iEEG
have been mainly used to infer sublobar accuracy of source
localization results [Agirre-Arrizubieta et al., 2009; Bouet
et al., 2012; de Gooijer-van de Groep et al., 2013;
Fujiwara et al., 2012; Heers et al., 2016; Jung et al., 2013;
Knowlton et al., 2006; Leijten et al., 2003; Mikuni et al., 1997;
Minassian et al., 1999; Oishi et al., 2002; Schwartz et al.,
2003; Tanaka et al., 2010]. In order to provide accurate quan-
titative analysis, one should take into account the distance
between MEG sources and iEEG electrode contacts. More-
over, comparing MEG at the source level and iEEG at the
signal level consists in comparing information of different
natures, i.e., current density in A.m versus electrical poten-
tials in V. ECoG source localization has been proposed to
address this issue, converting local electrical potentials into
current density distributions [Cho et al., 2011; Dumpelmann
et al., 2009; Fuchs et al., 2007; Ramantani et al., 2013; Zhang
et al., 2008]. To the best of our knowledge, just one simula-
tion study [Chang et al., 2005] addressed the difficult prob-
lem of iEEG source localization. Another approach consists
in estimating directly cortical electrical potentials from scalp
EEG data [Gevins et al., 1994; Grave de Peralta Menendez
et al., 2000; He et al., 2002], however such strategies have
not been adapted neither for MEG data nor for iEEG data
with depth electrodes.

The objective of the present study is to propose a new
method to evaluate spatio-temporal correlations between
MEG sources and iEEG findings at the time of epileptic dis-
charges. Alternatively to attempt to solve the difficult prob-
lem of iEEG source localization, here we propose to convert
MEG sources localized along the cortical surface into esti-
mated iEEG potentials. These MEG-estimated iEEG poten-
tials could then be directly compared with recorded iEEG
potentials. This conversion is achieved using accurate local-
ization of the depth electrodes with respect to the underly-
ing anatomy and by then applying an iEEG forward model
to MEG sources. This method, allowing a new way to fur-
ther understand the link between MEG and iEEG record-
ings, is illustrated on five clinical cases of focal epilepsy
patients. For each patient, results obtained using two MEM-
based localization approaches were compared with two
standard distributed sources methods.

MATERIALS AND METHODS

Ethics

This study was conducted in compliance with the Code
of Ethics of the World Medical Association (Declaration of
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Helsinki), the standards established by the Montreal Neu-
rological Institute Research Ethics Board and the standards
of our granting agencies.

Patients

All patients signed informed consents for participation
in the study, approved by our institution Research Ethics
Board, in which the nature of the experimental procedures
was clearly explained. We retrospectively selected from
our MEG database patients with extra-temporal drug-
resistant focal epilepsy who had spikes during the MEG
recording and later underwent iEEG with MRI-compatible
electrodes. Our recruitment consisted in consecutive
patients recruited in 2011-2013, who participate to our
usual EEG/MEG investigation and were then implanted
with MR-compatible electrodes. According to these crite-
ria, five patients were included with the following epilep-
tic foci: right orbitofrontal (N 5 3), right frontal SMA-
cingulate gyrus (N 5 1) and right inferior frontal (N 5 1).
MRI findings were: normal (N 5 1), suspected for an
underlying focal cortical dysplasia (FCD, N 5 3) and hemi-
megalencephaly (N 5 1).

MEG Acquisition

Acquisitions were performed at the MEG Center at Uni-
versity of Montreal, using a CTF scanner (VSM MedTech -
CTF Systems Inc - Vancouver), equipped with 275 axial
gradiometers. Simultaneous EEG was recorded with 56
electrodes cap (10-10 system) with the nose as recording
reference. Additional electrodes for electrocardiogram
monitoring and electrooculogram were applied. Sampling
rates for EEG/MEG acquisitions were 1200 Hz. MEG sen-
sor positions were monitored during the whole acquisition
using continuous head localization, with localization coils
placed over three fiducial points (i.e., nasion, right and left
pre-auricular points). To minimize head movements, all
recordings were done with subjects lying supine on a bed.
Scanning sessions aimed at 10 runs of six minutes record-
ing at rest, constrained by the cooperation and tolerance
from each patient. Medications were not changed for the
purpose of recording.

iEEG Acquisition

iEEG investigation using intracranial MRI-compatible
depth electrodes (Dixi medical, Besancon, France) was
planned based on information obtained during standard
clinical investigation (derived from scalp video-EEG
recordings, clinical MRI, PET and neuropsychology evalu-
ation). Decision for the number of electrodes and their
location was taken by the neurophysiologist and the neu-
rosurgeon. MEG results were made available, and their
relevance for electrode targeting was subject to the
discretion of the physicians. Electrodes consisted in D08

electrodes from Dixi Medical (Besançon, France), made
with platine iridium to allow MR compatibility, 0.8 mm
diameter. Depending on the regions targeted, electrodes
composed with either 10 or 14 contacts were implanted.
Along the electrode, the length of every contact was 2mm,
with 1.5mm distance between contacts. Depth electrodes
were implanted stereotactically using an image-guidance
system (SNN Neuronavigation System, Mississauga, Can-
ada) [Olivier et al., 1994]. iEEG signals were recorded at
2000Hz sampling rate, using Harmonie monitoring system
(Stellate, Montreal, Canada) until enough ictal and interic-
tal information was obtained for each patient (6 to 16
days).

MRI Acquisitions

High-resolution preoperative anatomical T1 1mm iso-
tropic 3D acquisition (MPRAGE: 192 sagittal slices, 1 mm
slice thickness, 256x256 matrix, TE 5 2.98 ms, TR 5 2.3 s,
flip angle 9�) was obtained in the 3T scanner (Siemens,
Tim Trio) for modelling the anatomy of the subject and
extraction of the cortical surface. A post-implantation T1-
weighted anatomical MRI was acquired in the 1.5T scan-
ner (GE Medical Systems, Signa Excite), allowing visual-
ization of electrodes through the void artifact in the
images. This second scan was performed between days 2-4
post-implantation (180 sagittal slices, 1 mm slice thickness,
512x512 matrix, TE 5 8 ms, TR 5 23 ms, flip angle 20�).

MRI and MEG Preprocessing

The 3T MRI was used to model the anatomy for MEG
source localization. This requires first an accurate MRI/
MEG co-registration, using the position of three localiza-
tion coils over fiducial points and that of multiple points
sampled over the scalp, nose and peri-ocular regions
(called ‘headshape’) digitized using a Polhemus Isotrak
system prior the MEG recording session. Location of the
fiducial points on the MRI was used to compute a first
rigid transformation matrix (3 rotations, 3 translations).
The co-registration accuracy was further optimized by fit-
ting the headshape to the skin surface, segmented from
the MRI. The next step comprised a realistic modeling of
each subject’s anatomy. To model the source space, the
cortical surface consisting in the grey/white matters inter-
face was segmented from the MRI of each subject [Mangin
et al., 1995], using BrainVISA-4.2.1 software (http://www.
brainvisa.info). The resulting distributed sources model
consisted in a realistic 3D mesh of the cortical surface
(sub-sampled to 8000 vertices, inter-node distance: 3mm)
with each dipolar source oriented perpendicular to the
local cortical surface.

Solving the inverse problem for MEG source localization
first relies on an accurate solution of the forward model.
The forward model estimates, for any known dipolar
source within the brain, its contribution to signals
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captured in all MEG sensors. We used the Boundary Ele-
ment Method (BEM) to compute the forward model. A
one-layer BEM model using the inner skull surface was
estimated using the implementation of OpenMEEG [Gram-
fort et al., 2011; Kybic et al., 2006] within Brainstorm soft-
ware [Tadel et al., 2011] (http://neuroimage.usc.edu/
brainstorm/). The inner skull surface was segmented from
the anatomical MRI of each subject using Brainstorm
software. A homogeneous conductivity of r 5 0.33 S.m21

within the brain was assumed [Goncalves et al., 2003;
Hamalainen et al., 1993].

