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Abstract In recent years, the use of source analysis based
on electroencephalography (EEG) and magnetoencephalography (MEG) has gained considerable attention in presurgical epilepsy diagnosis. However, in many cases the source
analysis alone is not used to tailor surgery unless the findings are confirmed by lesions, such as, e.g., cortical malformations in MRI. For many patients, the histology of tissue
resected from MRI negative epilepsy shows small lesions,
which indicates the need for more sensitive MR sequences.
In this paper, we describe a technique to maximize the synergy between combined EEG/MEG (EMEG) source analysis and high resolution MRI. The procedure has three main
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steps: (1) construction of a detailed and calibrated finite
element head model that considers the variation of individual skull conductivities and white matter anisotropy,
(2) EMEG source analysis performed on averaged interictal epileptic discharges (IED), (3) high resolution (0.5 mm)
zoomed MR imaging, limited to small areas centered at the
EMEG source locations. The proposed new diagnosis procedure was then applied in a particularly challenging case
of an epilepsy patient: EMEG analysis at the peak of the
IED coincided with a right frontal focal cortical dysplasia
(FCD), which had been detected at standard 1 mm resolution MRI. Of higher interest, zoomed MR imaging (applying parallel transmission, ‘ZOOMit’) guided by EMEG at
the spike onset revealed a second, fairly subtle, FCD in the
left fronto-central region. The evaluation revealed that this
second FCD, which had not been detectable with standard
1 mm resolution, was the trigger of the seizures.
Keywords Combined EEG/MEG · Zoomed MRI ·
Epileptic activity · Source reconstruction · Realistic finite
element head model · Skull conductivity calibration · Focal
cortical dysplasia type IIb

Introduction
Despite considerable advancements in electroencephalography (EEG) and magnetoencephalography (MEG) source
analysis, these techniques’ sensitivity, specificity, and spatial resolution to completely replace invasive recordings
are still under discussion. In many cases, source analysis
is used only to guide placement of depth EEG-electrodes.
Although knowing the exact region to implement invasive electrodes is very critical, the ultimate aim of EEG/
MEG source analysis is to minimize the necessity for
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invasive recordings. This could lead to important benefits
by avoiding the complications of invasive recording procedures (Hamer et al. 2002; Wellmer et al. 2012). Furthermore, invasive recordings can only measure activity within
a close distance from the sensors, suffer from low spatial
sampling due to limited numbers of invasive electrodes,
and exhibit a tunnel view effect due to limited coverage
(Lüders et al. 2006).
Similar to invasive recordings, EEG and MEG have
high temporal resolution in the range of milliseconds (ms)
and measure the electrical activity of neurons directly
without using indirect phenomena like hemodynamics or
metabolism, which is the case for functional magnetic resonance imaging (fMRI) or positron emission tomography
(PET). However, the spatial resolutions of EEG and MEG
are lower in comparison to fMRI and their sensitivities
decrease with the distance between sources and sensors.
EEG and MEG source analysis bears some specific challenges. Some of these are related to the forward problem:
developing methodology and pipelines to model the head
and the brain as accurate as possible, while still keeping
the setup time and computational costs at a reasonable
level for clinical use. Although there has been considerable
advancement in this area, especially within the finite element framework (Wolters et al. 2002; Rullmann et al. 2009;
Vorwerk et al. 2014), three compartment models calculated
with the boundary element method are still the most widely
deployed ones in the field. The main difficulty related to the
inverse problem of EEG and MEG is its non-uniqueness.
This means that there is, without further prior information,
an infinite number of source configurations that results
in the same EEG/MEG signals (Hämäläinen et al. 1993).
Many promising inverse approaches have been developed
to alleviate this problem by using different constraints
(Pascual-Marqui 2002; Lucka et al. 2012; Chowdhury et al.
2013; Lina et al. 2014). Instead of solving the EEG and
MEG inverse problems independently, performing combined EEG/MEG (EMEG) source analysis leads to significant improvements (Aydin et al. 2015; Chowdhury et al.
2015). These improvements are particularly significant for
scenarios with low signal-to-noise ratio (SNR), such as for
deep sources or at the spike onset (Aydin et al. 2015).
The specificity of EEG, MEG and EMEG source analysis could be significantly increased by incorporating other
available information. The additional information might
come from other functional imaging techniques such
as fMRI or PET, from seizure semiology, or from MRI
sequences sensitive to structural changes and lesions.
In general, not every lesion evident in structural MRI is
related to the epilepsy, but some types of lesions, such as
focal cortical dysplasia (FCD) type IIB are shown to be
highly epileptogenic (Wagner et al. 2011). Furthermore, it
has been reported that in up to 73% of MRI negative cases,
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histology shows an underlying FCD (Lee et al. 2005).
Therefore, reinvestigating structural MRI by incorporating
the findings from source analysis may be a beneficial practice in presurgical epilepsy diagnosis (Moore et al. 2002;
Wang et al. 2012).
In this study, we introduce a pipeline that combines
information from EMEG source analysis, seizure semiology, and high resolution structural MRI in presurgical epilepsy diagnosis. We constructed a high resolution (1 mm
edge length) head model that distinguishes seven different
tissue types, uses diffusion tensor imaging (DTI) to amend
the anisotropic white matter compartment, and benefits
from a calibration procedure to estimate individual skull
conductivity. This head model was then used to solve the
forward problem with the finite element method (Aydin
et al. 2014) and perform EMEG source analysis (Aydin
et al. 2015). The most important novelty of this paper is
coupling EMEG source analysis with a ‘zoomed’ MRI
sequence that allows localized excitation utilizing parallel
transmission (ZOOMit) (Blasche et al. 2012). This technique is capable of acquiring data with 0.5 mm voxel edge
length of a restricted area within a reasonable time. By
combining EMEG source analysis, seizure semiology information, and the ZOOMit MRI, a subtle FCD, which was
undetectable at the lower resolution (1 mm), was detected
near the epileptic focus localized by EMEG. To the best of
our knowledge this is the first study that combines source
analysis and zoomed MRI in the field of epilepsy.