MEG Epileptic Spike Marking

MEG epileptic spikes were marked in DataEditor signal
browser (CTF), using 0.3-70Hz band pass filtered signals.
Individual MEG spikes were visually identified and
marked at their maximum peak by a neurophysiologist
and those spikes with good inter-rater agreement were
kept for analysis. Epileptic discharges coinciding with
EKG peaks were discarded. MEG epileptic spikes were
classified according to their spatial distribution and similar
spikes were considered for source localization. We did not
constrain the maximum or minimum number of epileptic
spikes marked per patient, as the spiking rate varied
amongst them.

MEG Source Localization

Using anatomical constraints [Dale and Sereno, 1993],
the relationship between source amplitudes and MEG
measurements is expressed by the following linear model:

M5G J1E (1)

where M is a q3s matrix of the MEG signal measured at
q5275 MEG sensors and s time samples. E models an
additive measurement noise (q3s matrix). J is a p3s
unknown matrix of the current density along the cortical
surface (p ffi 8000 unknown dipolar moment amplitudes of
sources oriented normally to the cortical surface). G indi-
cates the q3p lead field matrix obtained by solving the
MEG forward problem estimating the contribution of each
dipolar source on each MEG sensor.

MEG epileptic spikes were localized using MEM local-
ization method [Chowdhury et al., 2013; Grova et al.,
2006]. The key concept of the MEM approach, originally
proposed in Amblard et al. [2004] is the assumption that
brain activity can be characterized by K cortical parcels
along the cortical surface [Lapalme et al., 2006]. MEM
inference is able to specifically switch these parcels on or
off and to estimate a contrast of source intensities within
the selected active parcels. The number of parcels may
vary between few dozens to few hundreds. Here, we used
a number of parcels of similar order as the number of
MEG sensors (K ffi 200 parcels). These properties allow
MEM to localize and to determine the spatial extent of the

epileptic spike generators along the cortical surface [ see
Chowdhury et al., 2013 and Grova et al., 2006 and Sup-
porting Information, Figure S1 for further details and
evaluation].

In the MEM framework, we consider the amplitude
of the sources J to be estimated as a multivariate
random variable with a probability distribution
dp jð Þ5 Prob J5jð Þ dj. Assuming a collection of K mutually
independent parcels, we proposed the following reference
distribution dm to model our knowledge of the current
density distribution:

dm jð Þ5
YK
k51

12akð Þ d jkð Þ 1 ak N lk; Rkð Þ½ � djk (2)

where ak denotes the probability of the kth parcel to be
active. Multivariate jk denotes the intensities of the pk sour-
ces in the kth parcel. d refers to the Dirac distribution allow-
ing to “shut down” inactive parcels (ak50). N lk; Rkð Þ is a
Gaussian distribution describing the intensities of the kth

parcel when active (ak51), where lk and Rk represent,
respectively, the mean and the covariance of the pk sources
within the kth parcel.

Regularization within the MEM framework is obtained
by writing the solution dp in the form of dp jð Þ5f jð Þ dm jð Þ,
where the reference distribution dm jð Þ as defined by Eq. (2)
expresses a prior model on the sources J and f jð Þ is a
m- density to be found such that it explains the data in
average:

M5Edp G j½ �5
ð

G j f jð Þ dmðjÞ (3)

where Edp denotes the expectation (average) according to
the distribution dp. Among all the distributions dp satis-
fying the above constraint (i.e., ensuring data fit), the
MEM solution dp̂ jð Þ5f̂ jð Þ dm jð Þ is the one with maximum m
-entropy. The resulting current density distribution ĴMEM

estimated using MEM regularization is then obtained as
the first moment (or expectation) of the distribution dp̂
(i.e., ĴMEM5Edp̂ j½ �) . The probability of every parcel to be
active (ak) was initialized using the Multivariate Source
Prelocalization [Mattout et al., 2005], a projection method
estimating a coefficient, which characterizes the contribu-
tion of each dipolar source to the data. Two variants of the
MEM technique were investigated:

� MEM source localization, where the mean of every
active parcel lk was initialized as 0 and Rk as a diago-
nal matrix (Minimum Norm assumption).
� Coherent MEM (cMEM) source localization, where

the mean of every active parcel lk was initialized as
0 and Rk was initialized using diffusion-based
spatial priors [Harrison et al., 2007], modeling local
spatial smoothness along the cortical surface within
each parcel (maximum local spatial smoothness
assumption).
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The implementation of MEM and cMEM methods eval-
uated in this study is available within the Brain Entropy
in Space and Time (Best) toolbox that we recently released
as a plug-in in Brainstorm software: http://neuroimage.
usc.edu/brainstorm/Tutorials/TutBEst

As a continuation of the clinical study of Heers et al.
[2016], in which we assessed sublobar regional accuracy
between EEG sources, MEG sources, and iEEG data, we
considered the same source localization methods in this
quantitative evaluation study. Therefore, MEM and cMEM
were compared with two standard source localization
methods, implemented within the Restricted Maximum
Likelihood (ReML) framework to estimate regularization
hyperparameters [Friston et al., 2002]:

� Independent and Identically Distributed (IID) model:
This method assumes source covariance to be mod-
eled as an identity matrix, providing a minimum
energy solution, similar to the one originally proposed
by H€am€al€ainen and Ilmoniemi [1994].
� Spatially Coherent Sources (COH): This method

assumes source covariance to be modeled as a linear
combination of an identity matrix (minimum norm
prior) and a diffusion-based spatial prior imposing
spatial smoothness along the cortical surface [Harri-
son et al., 2007]. This method provides a solution that
is spatially smooth, equivalent to LORETA originally
proposed by Pascual-Marqui et al. [1994].

Source localization using MEM, cMEM, IID, and COH
was applied to every single MEG epileptic spike.

iEEG Signal Processing

Although patients had seizures recorded during iEEG
investigation, for our study, we only analyzed interictal
iEEG epileptic spikes. iEEG spikes were visually identified
using a bipolar or monopolar montage in band-pass filtered
signals (0.3–70 Hz). Epileptic spikes were marked at their
maximum peak, classified based on the anatomical location
and contacts distribution. Following a similar strategy, we
already considered when comparing EEG/fMRI to iEEG
data [Benar et al., 2006; Daunizeau et al., 2007; Grova et al.,
2008], one key criterion was to select iEEG discharges with
clear involvement of the most superficial iEEG contacts,
most likely to generate signals visually detectable on the
scalp, using either EEG or MEG. For patients showing clear,
large amplitude and highly reproducible typical epileptic
spikes, with excellent signal-to-noise ratio in both iEEG and
MEG, involving superficial iEEG contacts, only few dis-
charges were selected (around 5–10) to provide a reliable
picture of the iEEG/MEG correspondance (e.g., Patients 1
and 2). For other patients with more complex recordings
(e.g., Patients 3 and 4) and small amplitude MEG discharges
(Patient 5), all possible epileptic spikes fulfilling our criteria
(typical of the epilepsy for each patient and with

involvement of superficial iEEG contacts) selected within a
1 h recording were therefore considered for the analysis.