Patient and Methods
Ethics Statement
The patient gave her written informed consent and all procedures have been approved by the ethics committee of the
University of Erlangen, Faculty of Medicine on 10.05.2011
(Ref. No. 4453).
Patient
Data was acquired from a 49-year-old female suffering
from pharmaco-resistant focal onset epilepsy since the
second year of life. The patient used 8 life-time antiepileptic drugs, but was still suffering from 100 to 200 seizures
per month. The seizure semiology, involving tingling feeling at the right anterior torso, ascending feeling of nausea,
then loss of consciousness and tonic or hypermotor movement of right arm and leg, was pointing to left frontocentral regions. Discordantly, diagnostic MRI revealed a right
frontal FCD on a 3D-FLAIR sequence (with a resolution
of 1 mm3) prior to source analysis. Morphometric MRI
analysis (Huppertz et al. 2005) results were not very clear,
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Fig. 1  Clinical work-up of the patient. A Diagnostic MRI at 3 T
(including 3D-FLAIR with 1 mm voxel edge length) showed the right
frontal FCD IIB (full arrow) but was negative for the second FCD
(dotted arrow). Morphometric MRI-analysis (B) led to a suspicion
of the existence of two FCDs in the junction analysis. After transforming the junction analysis abnormalities into ROIs (C) a minimal
invasive, confirmative implantation strategy was chosen to document
interictal activity and seizure onset in either suspected FCD. Panel D
shows the ROI-based implantation of each one depth electrode into
the right and left frontal FCD (D1 MRI documentation of the right

frontal depth electrode; D2 according to overlay with CT the depth
electrodes penetrate the ROI perfectly; D3 and 4: same for the left
frontal FCD). Note radiological convention on MR images: patient’s
right is viewer’s left. Interictal EEG showed the typical discharge pattern often seen in FCD IIB in both lesions. Seizure onset, however,
was documented only in the left FCD IIB. Panel E: blue traces represent the right frontal FCD, red traces the left frontal FCD, traces
1–3 represent the intralesional contacts; note that the short seizure is
running in the left frontal FCD while the interictal discharge pattern
in the right frontal FCD continues unaffected. (Color figure online)

but led to a suspicion of a possible second left frontal focal
cortical dysplasia (Fig. 1b). However, visual reinspection of
the MRI (3D-FLAIR at 3 T with voxels of 1 × 1 × 1 mm3)
could not confirm this suspicion (Fig. 1a).
Interictal and ictal surface EEG (standard 10/20 montage) did not show reproducible epileptic discharges. FDGPET failed to reveal a focal hypometabolism at the sites of
the two suspected FCD, only left temporo-mesial structures showed a little less glucose uptake than contralateral.
Because of non temporo-mesial seizure semiology this was
regarded as unspecific. For intracranial EEG recordings
each one depth electrode (AD-tech, Racine, WI U.S.A)
was stereotactically inserted into the regions-of-interest

derived from morphometric MRI-analysis (MRIcro (Chris
Rorden, Version 1.37) imported into Iplan software, Brainlab, Feldkirchen, Germany; Wellmer et al. 2010) (Fig. 1c,
d). The recording of strong interictal epileptic discharge
activity confirmed the suspicion of FCD IIB in both localizations. Seizure onset, however, was documented only in
the left hemispheric lesion—few seconds before clinical
seizure onset (Fig. 1e). Responsibility of the left FCD IIB
was further confirmed by the result of surgical treatment of
the left, but not the right frontal FCD. Following stereotactic, lesion focused radiofrequency thermocoagulation the
patient had a truncation of symptoms of her seizures (postoperatively only short arousal tonic and right arm but no
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Fig. 2  Scheme of the analysis
strategy

more hypermotor seizure component). The most likely reason for failure to achieve complete seizure freedom is that
the coagulation missed a small part of the lesion (for more
details see discussion in Wellmer et al. 2016).
MR Acquisitions
In addition to the diagnostic 3 T MRI, two sets of MRI data
were acquired on two different 3 T scanners. The first scans
were acquired prior to EEG/MEG source analysis for the
main purpose of building the head model and finding cortical malformations. The second scan was done at a later date
and was guided by the source analysis results (see Fig. 2
for a scheme of the analysis strategy). Note the radiological convention of left and right in all presented MR images
(patient’s left is viewer’s right).
First Study MR Acquisition (Prior to Source Analysis)
A 3 T scanner (Gyroscan Intera/Achieva 3.0 T, System
Release 2.5 (Philips Healthcare, Best, NL)) was used for
the acquisition. The specific sequences were:
1. 3D-T1-weighted (T1w) fast gradient-echo pulse
sequence (TFE) using water selective excitation to
avoid shifted fat signal (TR/TE/FA = 9.2/4.4 ms/9°,
inversion prepulse every 1015.5 ms, cubic voxels of
1.17 mm edge length).
2. 3D-T2w turbo spin echo pulse sequence (TR/
TE = 2000/378 ms, cubic voxels, 1.17 mm edge
length).
3. Diffusion tensor (DT) MRI using an echo planar
imaging sequence (Stejskal-Tanner spin-echo, TR/
TE = 7546/67 ms, cubic voxels, 1.875 mm edge
length), with one volume with diffusion sensitivity
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b = 0 s/mm2 (i.e., flat diffusion gradient) and 20 volumes with b = 1000 s/mm2 in different directions,
equally distributed on a sphere. Another volume with
flat diffusion gradient, but with reversed spatial encoding gradients was acquired and used for susceptibility
artifact correction (Ruthotto et al. 2012).
4. 3D-FLAIR (Fluid-attenuated inversion recovery, TR/
TE = 7000/322 ms, inversion time 2400 ms, cubic voxels, 1.17 mm edge length). This sequence was used to
detect possible cortical malformations and lesions.
The acquisition times required for each of these four
scans were approximately 7 min. In order to improve the
co-registration between MRI and EEG/MEG electrodes/
sensors, three gadolinium filled markers were placed on the
nasion as well as inside the left and right ear canals prior to
the MRI scan.
Second Study MR Acquisition (Guided by Source Analysis)
A second set of MRI data was acquired with another 3 T
scanner (MAGNETOM Prisma 3.0 T, Release D13 [Siemens Medical Solutions, Erlangen, Germany]). The main
reason for selecting another scanner for this part of the
examination was to benefit from a novel MRI technique
that employs localized excitation utilizing 2D selective
RF pulses (Finsterbusch 2010) with parallel transmission (ZOOMit) (Blasche et al. 2012). Localized excitation allows to ‘zoom’ a field of view, restricting excitation
to a desired area even within brain tissue without aliasing artifacts that occur when the FOV is smaller than the
imaged object. This avoids the need to increase the number of phase encoding steps and the penalty of an increased
minimum measurement time. The number of phase encoding steps necessary to obtain sufficient signal to noise can
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be used to increase the acquired volume in slice encoding direction, allowing a flexible definition of the volume
of interest for searching the lesion in three dimensions.
In the case presented here the acquired volume was a
cuboid of 160 mm × 82 mm × 28 mm (lr × ap × fh, frequency × phase × slice encoding (2nd phase encoding)) with
cubic voxels of 0.5 mm × 0.5 mm × 0.5 mm edge length.
Lesion visibility was additionally improved by the
choice of contrast parameters. Our setting with (nominal)
TR/TE/TI 2320/198/1800 ms in a 3D Turbo-Inversion
Recovery technique with Flip angle control (SPACE)
resulted in a combination of T2- and T1-weighting with
sufficient signal strength to show the FCD. The acquisition
time was about 13 min. Two different regions of interest
(ROIs) at right frontal and left frontocentral locations were
selected based on the findings of EMEG source analysis
(explained in detail in the following sections).
Electrophysiological Measurements
EEG, MEG and ECG were recorded simultaneously in a
magnetically shielded room. The EEG cap had 80 AgCl
sintered ring electrodes (EASYCAP GmbH, Herrsching, Germany). The MEG was acquired with a whole
head system with 275 axial gradiometers and 29 reference
coils (OMEGA2005, CTF, VSM MedTech Ltd., Canada).
The reference coils were used to calculate 3rd order synthetic gradiometers, thereby reducing the interference of
magnetic fields originating from distant locations (e.g.,
Magnetocardiogram).
The patient was measured in supine position to reduce
head movements and to avoid brain shift. Rice and colleagues (Rice et al. 2013) have shown that brain shift
results in changes in CSF thickness and even these small
changes affect EEG signals with 80% power difference on
average due to the high conductivity of CSF.
The electrode positions were digitized with a Polhemus
device (FASTRAK®, Polhemus Incorporated, Colchester,
Vermont, U.S.A.) prior to the measurement. During the
recordings the position of the head inside the MEG scanner
was constantly measured via three head localization coils
placed on the nasion and in the ear canals (same positions
as the gadolinium markers in MRI).
In total seven runs were acquired. During the first run
(7 min long) the median nerve of the right arm of the
patient was stimulated with electrical pulses just above the
motor threshold (used to calibrate skull conductivity for the
head model, see (Aydin et al. 2014) for details). This run
was followed by six 8 min long runs (2400 Hz sampling
rate, low pass filtered at 600 Hz), in which the patient was
advised to relax and close her eyes, aimed at measuring
interictal epileptic discharges.
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Calibrated Finite Element Head Model and Forward
Solution
T1w and T2w MRIs were used to construct an individual
seven-compartment head model that distinguishes scalp,
skull spongiosa, skull compacta, dura mater, cerebrospinal fluid (CSF), gray matter (GM), and white matter
(WM). The resulting segmentation and T1w MRI are
shown in Fig. 3 upper and middle rows, respectively.
The pipeline used for registration and segmentation was
similar to the one explained before (Aydin et al. 2014),
however, following recent findings (Ramon 2012;
Ramon et al. 2014; Fiederer et al. 2015), an additional
tissue type, the dura mater, was segmented and included
as the seventh compartment. The segmentation of the
dura mater, including the sagittal sinus space filled with
venous blood that is surrounded by dura mater, was performed using Seg3D1 and involved manual segmentation
as well as some basic image processing steps such as
smoothing and thresholding.
Diffusion tensors were calculated from the individual
DTI data and used to model the WM conductivity tensors
by an effective medium approach (Tuch et al. 2001; Rullmann et al. 2009; Ruthotto et al. 2012; Aydin et al. 2014).
These conductivity tensors were later included into the
head model to account for the anisotropic WM tissue.
The importance of skull conductivity has been shown
for EEG and MEG source reconstruction in adults (Aydin
et al. 2014) as well as for EEG in neonates (Roche-Labarbe
et al. 2008). The conductivity of skull shows a high interand intra-individual variance. EEG source reconstructions
are strongly influenced by changes in skull conductivity, while these effects are considerably smaller for MEG.
Therefore, in (Aydin et al. 2014, see algorithm 2) we used
a dipole scanning strategy that benefits from the different
sensitivity profiles of EEG and MEG to calibrate skull conductivity. The calibration procedure used in this work could
be summarized as first benefitting from the low sensitivity
of MEG to skull conductivity and localizing the primary
somatosensory cortex even for less suitable skull conductivity parameters. Then, fixing the location and determining the orientation of the dipole with EEG (to compensate
for the insensitivity of MEG to quasi-radial source components). Finally, determining the appropriate skull conductivity by comparing the magnitudes of EEG and MEG
dipoles for this fixed position and orientation. We have used
the somatosensory P20/N20 response for the calibration
procedure because it is well known that the generators of