Quantitative Analysis of Concordance between

MEG Sources and iEEG Findings

� Accurate localization of iEEG electrodes: iEEG con-
tacts locations were derived from the MRI obtained
with electrodes in place and from the technical infor-
mation/specifications from each electrode implanted
(steps summarized in Fig. 1). Electrodes positions
were manually drawn by (1) marking the void artefact
produced by the electrodes and contacts in the brain
volume, using Display software1; (2) identification of
a connecting line in the void artefact between the
entry point (most superficial) and the target point
(deepest) for each electrode; (3) estimation of the exact
location of each recording contact along this line using
the actual distance between contacts (3.5 mm as per
manufacturer specifications); and (4) 3D representa-
tion of each contact using the mesh of a sphere (with
a 2 mm diameter as specified by manufacturer) cen-
tered at each contact location computed within Brain-
VISA environment. To ensure spatial accuracy
between MEG sources along the cortical surface and
iEEG electrodes, the high-resolution preimplantation
3T MRI was coregistered with the postimplantation
1.5 T MRI with electrodes in place. MRI-to-MRI regis-
tration was performed using Animal software [Collins
et al., 1994], by maximizing the correlation coefficient
between the two volumes using a rigid transformation
(3 translations, 3 rotations, and 1 scaling parameter).
� Converting MEG sources into simulated iEEG signals:

To assess what part of MEG sources estimated along
the cortical surface could be detected by every iEEG
contact, we used an estimation of the iEEG forward
model GiEEG to assess the contribution of every dipolar
source along the cortical source to every iEEG contact.
GiEEG is an n3p matrix estimating, for each equivalent
current dipole of unit activity ~ji located on the vertex
Si and oriented along ~ni the normal to the cortical sur-
face (i51; . . . ; p), the corresponding electrical potential
V at the jth iEEG electrode contact located at
Ej(j51; . . . ; n). Assuming an infinite volume conductor
characterized by its conductivity r, the electrical poten-
tial is computed as

V Ej

� �
5

~ni : ~ur

4 p r r2
(4)

where ~ur is a unit vector oriented from the source
point Si to the measurement point Ej , and r is the

1Display software: http://www.bic.mni.mcgill.ca/ServicesSoftware
Visualization/
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Euclidean distance between Si and Ej. Comparing the
infinite volume conductor model with a three-shell
spherical model to estimate GiEEG, Cosandier-Rim�el�e
et al. [2007] showed that infinite volume conductor
model tended to slightly underestimate the electrical
potential. Choosing a lower conductivity r of
0.25 S �m21 instead of 0.33 S �m21, they showed that
very realistic simulated iEEG epileptic signals, mim-
icking almost perfectly real iEEG measurements,
could be obtained by both models. It is important to
mention that Eq. (4) is valid only if the measurement
Ej is performed at a certain distance from the source,
otherwise the dipolar assumption does not hold any-
more. Using finite-element models, von Ellenrieder
et al. [2012] demonstrated that when modeling the
impact of the shape of the iEEG electrode on local
electrical potentials, no significant impact was
observed at a distance of 2 mm from the electrode.
Assuming an iEEG-MRI coregistration accuracy of
3 mm, as suggested using a registration approach
similar to ours [Dykstra et al., 2012], we proposed
the following model to prevent instabilities of the
model caused by too close measurements:

V Ej

� �
5

~ni : ~ur

4 p r r2
if r > r053 mm and

V Ej

� �
5

~ni : ~ur

4 p r r0
2

if r � r053 mm

(5)

Only iEEG electrodes located inside the inner skull
surface, at more than 2 mm from the surface, were
selected for this analysis. The iEEG forward model
was finally applied to the current density along the
cortical surface ĴMEG obtained from MEG source
localization, thus estimating the resulting iEEG elec-
trical potentials that would have been generated by
MEG sources:

VMEG5GiEEG ĴMEG (6)

� For each epileptic spike marked in MEG, MEG source
localization was performed (using MEM, cMEM, IID,
and COH) and corresponding VMEG potentials were
computed. MEG/iEEG comparison was performed by
representing the time courses of the actual recorded
ViEEG potentials with the estimated VMEG potentials
on all iEEG contacts. In both cases, we present the

Figure 1.

Localization of iEEG electrodes contacts on the high-resolution

MRI used for MEG source localization. The preimplantation 3 T

MRI (d) and the postimplantation 1.5 T MRI obtained with MR-

compatible iEEG electrodes (a) were used for accurate location

of iEEG recording contacts. First, void artefacts from electrodes

tracks were marked over the 3D volume of the postimplanta-

tion MRI (b). Second, the entry point and the target point for

each electrode were determined to provide a nondistorted con-

necting line, along which the recording contacts were placed,

based on the manufacturer’s specifications of intercontacts dis-

tance and contacts dimensions. Every iEEG electrode contact

was modeled as a sphere (c). Finally, the two MRI volumes were

coregistered and iEEG electrodes contacts were represented

over cortical surface segmented from the high-resolution preim-

plantation volume (f). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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average electrical potential obtained over all epileptic
spikes 6 standard deviation estimated from all indi-
vidual spikes. Since it is expected that MEG source
localization would underestimate the actual current
density, only relative amplitudes of VMEG and ViEEG

were compared, by normalizing each of them by the
maximum potential obtained on the averaged epilep-
tic spike. Spatially, the absolute value of MEG sources
shown as a color texture mapped along the cortical
surface were represented together with the absolute
value of recorded ViEEG potentials and estimated
VMEG potentials mapped as a color texture on the
iEEG contacts, at the peak of the average epileptic
spike. Illustrations of combined MEG sources over the
cortical surface, ViEEG and VMEG results over electrode
contacts modeled as spheres and high-resolution pre-
implantation MRI were generated using Anatomist
software2.
� Quantitative comparison between VMEG and ViEEG:

four complementary comparison metrics were pro-
posed to quantify the correspondance between the
estimated VMEG and measured ViEEG potentials. Each
metric was computed taking into account ViEEG poten-
tials at the peak of the average iEEG epileptic spike
and the estimated VMEG potentials, for five time sam-
ples around the peak of the average MEG spike. The
average metric obtained from these five estimates was
finally reported. We first computed the spatial correla-
tion coefficient (Corr) between ViEEG potentials at the
peak of the average iEEG epileptic spike and the esti-
mated VMEG potentials, in five time samples around
the peak of the average MEG spike. We also reported
the minimum Euclidean distance (Dmin) between the
contact showing the maximum absolute amplitude in
ViEEG with the contact showing the maximum abso-
lute amplitude in VMEG for the same time points. We
then considered a measure of spatial dispersion (SD)
[Molins et al., 2008] between the contacts showing
maximum activity in ViEEG and the spatial distribu-
tion of average estimated VMEG potentials. Following
a strategy we already considered for our previous
study [Heers et al., 2016], SD metric was measured as
follows:

SD5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

i51
minj2H Dij

� �
V2

MEG;i

� �
Xn

i51
V2

MEG;i

vuuut (7)

where H denotes the reference set of contacts consid-
ered as the true spatial extent of the spike generator
according to measured ViEEG. H was therefore defined
as the set of all iEEG contacts involved at the peak of

the average iEEG spike, they were visually identified
by an expert epileptologist (EK). minj2H Dij

� �
refers to

the minimum distance between the contact i and the
closest contact j found within the reference set H. This
minimum distance was set to zero when this contact i
belonged to the reference set H. V2

MEG;i denotes the
energy of the electric potential estimated at the con-
tact i. SD actually measures a combination of spatial
spread around the true extent H and localization error
when comparing VMEG with ViEEG results. SD was
estimated for each of the five time samples around
the peak of the average MEG spike, and the average
SD value was reported. The fourth metric consisted in
a ratio of spurious activity (RSA), assessing the
amount of activity localized with MEG, distant from
the presumed iEEG focus. To do so, we defined as
distant iEEG contacts all contacts located at least
10 mm away from any contact of the reference set H.
RSA was then computed as the ratio of the energy
V2

MEG estimated on distant contacts versus the energy
V2

MEG estimated on all contacts. RSA (in %) was esti-
mated for each of the five time samples around the
peak of the average MEG spike, and the average RSA
value was reported.

RESULTS

We will first report detailed MEG/iEEG correlation for
each patient using cMEM source localization. We chose
cMEM to illustrate in detail every patient since cMEM
showed overall among the best localization performance,
as discussed in the last section of this article and as sug-
gested in our previous studies [Chowdhury et al., 2013;
Heers et al., 2016]. All source localization results were rep-
resented as the average over all epileptic spike localiza-
tions at the main peak of the spikes. The absolute value of
the estimated current density map along the cortical sur-
face was thresholded above the level of background activ-
ity using Otsu’s method [Otsu, 1979]. Quantitative
comparison between the estimated VMEG and measured
ViEEG potentials for all source localization methods is then
described (Table I).