1

Seg3D: Volumetric Image Segmentation and Visualization. Scientific Computing and Imaging Institute (SCI), downloaded from:
http://www.seg3d.org/.
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Fig. 3  Segmented MRI (upper row), T1w MRI (middle row) and the
source space points (blue points) shown on T1w (lower row) MRI.
Sagittal (left column), coronal (middle column) and axial (right column) slices are shown. Please note that the slices selected in the
lower row are different from the top two rows in order to better visualize the source space points. The color codes for the tissues in the

segmented MRI are scalp (green), skull compacta (brown), skull
spongiosa (beige), dura mater (dark turquoise), CSF (light turquoise),
gray matter (burgundy) and white matter (red). White letters on the
MRIs show the directions (L left, R right, A anterior, P posterior).
(Color figure online)

this component are localized in Brodmann area 3b and are
focal, not too deep and mainly tangentially oriented (Allison et al. 1991). Details of the skull calibration procedure
used in this study can be found in (Aydin et al. 2014). The
calibrated conductivities were calculated as 0.0033 S/m for
skull compacta and 0.0116 S/m for skull spongiosa. Other
tissue conductivities (S/m) used in this study were: scalp
(0.43) (Ramon et al. 2004), CSF (1.79) (Baumann et al.
1997), GM (0.33) (Fuchs et al. 1998), dura mater (0.1)
(Ramon 2012).
A geometry adapted hexahedral finite element mesh was
created out of the segmented MRI using SimBio-VGRID2.
Geometry adapted hexahedral meshes provide a good balance by achieving better conformance to the geometry than
regular
hexahedral
meshes
whilst
being
less

time-consuming and complicated than constructing tissuesurface based conforming tetrahedral meshes (Camacho
et al. 1997; Wolters et al. 2007; Wagner et al. 2016).
The source space nodes were restricted to being located
inside the GM without any orientation constraint. The
source singularity was modeled with the Venant direct
approach (Buchner et al. 1997; Wolters et al. 2007). To
satisfy the Venant condition, for each source space node, it
was checked whether the adjacent FE mesh nodes belong to
elements which were labeled as GM (Vorwerk et al. 2012).
The final source space had an average resolution of 2 mm
(see blue points in Fig. 3 bottom row).
The finite element transfer matrix approach and the algebraic multigrid preconditioned conjugate gradient (AMGCG) solver were used for increased computational

2

http://www.rheinahrcampus.de/~medsim/vgrid/index.html.
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Fig. 4  Butterfly plots for the
averaged signals of spikes
marked on EEG or MEG
(upper), only from EEG (middle row), and only from MEG
(bottom row). The numbers of
spikes averaged for each group
are given in parentheses. In butterfly plots (left column) MEG
is shown by green and EEG by
blue lines. MGFP stands for
mean global field power and is
given for EEG and MEG. The
topographies are shown at 0 ms
(close to the peak of the spike)
and −23 ms (the preceding
peak on MEG) as indicated by
dashed lines on the butterfly
plots. (Color figure online)

efficiency (Wolters et al. 2002, 2004). The forward solution
was calculated with piecewise trilinear basis functions
using the SimBio3 software.

3
http://www.mrt.uni-jena.de/simbio, the integration into Fieldtrip:
http://fieldtrip.fcdonders.nl/development/simbio).

Interictal Epileptic Discharges and Source
Reconstruction
An experienced epileptologist (author SR) reviewed EEG
and MEG traces separately, and marked 18 interictal epileptic discharges (IEDs). Eight of these IEDs were marked
as EEG IEDs (activity more pronounced in EEG compared
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to MEG) with maximum negativity at F6 (will be called
Espikes). Ten IEDs were marked as MEG only IEDs
(Mspikes). Figure 4 shows averaged EEG and MEG signals
as butterfly plots based on all IEDs (EMspikes) (top row),
on Espikes only (middle row), and on Mspikes only (bottom row).
A current density approach, standardized low resolution
brain electromagnetic tomography (sLORETA), was
selected for source analysis (Pascual-Marqui 2002). sLORETA is a widely used source analysis method and it has
been shown to perform well in situations in which multiple
sources need to be accurately localized, which are temporally disentangled or whose leadfields are sufficiently
uncorrelated (Pascual-Marqui 2002; Dümpelmann et al.
2012; Lucka et al. 2012). The leadfield matrices calculated
with SimBio and source space points calculated with custom written Matlab code were imported into the CURRY
74 software in order to solve the inverse problem.
DTI Tractography
After performing eddy current and susceptibility corrections by following the procedure explained elsewhere
(Ruthotto et al. 2012; Aydin et al. 2014), the FSL-BEDPOSTX routine was used to calculate the distribution of diffusion parameters at each voxel using Markov Chain Monte
Carlo sampling. Afterwards, the FSL-PROBTRACKX
function was used to perform probabilistic tractography
between two ROIs (Behrens et al. 2007). These ROIs were
selected based on EMEG source analysis and the subsequent ZOOMit data.

Results
EEG/MEG Signals and Topographies:
In this work, the peak of the EEG signal was considered
as 0 ms. However, following Lantz et al. (2003) and Aydin
et al. (2015) we rather applied source analysis at the middle of the rising flank to avoid wrong localizations due
to possible propagation patterns. Throughout this paper,
we will call localizations at −7 ms as “near spike peak”
localizations.
In Fig. 4, butterfly plots of EEG marked spikes
(Espikes), MEG marked spikes (Mspikes), and the union
of both, EMspikes, are shown. The butterfly plots of
Espikes and Mspikes are different from each other (note the
clearer and more distinct peak at −23 ms for Mspikes than
Espikes). Both EEG and MEG topographies from Espikes
4

http://www.neuroscan.com/curry.cfm.
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and Mspikes were similar at 0 ms and indicate a dipolar
pattern over the right frontal region. However, at −23 ms
the topographies of Espikes and Mspikes were quite different from each other. The Mspike topographies in both
MEG and EEG were pointing to another dipolar pattern
over the left hemisphere, while the Espike topographies
were more complicated with no clear pattern. Therefore,
we will work with the Mspikes (detected from MEG) in the
remaining part of the paper. Source analysis of Espikes at
0 ms gave very similar results to Mspikes but, as expected
from the topographies, Espike source analysis at −23 ms
was not stable. Topographies of Mspikes for other time
instants could be found in Fig. 5.
EMEG Source Analysis near Spike Peak and ZOOMit
MRI of this ROI
The left column in Fig. 6 shows the sLORETA reconstruction at −7 ms, projected onto the FLAIR MRI. The activity was localized in the right frontal region (note the radiological convention of L and R in Figs. 6, 7 and 8: patient’s
left is viewer’s right). The location was concordant with an
FCD that was detected on the FLAIR MRI prior to source
analysis (pointed at by the green arrow in Fig. 6, middle
column). The high resolution ZOOMit MRI of this ROI is
shown at the right column. Note the clear improvements
in detecting the boundary of the FCD with the ZOOMit
sequence.
Usually, a clear FCD in FLAIR supported by interictal
EEG source analysis showing the involvement of the area
surrounding the FCD during IEDs would have been sufficient to decide on surgery. However, in this case the seizure
semiology was not in concordance with the right frontal
FCD and source reconstruction near the spike peak. The
seizure semiology, involving tingling feeling at the right
anterior torso, ascending feeling of nausea, then loss of
consciousness and hypermotor movement of right arm and
leg, was pointing to left frontocentral regions where MRI
postprocessing had shown a potential second FCD.
EMEG Source Analysis Prior to Spike Peak
and ZOOMit MRI of a Second ROI
In order to check if the mismatch between the sLORETA
results near the peak of the spike, MRI and seizure semiology was due to propagated activity, we have investigated
time points prior to the spike peak. As mentioned before,
we noticed another dipolar pattern at the time of the preceding MEG peak (−23 ms) in Figs. 4 and 5.
Performing source analysis at −23 ms highlighted two
activity clusters: a focal one in the left frontocentral region
(see left column in Fig. 7), and more dispersed activity in
the right central region (see left column in Fig. 8). Being in
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Fig. 5  Butterfly plots (top left) for MEG (green) and EEG (blue), and
topographies of MEG (upper topography) and EEG (bottom topography) for the averaged spike at 11 different time instances. The time
points at 0 ms (peak of the spike) and −23 ms (the preceding peak
on MEG) are indicated by dashed vertical lines in butterfly plots (top
left). The MEG and EEG topographies are shown for every ∼3.3 ms

425

starting from 0 ms and going backwards in time until −33 ms. In
MEG and EEG topographies, the blue (red) isopotential lines indicate
negativity (positivity). The increments between contour lines for each
map are shown on upper left corners and the units for EEG and MEG
are μV and fT respectively. Letters in topographies indicate the orientation (L left, R right, A anterior, P posterior). (Color figure online)
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Fig. 6  EMEG source localizations at −7 ms. In the left column the
sLORETA results projected onto the FLAIR MRI are shown (only
results obtained with a threshold of 85% for the maximum F-value
are shown). In the middle column, the FLAIR image without the
localizations is shown, in order to enable the identification of the

FCDs (pointed to by green arrows). The right column shows the
result of ZOOMit MRI with the green arrow indicating the FCD.
White letters on the MRIs show the directions (L left, R right, A anterior, P posterior). (Color figure online)

agreement with the seizure semiology, the left frontocentral
cluster was particularly intriguing. Visually reinvestigating,
the FLAIR MRI at this ROI still remained negative (see
arrows in Fig. 7, middle column). However, the ZOOMit
MRI of that ROI (160 × 82 × 28 
mm3) revealed a small
FCD (in accordance with MRI morphometry) at the location pointed to by EMEG source analysis (see the arrow in
Fig. 7, right column).
We did not find any abnormality near the location of the
right central cluster in Fig. 8.

EEG, MEG, and EMEG source analysis. The results at
−23 ms (left column) and at −7 ms (right column) are
shown superimposed to 3D volume rendering of the individual brain and the positions of the FCDs are indicated
with blue spheres. For EMEG (top 2 rows) the results are
very concordant with the positions of FCDs (with right
frontal FCD at −7 ms and with left frontocentral FCD at
−23 ms). EEG only (3rd row) and MEG only (bottom row)
source analysis at −7 ms still localizes somewhat to the
vicinity of the right frontal FCD, although with less agreement as compared to EMEG. Interestingly, the EEG result
at −23 ms (3rd row, left) was totally misplaced pointing at
a much more posterior and medial region. MEG results at
−23 ms (bottom row, left) were concordant with EMEG in
the right hemisphere but totally missed the activity near the
left frontocentral FCD.

DTI Tractography
Figure 9 illustrates the main tracts (green paths) that were
found between the two FCDs (blue spheres) by DTI tractography and which might suggest a possible anatomical
pathway between these two FCDs.
Differences Between EEG, MEG, and EMEG Source
Analysis
So far only the results of EMEG source analysis were presented. Figure 10 demonstrates the differences among
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Discussion
We studied a new multimodal approach in presurgical epilepsy diagnosis that benefits from (i) combined
information from EEG and MEG, (ii) an individual high
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Fig. 7  EMEG source localizations at −23 ms, slices selected according to the left hemispheric activity. In the left column, the sLORETA
results registered to the FLAIR MRI are shown (only results obtained
with a threshold of 85% for the maximum F-value are shown). In the
middle column, the FLAIR image without localizations is shown, in
order to enable the identification of the FCDs (pointed to by green

arrows). The right column shows the ZOOMit MRI for the localization cluster (detected with sLORETA) at the left fronto-central region
with the green arrow indicating the FCD. White letters on the MRIs
show the directions (L left, R right, A anterior, P posterior). (Color
figure online)

resolution finite element head model, (iii) individually
calibrated skull conductivity, and (iv) recent advancements in morphometric MRI analysis and multi transmit and receive head coils. The first step was simultaneous EEG/MEG recordings followed by an MRI session
acquiring T1w, T2w, DTI and FLAIR data with typical
resolutions (1.875 mm edge length for DTI and 1.17 mm
for the rest). This first study MRI session and the combined somatosensory evoked potential and field data were
used to construct the calibrated finite element head model
and thus solving the forward problem of EEG/MEG.
Combined EEG/MEG (EMEG) source analysis was then
performed using a distributed source approach to calculate the active areas in the brain, close to the peak of the
averaged interictal epileptic discharges, as well as at earlier phases. Later, a second MRI session was performed,
this time, using a new zooming technique (ZOOMit)
to acquire high resolution images (0.5 mm voxel edge
length) within two limited regions. These regions were