Patient #1 had a very active right frontotemporal interic-
tal focus on scalp EEG, with maximal involvement of elec-
trodes F8, F10, T4, T10. Epileptic spikes over the same
topography were also identified in MEG signals Figure 2a.
MRI (3T) did not reveal any abnormalities. iEEG investiga-
tion was planned with a hypothesis of an underlying
occult focal cortical dysplasia (FCD) in the right orbito-
frontal area. Nine iEEG electrodes were inserted (Fig. 2b),
confirming an almost continuous spiking activity in the
superficial contacts of the right orbitofrontal electrode.
Twenty-five epileptic spikes were marked in MEG and
five highly reproducible and large amplitude epileptic
spikes were marked in iEEG recordings. At the peak of
the spike, the average of all MEG sources obtained using

2Anatomist software: http://brainvisa.info/doc/axon/en/help/
aboutAnatomist.html
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cMEM were found highly concordant with iEEG results,
involving clearly a right orbitofrontal generator (Fig. 2c,d).
The estimation of VMEG potentials from cMEM sources
was highly concordant with recorded ViEEG potentials,
involving mainly more superficial contacts of the right
orbitofrontal electrode (contacts ROF6-9). Note that within
this right orbitofrontal generator, VMEG involved only one
additional iEEG contact not seen in ViEEG (ROF10), which
is in agreement with cMEM accuracy to recover the spatial
extent of the underlying generator. We also found a sec-
ondary cMEM source located in the right temporal lobe
that projected with VMEG on the more mesial contacts of
the right amygdala electrode (contacts RA1–8). Because of
its small amplitude, we may have missed such a source by
analysing MEG signals only. It is very interesting to see
that this secondary temporal source was highly reproduci-
ble across all epileptic spikes (small standard deviation)
and concordant with iEEG recordings over the same con-
tacts (RA1–8).

Patient #2 had also a very active right frontotemporal
focus on scalp EEG, with concordant MEG epileptic spikes
(Fig. 3a). A suspected right orbitofrontal FCD was seen on
MRI. iEEG investigation with eight electrodes (Fig. 3b)
was further guided by results of MEG sources, within the

suspected MRI lesion. During iEEG, almost continuous
spiking activity was seen in the superficial contacts of the
right orbitofrontal electrode (contacts ROF8–12). Eight epi-
leptic spikes were marked in MEG and 35 in iEEG record-
ings. Good spatial concordance between cMEM sources,
estimated VMEG potentials and recorded ViEEG were found
within the lateral right orbitofrontal region, where the
FCD was suspected (Fig. 3). However, cMEM also showed
a secondary right frontal pole source, that projected on
RPF electrode in estimated VMEG potentials (contacts
RPF8–13). This secondary source was not seen in recorded
ViEEG potentials and could thus be considered as spurious.
Moreover, ViEEG time courses showed that the spiking
activity started in the most superficial contacts of ROF
electrode before propagating to the deepest contacts
(ROF2–3) in few milliseconds (Fig. 3f). VMEG potentials
estimated using cMEM sources showed a slight involve-
ment of these deepest ROF contacts (Fig. 3e) but not of
sufficient amplitude to be detected from the level of back-
ground activity.

Patient #3 had multifocal scalp EEG findings including
bursts of diffuse sharp and slow waves maximum in fron-
tal areas, bilateral posterior quadrant slow waves bursts,
rare left posterior temporoparietal epileptic spikes, and

TABLE I. Comparison between source localization methods

CMEM MEM IID COH

(a) Corr values

Patient 1 0.71* 0.60* 0.27 0.53* (k1 5 0.0000, k2 5 0.0052)
Patient 2 0.14 0.14 0.11 0.03 (k1 5 0.0000, k2 5 0.0474)
Patient 3 0.47* 0.33* 0.02 0.12 (k1 5 0.0028, k2 5 0.0027)
Patient 4 0.16 0.23 0.38* 0.38* (k1 5 0.0063, k2 5 0.0000)
Patient 5 0.39* 0.33 0.19 0.19 (k1 5 0.0054, k2 5 0.0032)

(b) Dmin values (in mm)

Patient 1 7.00 0.00 33.8 0.00 (k1 5 0.0000, k2 5 0.0052)
Patient 2 3.50 3.50 20.4 3.50 (k1 5 0.0000, k2 5 0.0474)
Patient 3 7.00 7.00 9.25 7.00 (k1 5 0.0028, k2 5 0.0027)
Patient 4 48.3 48.3 73.3 73.3 (k1 5 0.0063, k2 5 0.0000)
Patient 5 3.50 11.9 14.0 14.0 (k1 5 0.0054, k2 5 0.0032)

(c) SD values (in mm)

Patient 1 10.6 15.8 22.3 16.6 (k1 5 0.0000, k2 5 0.0052)
Patient 2 19.2 22.6 26.3 22.8 (k1 5 0.0000, k2 5 0.0474)
Patient 3 20.1 23.8 23.9 18.3 (k1 5 0.0028, k2 5 0.0027)
Patient 4 30.5 30.6 23.7 23.7 (k1 5 0.0063, k2 5 0.0000)
Patient 5 11.7 10.1 17.6 17.6 (k1 5 0.0054, k2 5 0.0032)

(d) RSA values (in %)

Patient 1 15.6 28.6 31.9 20.9 (k1 5 0.0000, k2 5 0.0052)
Patient 2 53.6 67.6 79.0 57.3 (k1 5 0.0000, k2 5 0.0474)
Patient 3 9.9 15.6 23.9 15.7 (k1 5 0.0028, k2 5 0.0027)
Patient 4 80.7 86.7 61.0 61.0 (k1 5 0.0063, k2 5 0.0000)
Patient 5 11.8 10.1 17.6 17.6 (k1 5 0.0054, k2 5 0.0032)

For each patient and for each source localization method, Corr, Dmin, SD, and RSA quantitative comparison metrics between estimated
VMEG and recorded ViEEG potentials are reported. The metric exhibiting the best performance for each patient is highlighted using bold
font. We also tested whether Pearson’s spatial correlation (Corr) was significantly non-null. Significant results at p< 0.0025 are indicated
with a * (p< 0.05/20 5 0.0025, Bonferroni correction for 4 methods and 5 time samples). For COH, the ReML estimates of the hyper-
parameters associated to the minimum norm prior k1 and to the spatial smoothness prior k2 are indicated.

r Correlation between MEG Sources and iEEG Data for Epileptic Spikes r

r 1669 r



Figure 2.

MEG/iEEG correlation for Patient #1 with right orbitofrontal

epileptic spikes. (a) MEG topography at the peak of the averaged

epileptic spike. (b) iEEG implantation overview where each iEEG

contact is represented in 3D as a green sphere (the cortical sur-

face used for MEG source localization is shown with transpar-

ency). The label of each iEEG electrode is indicated: R: right,

OF: orbito-frontal, A: amygdala, H: hippocampus, Hp: hippocam-

pus posterior, Ca: anterior cingulate, Cm: mid cingulate, Im: mid

insula, SMAa: anterior supplementary motor area, SMAp: poste-

rior supplementary motor area. Electrodes contacts are labeled

from 1 to 15, with 1 as the deepest contact in each electrode.