selected based on EMEG source analysis near the peak
(right frontal region) and at an earlier phase (left frontocentral region). The ZOOMit MRI revealed one relatively
clear FCD at the right frontal region, and another subtle FCD at the left frontocentral region. Of interest, the
left frontocentral FCD was not identifiable in 3D-FLAIR
and only this one, and not the right frontal FCD, was concordant with seizure semiology. The second FCD was
not detected in visual evaluation of any previous clinical
MRIs at 3 T acquired and investigated in different centers; not even retrospectively. DTI tractography suggested
a possible anatomical pathway supporting a fast propagation from the left frontocentral to the right frontal FCD.
Further converging evidence for the hypothesis, although
not very clear, was obtained from the morphometric MRI
analysis (Huppertz et al. 2005) following an epilepsy
specific protocol (Wellmer et al. 2013). The morphometric analysis hinted at a suspicious area, among others,
close to left frontocentral FCD. Based on this converging
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Fig. 8  EMEG source localizations at −23 ms, slices selected according to the right hemispheric activity. The sLORETA results registered to the FLAIR MRI are shown in the left column (only results
obtained with a threshold of 85% for the maximum F-value are
Fig. 9  The results of DTI
tractography. The green paths
show the tracts that were found
between the two FCDs indicated
by blue spheres. (Color figure
online)
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shown). In the right column, the FLAIR image without the localizations is shown. The white letters on MRIs indicate the direction (L
left, R right, A anterior, P posterior)
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evidence only the left frontocentral FCD had been treated
using stereotactic radiofrequency thermocoagulation
and the surgical outcome as well as the intracranial EEG
supported our diagnosis (see Fig. 1 and the “Patient”
section).
In addition to the cluster in the left hemisphere, due to
quite clear further activity in MEG and EEG (see Mspikes
topographies in Figs. 4, 5), we also found a cluster in the
right hemisphere at −23 ms. This cluster was not investigated further because it was not in concordance with the
seizure semiology. However, it is possible that the right
central region was involved in interictal spikes as well
but not in seizure generation. Although, irritative and seizure onset zones usually coincide it has been shown that
this might not always be the case. For example, for some
patients with bi-temporal spikes (with irritative zones
in both right and left hemispheres) seizure freedom was
achieved after performing operation in just one of the temporal lobes (Lüders et al. 2006). This also points to the
importance of not using just one type of information but
performing a multimodal strategy in presurgical epilepsy
diagnosis.
As mentioned in the “Introduction” section there have
been significant advances in the field of EEG/MEG source
analysis in recent years, and multimodal combination of
other noninvasive techniques, such as MRI, with source
analysis could provide a promising way to increase the
specificity. FCDs are intrinsically epileptogenic cortical
malformations, resection of which leads to a high chance of
seizure freedom (Sisodiya 2000). It has been reported that
even in many MRI negative cases, post-operative histology
could show an underlying FCD: (Lee et al. 2005) showed
this number could be as high as 73%. In (McGonigal et al.
2007) histopathology showed FCD or hippocampal sclerosis for 12 out of 23 MRI negative patients, this number
was 9 out of 29 in (Bien et al. 2009). Therefore, there is no
doubt that many patients will benefit if the number of false
negative MRIs could be reduced and the most obvious way
to do that is going for higher spatial resolutions and better
SNR, while keeping the examination time short enough to
avoid patient movement. The main advantage of the here
proposed ZOOMit technique was that it benefitted from
localized excitation utilizing 2D selective RF pulses (Finsterbusch 2010) with parallel transmission (Blasche et al.
2012). As mentioned in the methods section localized excitation allows to ‘zoom’ a field of view, restricting excitation to a desired area even within brain tissue without aliasing artifacts that occur when the FOV is smaller than the
imaged object. This avoids the need to increase the number
of phase encoding steps and the penalty of an increased
minimum measurement time. This localized excitation
combined with fine tuned contrast parameters allowed
us to obtain a combination of T2- and T1-weighting with
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increased lesion visibility and high resolution using a 3 T
MRI.
FCDs can be difficult to identify with MRI and vice
versa, ambiguous structural alterations may falsely be
regarded as FCDs. Especially subtle findings may therefore
not always imply significance for seizure generation. As we
have shown regarding the right frontal FCD in this patient,
the epileptic focus responsible for the seizures might even
be far away from it. It is possible that the patient studied
here has two potential epileptic foci and the right frontal
one is pharmacosensitive; therefore, we did not record
seizures from there. The study of (Brodbeck et al. 2010)
showed the importance of source localization in MRI negative cases and (Zhang et al. 2014) presented an important
review on the increasing value of multimodal imaging in
epilepsy.
Although indirectly, in this study we have also demonstrated the importance of EMEG source analysis for the
planning of intracranial electrode placement. In this study,
if the intracranial electrodes had been placed near the right
frontal FCD alone, the earlier epileptic activity arising from
the left frontocentral FCD could not have been measured
(because invasive electrodes are only sensitive to activity
from close proximity). This would probably have led to
the implantation of a second set of intracranial electrodes,
based on seizure semiology, in order to detect the left frontocentral focus. This indicates the importance of tailoring
the implantation of invasive electrodes by combining the
information obtained from noninvasive EEG/MEG, MRI
and the seizure semiology. In this direction (Knowlton et al.
2009) and (Agirre-Arrizubieta et al. 2014) have also shown
the importance of MEG in the placement of intracranial
EEG.
Another important point was that only combined EEG/
MEG source analysis was able to localize the activity at the
epileptic focus (activity near the left frontocentral FCD).
Even though single modality EEG or MEG source analysis
also detected activity very similar to the EMEG near the
peak of the spike (localization of the right frontal FCD),
their results were far away from the epileptic focus, which
was only detectable near the spike onset. The topographies
in Figs. 4 and 5 show hints of a left central dipolar pattern
for both EEG and MEG. However, the SNR at this time
instant was considerably too low and we think this is the
reason for seeing the left frontocentral localization only in
EMEG. This result is in line with previous studies showing
the advantages of combined EEG/MEG in comparison to
single modality source analysis because of the more stable
source reconstructions and the superior spatial resolution
(Cohen and Cuffin 1987; Fuchs et al. 1998; Baillet et al.
1999; Huang et al. 2007; Aydin et al. 2014, 2015; Chowdhury et al. 2015; Lucka 2015). In one of our previous studies we could show that the complementary information