Source localization were performed for every single epileptic

spike and subsequently averaged. (c) cMEM source localization

results and corresponding VMEG potentials are presenting at the

peak of the averaged epileptic spike. The absolute value of cur-

rent density estimated using cMEM is shown as a colour texture

over the cortical surface, thresholded above the level of back-

ground activity [Otsu, 1979], while the absolute value of VMEG

potentials is shown as a color texture over each electrode con-

tact. (d) The absolute value of recorded iEEG potentials ViEEG at

the peak of the average epileptic spike is presented as a colour

texture over each electrode contact. (e) Time courses of VMEG

potentials estimated over all iEEG contacts obtained for all epi-

leptic spikes (average time course in red, 6 standard deviation in

blue). (f) Time courses of ViEEG potentials recorded over all

iEEG contacts for all epileptic spikes (average time course in

red, 6 standard deviation in blue). Here we observe an excellent

spatial concordance between cMEM sources, estimated VMEG

potentials and recorded ViEEG involving mainly a lateral right

orbitofrontal generator. A secondary right temporal source

involving the deepest contacts of RA electrodes was also found

with VMEG and confirmed with ViEEG. [Color figure can be

viewed in the online issue, which is available at wileyonlineli-

brary.com.]

http://wileyonlinelibrary.com
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rare bursts of low-amplitude fast activity in the right mid
frontocentral region. MEG also showed different types of
epileptic spikes: over the right anterior mesial frontal areas

(Fig. 4a), over the left parietal area and bursts of slow
waves with a bilateral distribution. Despite multifocal neu-
rophysiology findings, a suspicious FCD at the right

Figure 3.

MEG/iEEG correlation for Patient #2 with right orbitofrontal

epileptic spikes. Overall organization as in Figure 2. Additional

iEEG labels: PF: frontal pole, Cp: posterior cingulate. Here we

observe an excellent spatial concordance between cMEM sour-

ces, estimated VMEG potentials and recorded ViEEG involving

mainly a lateral right orbitofrontal generator (contacts ROF8-

ROF12), while cMEM identified a secondary frontal source that

projected on RPF superficial contacts. This secondary source

was not seen in ViEEG and could thus be considered as spurious.

ViEEG showed a propagation of the activity to the deepest ROF

contacts. The involvement of these deepest contacts was barely

seen in VMEG, with very low amplitude. [Color figure can be

viewed in the online issue, which is available at wileyonlineli-

brary.com.]
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Figure 4.

MEG/iEEG correlation for Patient #3 with right supplementary

motor area epileptic spikes. Overall organization as in Figure 2.

Additional iEEG labels: L: left, SMAm: mid supplementary motor

area, Ip: posterior insula. Here we observe a good spatial con-

cordance between cMEM sources, estimated VMEG potentials

and recorded ViEEG involving mainly a right SMA generator.

Good concordance between VMEG and ViEEG was observed in

RSMAa and RSMAm electrodes, whereas the secondary involve-

ment of RSMAp on ViEEG could not be retrieved from cMEM

sources and estimated VMEG potentials. [Color figure can be

viewed in the online issue, which is available at wileyonlineli-

brary.com.]
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supplementary motor area/cingulate gyrus was identified
in the MRI, and decision for an extensive iEEG investiga-
tion (9 electrodes) was taken, covering asymmetrically
both hemispheres (Fig. 4b). iEEG targeting took into
account information from MEG source localization for this
patient. iEEG showed frequent sharp-waves and spike-
waves involving multiple mid and superficial contacts of
the anterior-SMA, mid-SMA, and posterior-SMA electro-
des, indicating a widespread generator involving the right
SMA. Note that there were also iEEG sharp waves in the
superficial contacts of the left posterior temporal/inferior
parietal electrode, in agreement with MEG spikes sources,
but no ictal activities were recorded from this localization
(results not shown). Only epileptic spikes likely to involve
the right SMA were thus considered for MEG/iEEG corre-
lation (6 epileptic spikes were marked in MEG and 6 in
iEEG). We found good spatial concordance between
cMEM sources, estimated VMEG potentials and recorded
ViEEG involving mainly right SMA generators (Fig. 4), in
the anterior and middle right SMA electrodes (contacts
RSMAa3–8 and RSMAm4–10, Fig. 4e,f). ViEEG showed a
secondary involvement of the posterior SMA (contacts
RSMAp5–8) that was not retrieved by cMEM sources.
cMEM sources also localized a small source in the left
frontal region, involving more likely dipoles with similar
orientation as the main SMA source. Whereas such a
source was probably spurious, no iEEG recording could
further validate this statement as this area was not covered
by iEEG implantation. Note that the epileptic spikes iden-
tified in iEEG were showing more variability than in the
two previous cases, with large standard deviations (Fig.
4f), which further indicates the complexity of the underly-
ing epileptic discharges for this patient.

Patient #4 has epilepsy associated with right hemisphere
hemimegalencephaly in the context of hypomelanosis of
Ito confirmed by biopsy. Scalp EEG recording showed two
types of discharges: right frontotemporal epileptic spikes
and bifrontal spike-waves or polyspike activity with right
predominance. MEG also showed right frontal epileptic
spikes (Fig. 5a). Despite the diffuse structural abnormality
that predominated in the posterior quadrant region, neuro-
physiology abnormalities suggested a rather anterior pre-
dominance. Thus, the patient had nine implanted iEEG
electrodes covering a widespread area in the right hemi-
sphere (Fig. 5b). iEEG revealed an interictal focus on the
superficial and intermediate contacts of the orbitofrontal
electrode (contacts ROF12–15), that propagated rapidly to
the deepest contacts of right orbitofrontal and right ante-
rior insula electrodes (contacts ROF1–7, RIa1–3). Twelve
epileptic spikes were marked in MEG and 28 in iEEG.
Note that large standard deviation observed on ViEEG time
courses suggest large variability among these 28 iEEG
spikes (Fig. 5f). At the peak of the epileptic spike, cMEM
sources were found mainly along the right perisylvian
region (Fig. 5c), resulting in estimated VMEG potentials
involving mainly more superficial contacts of the right

anterior and posterior insula electrodes (contacts RIa9–15
and RIp10–15). No spatial concordance was found between
VMEG and ViEEG at the peak of the epileptic spike. How-
ever, one can clearly see that the main right perisylvian
cMEM source was located in brain regions not covered by
iEEG electrodes (Fig. 5c), surrounded mainly by RIa and
RIp electrodes, but also by RSMAp and RCm. In this con-
text, we had no means to infer whether this main cMEM
source was real or spurious. cMEM analysis of the ascend-
ing slope of the spike identified an early generator that
projected in VMEG over mid and superficial contacts of the
right orbitofrontal electrode (contacts ROF4–15), in agree-
ment with iEEG findings even though the main deep OF
generator was not found from MEG sources.

Patient 5 had no unequivocal epileptiform discharges in
scalp EEG, and many seizures were recorded in telemetry
without a clear onset identified. Considered an EEG-
negative patient, he underwent a MEG recording, where
very low-amplitude repetitive epileptic spikes were seen
throughout the examination over the inferior right frontal
region (Fig. 6a). MEG source localization of these very
low-amplitude spikes showed a very focal and clear
source, which coincided with an area that was suspected
for FCD on MRI, in the posterior aspects of the right infe-
rior frontal region (Fig. 6c). iEEG investigation with seven
electrodes (Fig. 6b) placed over the right hemisphere was
guided by results of MEG sources, with electrodes inserted
in the inferior and in the superior aspects of the source/
lesion (RLi and RLs electrodes in Fig. 6b). During iEEG,
there was a continuous spiking activity seen in the deepest
contacts of these two electrodes, more so in the electrode
located inferiorly (RLi). Interictal and ictal discharges were
seen very focally with phase reversal at RLi2 contact.
Sixty-one epileptic spikes were marked in MEG and com-
pared with 41 epileptic spikes marked in iEEG. Excellent
spatial concordance between cMEM sources, estimated
VMEG potentials and recorded ViEEG was found within the
lesion, involving maximally RLi2 contact for iEEG (referen-
tial montage) and RLi3 contact for MEG (Fig. 6c,d). cMEM
source maps were extremely clean, showing no distant
secondary sources at the time of the spike, suggesting that
most of the parcels distant from the lesion were switched
off during cMEM estimation. Comparing the resulting
VMEG and ViEEG traces, we observed a good concordance
within RLi electrode, involving very similar contacts for
MEG (RLi2–6) and iEEG (RL2–4) (Fig. 6e,f). MEG-
estimated potentials were also involving some more super-
ficial contacts (RLi6 notably) not seen in iEEG. In iEEG,
we also observed a secondary involvment of RLs electro-
des, showing propagated activity occurring around 15–20
ms after the first peak of the spike and involving mainly
RLs1–3 contacts. We also reconstructed some activity from
MEG sources on RLs1–6 contacts in VMEG. However, MEG
activity reconstructed on RLs was found synchronous with
the main peak of the spike seen in RLi, suggesting more
likely some spread from the main reconstructed source
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Figure 5.