13

430

Fig. 10  EMEG (top two rows), EEG only (third row from the top)
and MEG only (bottom row) based source reconstructions at −23 ms
(left column) and −7 ms (right column). A threshold of 85% of the
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maximum F-value was used for the results. The FCDs detected with
MRI are indicated by the blue spheres. (Color figure online)
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of EEG and MEG is especially important when the SNR
of the data is low, such as at the spike onset (Aydin et al.
2015). In (Aydin et al. 2015) and (Chowdhury et al. 2015)
it was also shown that the EMEG localizations were not
simply the union of EEG and MEG results but a rather
complicated interplay of both modalities compensating
their relative shortcomings.
In this study, based on the results of our previous work
(Aydin et al. 2015), we used an advanced realistic head
model with seven different tissue compartments and white
matter anisotropy modeled from DTI. However, we are
aware that the generation and use of such a realistic head
model might often not be feasible in clinical routine work
and its clinical value will have to be evaluated in a larger
series of patients. In such cases, following the findings of
(Aydin et al. 2014; Vorwerk et al. 2014), we would suggest calibrating the skull conductivity and adding CSF and
white/gray matter distinction which requires overall less
effort, but still could considerably improve the results, and
could especially enable combined EEG and MEG source
analysis.
The main aim of this work was the presentation of a
proof-of-principle, i.e., the methodology for a new multimodal presurgical epilepsy diagnosis approach and its feasibility and success in a case study with a multi-focal epilepsy patient that suffered from pharmaco-resistant focal
onset epilepsy for 47 years of her life. As an outlook, the
most important future goal will now be the reproduction
of the presented results in a study with a larger group of
epilepsy patients, a goal, which might not only be tackled
by our working group, since methodology for combined
EEG/MEG source analysis and MRI scanners using parallel transmit technology are now becoming more and more
available.

Conclusions
We presented a new methodology pipeline that combines
the information from EMEG source analysis and recent
advancements in MRI technology. The main novelty of this
study is the use of a zoomed MRI technique (ZOOMit) to
acquire high resolution (0.5 mm voxel edge length) data
from an EEG/MEG prelocalized small region of interest,
with good SNRs and reasonable acquisition times (13 min).
To the best of the authors’ knowledge the proposed combined EMEG-zoomed MRI methodology is a new diagnosis strategy that has not been reported before. The methodology proved its value by detecting a small FCD, which
otherwise was not detectable with standard MR sequences,
within the epileptic focus. The main findings of this study
were: (i) combined EMEG source analysis performs better than EEG or MEG alone, especially at lower SNRs, (ii)
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although EMEG source analysis at the peak of IEDs was
localized well to an FCD this was only a propagation zone
and not the real generator, (iii) only the converging evidence from combined EMEG source analysis at the spike
onset, seizure semiology, and zoomed MRI was sufficient
to identify the real generator.
Acknowledgements This work was supported by the German
Research Foundation (Deutsche Forschungsgemeinschaft, DFG),
projects WO1425/7-1 and RA2062/1-1, the Medical Faculty of Ruhr
University Bochum, by a FoRUM research Grant (K062-11), Savoy
foundation and FRQS (The Fonds de recherche du Québec – Santé)
postdoctoral fellowships, the Förderverein Ruhr-Epileptologie e.V
and by EU project ChildBrain (Marie Curie Innovative Training Networks, Grant agreement 641652).
Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.

References
Agirre-Arrizubieta Z, Thai NJ, Valentín A et al (2014) The value
of Magnetoencephalography to guide electrode implantation in epilepsy. Brain Topogr 27:197–207. doi:10.1007/
s10548-013-0330-x
Allison T, Wood CC, McCarthy G, Spencer DD (1991) Cortical
somatosensory evoked potentials. II. Effects of excision of somatosensory or motor cortex in humans and monkeys. J Neurophysiol 66(1):64–82
Aydin Ü, Vorwerk J, Küpper P et al (2014) Combining EEG and
MEG for the reconstruction of epileptic activity using a calibrated realistic volume conductor model. PLoS ONE 9:e93154.
doi:10.1371/journal.pone.0093154
Aydin Ü, Vorwerk J, Dümpelmann M et al (2015) Combined EEG/
MEG can outperform single modality EEG or MEG source
reconstruction in presurgical epilepsy diagnosis. PLoS ONE
10:e0118753. doi:10.1371/journal.pone.0118753
Baillet S, Garnero L, Marin G, Hugonin JP (1999) Combined MEG
and EEG source imaging by minimization of mutual information. IEEE Trans Biomed Eng 46:522–534
Baumann SB, Wozny DR, Kelly SK, Meno FM (1997) The electrical
conductivity of human cerebrospinal fluid at body temperature.
IEEE Trans Biomed Eng 44:220–223. doi:10.1109/10.554770
Behrens TEJ, Berg HJ, Jbabdi S et al (2007) Probabilistic diffusion
tractography with multiple fibre orientations: what can we gain?
Neuroimage 34:144–155. doi:10.1016/j.neuroimage.2006.09.018
Bien CG, Szinay M, Wagner J et al (2009) Characteristics and surgical outcomes of patients with refractory magnetic resonance
imaging-negative epilepsies. Arch Neurol 66:1491–1499.
doi:10.1001/archneurol.2009.283
Blasche M, Riffel P, Lichy M (2012) TimTX TrueShape and syngo
ZOOMit technical and practical aspects. Magnetom Flash
1:74–84
Brodbeck V, Spinelli L, Lascano AM et al (2010) Electrical
source imaging for presurgical focus localization in epilepsy patients with normal MRI. Epilepsia 51:583–591.
doi:10.1111/j.1528-1167.2010.02521.x