MEG/iEEG correlation for Patient #4 with right frontal epileptic

spikes. Overall organization as in Figure 2. Additional iEEG

labels: Ia: anterior Insula. There was no clear spatial concord-

ance between cMEM sources involving a right perisylvian source

that projected mainly on RIa and RIp electrodes for VMEG, as the

main generator recorded using ViEEG was obtained on the deep-

est contacts of ROF electrode (contacts ROF1–ROF7). Note

that the time courses of recorded ViEEG showed initial

involvement of the most superficial contacts of ROF electrode

(ROF12–ROF14), rapidly propagating to the deepest contacts. It

could be considered that there is a slight MEG/iEEG concord-

ance since estimated VMEG potentials also showed a slight initial

involvement of some mid and superficial ROF electrode contacts

(ROF4–ROF15). No electrodes were implanted, where cMEM

localized a right perisylvian source. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 6.

MEG/iEEG correlation for Patient #5 with right frontal epileptic

spikes. Overall organization as in Figure 2. Additional iEEG

labels: Li and Ls, inferior and superior aspects of the lesion.

Here, we observe an excellent spatial concordance between

cMEM sources, estimated VMEG potentials and recorded ViEEG,

within the suspected FCD lesion. The main reconstructed activ-

ity involved similar contacts on estimated VMEG potentials (RLi2–

6) and recorded ViEEG potentials (RLi2–4). This is indeed a very

focal generator that was propagating to the deepest contact of

RLs electrodes (RLs1–3) few milliseconds after the main peak in

iEEG. MEG reconstructed potentials VMEG were spreading more

than ViEEG over RLi5–6 and RLs contacts, mainly because no

other activity that the main generator was reconstructed using

cMEM. This is an interesting example of a very focal generator

localized accurately with MEG, whereas such a focal source was

not able to generate visible epileptic spikes on scalp EEG. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Figure 7.

Comparison between MEG source localization methods, illus-

trated in Patient #2 with right orbitofrontal epileptic spikes. For

each source localization method, MEG source localization results

and corresponding VMEG potentials are presented at the peak of

the averaged epileptic spike. The absolute value of current den-

sity estimated is shown as a color texture over the cortical sur-

face, thresholded above the level of background activity [Otsu,

1979]. The absolute value of VMEG potentials is shown as a color

texture over each electrode contact: (a) cMEM sources, (b)

MEM sources, (c) IID sources, and (d) COH sources. For each

source localization method, time courses of VMEG potentials esti-

mated over iEEG contacts obtained for all epileptic spikes (aver-

age time course in red, 6standard deviation in blue): (e) cMEM

sources, (f) MEM sources, (g) IID sources, and (h) COH sour-

ces. VMEG time courses are presented only on iEEG electrodes

exhibiting most of the estimated activity (i.e., RPF, ROF, and

RCa). These figures should be compared with iEEG recordings

in Figure 3 (d) and (f). All four source localization methods

found the main source located on the most superficial ROF

electrode contacts. They also showed the same secondary spuri-

ous source that projected over RPF electrode. Overall source

localizations obtained using IID and COH were noisier than

MEM and cMEM, showing more extended spurious sources

located far from the main generator. Fewer spurious sources

were identified using both MEM and cMEM. [Color figure can be

viewed in the online issue, which is available at wileyonlineli-

brary.com.]
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rather than a propagation pattern as seen in iEEG (Fig. 6c).
Since reconstructed MEG activity around the main genera-
tor was more likely set to zero by cMEM, we could expect
to observe some more distant interpolation when comput-
ing VMEG. Indeed, MEG activity on the cortical surface
located close to RLs electrode was more likely set to zero
by cMEM, and therefore could not counteract the more
distant influence from the reconstructed activity on the
other side of the sulcus, explaining the spread of VMEG

signal on RLs electrode. Both MEG and iEEG findings are
suggesting a very focal generator, explaining the reason
why no clear epileptic spikes were seen on scalp EEG, and
small ones were indeed observed in MEG. The patient
underwent surgical resection, with confirmation of FCD
IIb with balloon cells. The patient is seizure-free for three
years after the surgery (surgery in November 2012).

Comparison between source localization methods:
Although only cMEM results were presented so far, the
same analyses were done using MEM, IID, and COH
source localization methods. To summarize these results
for each patient and for each source localization method,
quantitative comparison results obtained using the four
proposed metrics (Corr, Dmin, SD, and RSA) are reported
in Table I. For spatial correlation results (Corr), we also
tested whether Pearson’s correlation was significantly non-
null. Results were considered as significant for p-values
lower than 0.0025, i.e., p< 0.05/20 5 0.0025, taking into
account Bonferroni correction for 4 methods and 5 time
samples. Significant correlations were reported using a *,
whereas methods showing the best performance for each
source localization are reported using bold font in Table I.

Overall all proposed metric showed very consistent
measurements among the 5 time samples chosen around
the peak of the average MEG spike. cMEM showed the
largest spatial correlation (Corr) values for Patients #1–3
and #5, whereas IID and COH showed the largest correla-
tion for Patient #4. ViEEG/VMEG correlations were found
significantly non null for 3/5 patients for cMEM, 2/5
patients for MEM and COH, and for 1/5 patient for IID.
Minimum distances between contacts showing maximum
activity in ViEEG and VMEG were found mainly for cMEM
and MEM (Patients #1–3 and 5), as well as for COH
(Patients #1–3), showing in most cases distances corre-
sponding to maximum three consecutive contacts (i.e.,
Dmin 5 7 mm) or lower. Measurement of spatial spread
around the true extent of the generator, using SD metric,
was found most accurate for cMEM for Patients #1 and #2,
for MEM for Patient #5 and for COH for Patients #3 and
#4. These results suggest that these methods were able to
recover accurately the true spatial extent of the underlying
generator, whereas IID exhibited the worst SD results, sug-
gesting an overestimation of the true spatial extent in most
cases. cMEM and MEM also exhibited the smallest ratios
of spurious activity (for Patients #1, #3, and #5), whereas
IID and sometimes COH tended to exhibit more often
some distant spurious activity. Overall our results are

suggesting excellent performance of cMEM and MEM
methods, with also very interesting properties of COH
method, although with slightly less stability. The perform-
ance of IID was overall lower than the three other meth-
ods for most quantitative metrics. The proposed metrics
are also showing that all methods exhibited the same spu-
rious frontal source for Patient #2 (projected on RPF elec-
trode in VMEG), as illustrated in Figure 7 (cf. large RSA
values, low Corr values). Quantitative comparison results
for Patient #4 were overall biased, since no electrode was
placed close to the main right perisylvian source localized
in MEG by all methods. All methods failed in localizing
the iEEG orbitofrontal deep generator.

In the last column of Table I, we indicated the ReML
estimates of the two hyperparameters considered for COH
model: k1 refers to the weight of the minimum norm prior
and k2 refers to the weight of the spatial smoothness prior
[Friston et al., 2002]. Interestingly, COH showed the best
ViEEG/VMEG correlation for Patient #1, where ReML
actually favoured the spatial smoothness prior. ReML also
favoured the spatial smoothness prior for Patient #2, a mix
of the two priors for Patient #3 and #5 and only the mini-
mum norm prior for Patient #4.

A detailed illustration of the comparison of the four
methods on Patient #2 is presented in Figure 7. All four
source localization methods found the main source located
on the more superficial contacts of ROF electrodes (Fig. 7)
and also the same secondary spurious source that pro-
jected over RPF electrodes with VMEG. Overall, source
localizations obtained using IID and COH were noisier
than MEM and cMEM results. Indeed, VMEG time courses
exhibited larger standard deviations for IID and COH than
for MEM and cMEM, both at the peak of the epileptic
spike and in the background (see RCa8–10, ROF12–15,
RPF8–12 on Fig. 7g,h). These findings suggest that IID and
COH were showing more spatially spread and also distant
spurious sources, whereas fewer of those spurious sources
were identified by MEM and cMEM. Whereas one could
argue that, for patient #2, IID and COH exhibited a slight
involvement of deeper ROF contacts (ROF5–6), without
showing the propagation suggested by ViEEG (Fig. 3f), they
also overestimated the involvement of the more superficial
ROF contacts (ROF13–15). On the other hand, the superfi-
cial ROF contacts found in VMEG using MEM and cMEM
(ROF9–11) were in excellent agreement with ViEEG

findings.

DISCUSSION

In this study, we proposed an original method allowing
quantitative comparison between MEG sources and iEEG
recordings from depth electrodes at the time of epileptic
discharges. To do so, accurate localization of iEEG elec-
trode contacts with the underlying anatomy used to model
MEG sources was achieved using a postimplantation MRI
together with iEEG electrodes in place. The void artefact
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produced by the electrodes not only helps the clinical eval-
uation of recorded signals online (as we know exactly
where we are recording from) but it also allows us to
accurately localize each iEEG recording contact within the
high resolution T1-weighted MRI. We assume that our
iEEG/MRI registration strategy should result in a spatial
accuracy of the order of 3 mm, as suggested by other simi-
lar approaches involving post-implantation CT or 2D X-
ray radiographs [Dalal et al., 2008; Dykstra et al., 2012].

To further characterize the link between MEG sources
and iEEG signals, we propose to convert MEG sources
localized along the cortical surface into estimated iEEG
potentials (VMEG) by applying an iEEG forward model to
current density distributions estimated from MEG data. A
similar approach was proposed by Zhang et al. [2006] to
convert sources estimated from scalp EEG (30 electrodes)
into cortical electrical potentials to be compared with
ECoG data. In this study, they considered a weighted
MNE source localization on a simplified source space that
did not take into account the underlying sulco-gyral anat-
omy to constrain the orientation of the dipolar sources.
Following a similar strategy, Huiskamp and Agirre-
Arrizubieta [2009] assessed whether the recorded ECoG
epileptic spikes would correspond to the recorded MEG
epileptic spikes. They estimated MEG signals from ECoG
recordings by localizing first sources from ECoG data, fol-
lowed by applying the MEG forward model to ECoG sour-
ces. Dalal et al. [2009] assessed MEG sensitivity to sources
located between two iEEG contacts, applying the MEG for-
ward model to each of these sources for different orienta-
tions. Here we proposed exactly the opposite approach to
assess what part of MEG data could be accurately
retrieved and validated by iEEG findings. Our method
allowed us to demonstrate good correlations between esti-
mated VMEG potentials obtained from MEM and cMEM
sources and recorded ViEEG potentials for 4 out of 5
patients, while clearly exhibited the usual pitfalls of MEG
source localization versus iEEG investigation, such as the
lack of sensitivity of MEG sources to retrieve deeper gen-
erators. Note also that the same large amplitude spurious
sources, as illustrated in Figure 7 for Patient #2, were
found by all source localization methods evaluated, show-
ing the limitation of most source localization methods. We
also demonstrated that the main cMEM source found for
Patient #4 could not be accurately retrieved and validated
from the available iEEG data, since this brain region was
not covered by the implantation. iEEG is a gold standard
method to identify and confirm generators of epileptic
activity [Chauvel et al., 1996] and it can validate MEG
sources in implanted brain areas. Therefore, iEEG is only
an incomplete gold standard as iEEG/MEG correlations is
only valid within a close neighbourhood of each electrode
contact. Correlations between MEG sources and invasive
recordings has been mainly investigated using ECoG data
[Agirre-Arrizubieta et al., 2009; de Gooijer-van de Groep
et al., 2013; Fujiwara et al., 2012; Knowlton et al., 2006;

Leijten et al., 2003; Mikuni et al., 1997; Minassian et al.,
1999; Oishi et al., 2002; Tanaka et al., 2010], whereas some
studies reported the comparison between MEG sources
and iEEG recordings [Badier et al., 2015; Bouet et al., 2012;
Gavaret et al., 2014; Jung et al., 2013; Schwartz et al.,
2003], including our previous study reported in Heers
et al. [2016]. Most of them consisted in qualitative descrip-
tion of the results, i.e., inference of sublobar accuracy
between the two techniques. Whereas quantitative detec-
tion of the irritative and epileptogenic zone from iEEG
data was provided in Badier et al. [2015], the correlation
with MEG sources remained qualitative and at a sublobar
level. In this study and as a continuation of our previous
qualitative evaluation [Heers et al., 2016], we proposed a
quantitative approach to compare iEEG/MEG data taking
into account the limited spatial sampling of iEEG data.
Our method seems quite promising to assess what part of
MEG data could correspond to recorded iEEG data and
therefore be accurately validated by this incomplete gold
standard.

Understanding the relationship between scalp dis-
charges (EEG or MEG) and iEEG recordings is a nontrivial
task. Whereas simultaneous intracranial and scalp record-
ings could be considered [Dalal et al., 2009; Dubarry et al.,
2014; Mikuni et al., 1997; Oishi et al., 2002], their clinical
use remain quite limited because of technological and
practical issues including infection risks. In our study, we
compared MEG and iEEG epileptic spikes obtained from
different acquisitions (3–15 months between MEG and
iEEG investigations). Therefore, we paid specific attention
to select, from iEEG traces, epileptic discharges involving
some superficial contacts, characteristic of the epilepsy of
each patient and reproducible. These iEEG discharges
were then very likely involving the same generators as the
epileptic discharges recorded during the MEG session.

Several iEEG studies, mainly in the field of neuroscien-
ces, proposed strategies to link iEEG recording with the
underlying anatomy along the cortical surface to produce
3D images of iEEG analysis (e.g., gamma band response)
at the individual or group level [David et al., 2011; Miller
et al., 2007; Pei et al., 2011]. In these studies, the link
between iEEG recordings and the cortical surface was
obtained using local extrapolation kernels (e.g., spheres,
Gaussian kernels) around each electrode contact. In this
study, we rather wanted to use an interpolation scheme,
from the cortical surface to iEEG electrodes, that was
physically relevant. This is why we chose to use an iEEG
forward model, taking explicitly into account the contribu-
tion of local dipolar sources of different orientations to
iEEG measurements. Since we did not intend to solve the
inverse problem of source localization from iEEG data, we
used a simplified iEEG forward model assuming an infi-
nite volume conductor characterized by a conductivity r
of 0.25 S �m21. Cosandier-Rim�el�e et al. [2007] suggested
that even such a simplified model could mimic almost per-
fectly real iEEG measurements in temporal lobe epilepsy.
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Using finite-element models taking into account the
actual size of the iEEG electrode contacts, von Ellenrieder
et al. [2012] showed that the shape of the electrodes had
almost no influence on local electrical potentials at a dis-
tance of 2 mm from the electrodes. Whereas the impact of
the presence of an electrode on local electric potentials
was first suggested as quite important especially on the
borders of the electrodes [Church et al., 1985], subsequent
modeling studies showed that the high-impedance thin
layer generated by interaction between the electrode and
local ions in the solution significantly reduced this local
impact, within a neighbourhood of 2 mm around the elec-
trode [Cheng et al., 1989; Somersalo et al., 1992; von
Ellenrieder et al., 2012]. Consequently, we omitted to
model the actual shape of every iEEG electrode contact
and considered them as a point-size electrode contact for
the estimation of the iEEG forward model. Although the
dipolar model assumed by Eq. (4) does not hold when
the distance between the source and the electrode is too
small, we decided to prevent instabilities by limiting the
source–electrode distance to minimum of 3 mm, while
preserving the actual orientation of every dipolar source
of the cortical surface (see Eq. (5)). This distance was cho-
sen since it was larger than the 2 mm zone of influence
reported by von Ellenrieder et al. [2012] and it also corre-
sponded to the expected iEEG/MRI registration accuracy.
Moreover, because of the inherent limits in spatial resolu-
tion of any source localization methods [Molins et al.,
2008], the current density estimates obtained on every
vertex are at best representing a local averaging of the
underlying source density over few square millimeters.
Therefore, we could hypothesize that every reconstructed
source estimate should be located at least 3 mm away
from any iEEG contact, what would justify that we are
not dealing with very close interferences between current
sources and iEEG electrodes contacts. In the few studies
that reported source localization from ECoG data [Cho
et al., 2011; Dumpelmann et al., 2009; Fuchs et al., 2007;
Ramantani et al., 2013; Zhang et al., 2008], the ECoG for-
ward model was generally estimated either using BEM or
Finite Element Models. Several compartments were
included: the inner skull surface only, the three standard
head surfaces (inner skull, outer skull, and skin) or these
three standard surfaces and the silastic ECoG pads. None
of these studies modeled the impact of the electrode size.
Whereas most of these studies considered electrical con-
ductivity to be isotropic, von Ellenrieder et al. [2012]
showed that modeling conductivity anisotropy within the
white matter obtained from diffusion MRI had important
impact on local electric potentials measured with iEEG.
These possible improvements of the iEEG forward model,
crucial to solve the iEEG inverse problem, will be consid-
ered for future investigations. However, we think that, in
the context of this study, its overall impact on iEEG esti-
mation from MEG sources through the application of the
iEEG forward model should be minimal.

In addition to the evaluation of MEG/iEEG correlations,
the proposed quantitative analysis provided also an ideal
framework to compare source localization methods. Previ-
ous studies comparing different source localization meth-
ods when localizing epileptic activity using MEG [de
Gooijer-van de Groep et al., 2013; Fujiwara et al., 2012] or
EEG [Gavaret et al., 2006; Koessler et al., 2010; Michel
et al., 2004] reported sublobar accuracy. In this study, we
reported on five clinical cases, the comparison of two
MEM-based source localization methods [Chowdhury
et al., 2013] with two standard methods implemented
within the Hierarchical Bayesian framework [Friston et al.,
2002] in SPM8 software3: IID which is equivalent to a Min-
imum Norm estimate [H€am€al€ainen and Ilmoniemi, 1994]
and COH which is a mix between a Minimum Norm esti-
mate and a LORETA-like solution assuming spatial
smoothness along the cortical surface [Pascual-Marqui
et al., 1994]. The same methods were carefully evaluated
using simulated MEG data mimicking the generation of
epileptic spikes over different spatial extents ranging from
3 to 30 cm2 in Chowdhury et al. [2013], and then validated
on both EEG (56 electrodes) and MEG source localization
of epileptic spikes on 15 patients with focal epilepsy
[Heers et al., 2016]. Whereas a detailed qualitative evalua-
tion assessing sublobar accuracy between EEG/MEG
source localization and iEEG data was proposed in Heers
et al. [2016], our present quantitative evaluation by esti-
mating iEEG potentials from MEG sources VMEG allowed
us to reproduce similar findings, even if just a limited
number of patients could be investigated with the present
method, due to the availability of patients implanted with
MR compatible electrodes. We notably considered four
complementary comparison metrics similar to some pro-
posed in Heers et al. [2016] to quantitatively compare
VMEG with ViEEG for the four source localization methods
investigated. Indeed, we showed that cMEM and to some
extent MEM provided overall the most accurate results for
MEG epileptic spike localization, by (i) recovering accu-
rately the location and spatial extent of the underlying
generators (cf Corr, Dmin, and SD) and (ii) by avoiding the
occurrence of distant spurious secondary sources (cf.
RSA). Indeed, IID and COH were usually overestimating
the spatial extent of the underlying generators, whereas
cMEM was able to provide a more accurate contrast along
actual the extent of the generator. Moreover, as opposed
to IID and COH, MEM and cMEM clearly exhibited less
secondary sources distant from the focus, likely to corre-
spond to distant spurious activity. However, whereas we
could partly quantify such behavior using RSA metric,
these “possibly spurious” secondary sources were also
rarely covered by iEEG implantation [Heers et al., 2016].
In this study, we could further confirm this property of
MEM and cMEM, by measuring the standard deviation of

3SPM8 software: http://www.fil.ion.ucl.ac.uk/spm/software/
spm8/

r Correlation between MEG Sources and iEEG Data for Epileptic Spikes r

r 1679 r

http://www.fil.ion.ucl.ac.uk/spm/software/spm8/
http://www.fil.ion.ucl.ac.uk/spm/software/spm8/


VMEG potentials obtained over all epileptic spikes, either
in the focus but also in iEEG contacts located far from the
focus (Fig. 7). We observed that VMEG exhibited less vari-
ability (smaller standard deviation) for MEM and cMEM
than for COH and IID in the focus but also on contacts
distant from the focus. The reason why VMEG potentials
showed little variability outside the focus is explained by
the ability of MEM and cMEM methods to switch off some
parcels during MEM regularization (Supporting Informa-
tion Figure S1). Overall COH was also evaluated as a quite
promising technique to recover the spatial extent of the
genertors, in agreement with our previous studies
[Chowdhury et al., 2013; Heers et al., 2016], even if it tends
to exhibit more secondary “possibly” spurious distant
sources. Even if promising, these results are still prelimi-
nary and further investigations involving more patients
will be considered in future studies. Note that our pro-
posed method to correlate scalp finding with iEEG is
mainly dependent on the accuracy of the source localiza-
tion method [Chowdhury et al., 2013; Grova et al., 2006],
its application to scalp EEG data will be possible if we
make sure to have sufficient spatial sampling and cover-
age of the head to allow accurate source localization
[Brodbeck et al., 2011]. This issue will require further
investigations that were out of the scope of this study. The
implementation of MEM and cMEM methods evaluated in
this study is now available within the Brain entropy in
Space and Time (BeST) toolbox that we released as a plug-
in in Brainstorm software4. Finally, besides providing an
ideal framework to compare and evaluate source localiza-
tion methods, our proposed methodology to estimate/pre-
dict iEEG potentials from MEG sources could offer a nice
quantitative evaluation framework for different clinical
applications. For instance, it could be considered to assist
in the automatic optimization of iEEG electrodes implanta-
tion planning. We plan to combine our proposed strategy
to another promising method recently proposed by Zel-
mann et al. [2015], which consists in improving the
explored volume of interest by optimally guiding iEEG
electrode implantation within a computer assisted neuro-
navigation environment. In this context, our method, com-
bining simulated iEEG data and estimated VMEG potentials
from real MEG data, will allow predicting the recorded
iEEG potentials for different configurations of implanted
depth electrodes. Our method could be useful to analyse
whether the spatial sampling of iEEG was sufficient (i.e.,
that regions not covered by iEEG implantation were not
the focus).

CONCLUSION

We proposed a new method to perform quantitative
comparison of MEG sources with iEEG recordings during

epileptic activity, taking explicitly into account the sparse
spatial sampling of iEEG investigation using implanted
MRI-compatible depth electrodes. The method consists in
converting MEG sources estimated along the cortical sur-
face into estimated iEEG potentials, by applying an iEEG
forward model. This method is particularly useful to clar-
ify what part of scalp signals in MEG could be retrieved
and validated by iEEG data. This method is also easily
transferable to analyze scalp EEG data. This approach
offered an ideal framework to compare different source
localization methods, showing that MEM, and particularly
cMEM, were able to accurately recover the spatial extent
of the underlying generators of epileptic activity with
good specificity.
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