13

432
Buchner H, Knoll G, Fuchs M et al (1997) Inverse localization of
electric dipole current sources in finite element models of the
human head. Electroencephalogr Clin Neurophysiol 102:267–
278. doi:10.1016/S0013-4694
Camacho DL, Hopper RH, Lin GM, Myers BS (1997) An improved
method for finite element mesh generation of geometrically
complex structures with application to the skullbase. J Biomech
30:1067–1070. doi:10.1016/S0021-9290(97)00073-0
Chowdhury RA, Lina JM, Kobayashi E, Grova C (2013) MEG source
localization of spatially extended generators of epileptic activity:
comparing entropic and hierarchical bayesian approaches. PLoS
ONE 8:e55969. doi:10.1371/journal.pone.0055969
Chowdhury RA, Zerouali Y, Hedrich T et al (2015) MEG–EEG Information fusion and electromagnetic source imaging: from theory
to clinical application in epilepsy. Brain Topogr 28:785–812.
doi:10.1007/s10548-015-0437-3
Cohen D, Cuffin BN (1987) A method for combining MEG and
EEG to determine the sources. Phys Med Biol 32:85–89.
doi:10.1088/0031-9155/32/1/013
Dümpelmann M, Ball T, Schulze-Bonhage A (2012) sLORETA
allows reliable distributed source reconstruction based on subdural strip and grid recordings. Hum Brain Mapp 33:1172–1188.
doi:10.1002/hbm.21276
Fiederer L, Vorwerk J, Lucka F et al (2015) The role of blood vessels in high-resolution volume conductor head modeling of EEG.
NeuroImage. doi:10.1016/j.neuroimage.2015.12.041
Finsterbusch J (2010) Fast-spin-echo imaging of inner fields-ofview With 2D-selective RF excitations. J Magn Reson Imaging
31:1530–1537. doi:10.1002/jmri.22196
Fuchs M, Wagner M, Wischmann HA et al (1998) Improving source
reconstructions by combining bioelectric and biomagnetic data.
Electroencephalogr Clin Neurophysiol 107:93–111. doi:10.1016/
S0013-4694(98)00046-7
Hämäläinen M, Hari R, Ilmoniemi RJ et al (1993) Magnetoencephalography-theory, instrumentation, and applications to noninvasive studies of the working human brain. Rev Mod Phys 65:413–
497. doi:10.1103/RevModPhys.65.413
Hamer HM, Morris HH, Mascha EJ et al (2002) Complications of
invasive video-EEG monitoring with subdural grid electrodes.
Neurology 58:97–103
Huang M-X, Song T, Hagler DJ Jr et al (2007) A novel integrated
MEG and EEG analysis method for dipolar sources. Neuroimage
37:731–748. doi:10.1016/j.neuroimage.2007.06.002
Huppertz H-J, Grimm C, Fauser S et al (2005) Enhanced visualization of blurred gray-white matter junctions in focal cortical dysplasia by voxel-based 3D MRI analysis. Epilepsy Res 67:35–50.
doi:10.1016/j.eplepsyres.2005.07.009
Knowlton RC, Razdan SN, Limdi N et al (2009) Effect of epilepsy
magnetic source imaging on intracranial electrode placement.
Ann Neurol 65:716–723. doi:10.1002/ana.21660
Lantz G, Spinelli L, Seeck M, de Peralta Menendez RG, Sottas CC,
Michel CM (2003): Propagation of interictal epileptiform activity can lead to erroneous source localizations: a 128-channel
EEG mapping study. J Clin Neurophysiol 20(5):311–19
Lee SK, Lee SY, Kim K-K et al (2005) Surgical outcome and prognostic factors of cryptogenic neocortical epilepsy. Ann Neurol
58:525–532. doi:10.1002/ana.20569
Lina JM, Chowdhury R, Lemay E et al (2014) Wavelet-based localization of oscillatory sources from magnetoencephalography
data. IEEE Trans Biomed Eng 61:2350–2364. doi:10.1109/
TBME.2012.2189883
Lucka F (2015) Bayesian Inversion in Biomedical Imaging. PhD Thesis, University of Münster
Lucka F, Pursiainen S, Burger M, Wolters CH (2012) Hierarchical Bayesian inference for the EEG inverse problem using
realistic FE head models: depth localization and source

13

Brain Topogr (2017) 30:417–433
separation for focal primary currents. Neuroimage 61:1364–
1382. doi:10.1016/j.neuroimage.2012.04.017
Lüders HO, Najm I, Nair D et al (2006) The epileptogenic zone: general principles. Epileptic Disord 8(Suppl 2):S1–S9
McGonigal A, Bartolomei F, Régis J et al (2007) Stereoelectroencephalography in presurgical assessment of MRI-negative epilepsy. Brain 130:3169–3183. doi:10.1093/brain/awm218
Moore KR, Funke ME, Constantino T et al (2002) Magnetoencephalographically directed review of high-spatial-resolution surface-coil MR images improves lesion detection in patients with
extratemporal epilepsy. Radiology 225:880–887. doi:10.1148/
radiol.2253011597
Pascual-Marqui RD (2002) Standardized low-resolution brain electromagnetic tomography (sLORETA): technical details. Methods
Find Exp Clin Pharmacol 24(Suppl D):5–12
Ramon C (2012) Effect of dura layer on scalp EEG simulations. Int J
Bioelectromagn 14:27–28
Ramon C, Schimpf P, Haueisen J et al (2004) Role of soft bone, CSF
and gray matter in EEG simulations. Brain Topogr 16:245–248.
doi:10.1023/B:BRAT.0000032859.68959.76
Ramon C, Garguilo P, Fridgeirsson EA, Haueisen J (2014) Changes
in scalp potentials and spatial smoothing effects of inclusion of
dura layer in human head models for EEG simulations. Front
Neuroeng 7:32. doi:10.3389/fneng.2014.00032
Rice JK, Rorden C, Little JS, Parra LC (2013) Subject position affects
EEG magnitudes. Neuroimage 64:476–484. doi:10.1016/j.
neuroimage.2012.09.041
Roche-Labarbe N, Aarabi A, Kongolo G et al (2008) High-resolution
electroencephalography and source localization in neonates.
Hum Brain Mapp 29:167–176. doi:10.1002/hbm.20376
Rullmann M, Anwander A, Dannhauer M et al (2009) EEG source
analysis of epileptiform activity using a 1 mm anisotropic hexahedra finite element head model. Neuroimage 44:399–410.
doi:10.1016/j.neuroimage.2008.09.009
Ruthotto L, Kugel H, Olesch J et al (2012) Diffeomorphic susceptibility artifact correction of diffusion-weighted magnetic resonance images. Phys Med Biol 57:5715–5731.
doi:10.1088/0031-9155/57/18/5715
Sisodiya SM (2000) Surgery for malformations of cortical development causing epilepsy. Brain 123:1075–1091. doi:10.1093/
brain/123.6.1075
Tuch DS, Wedeen VJ, Dale AM et al (2001) Conductivity tensor mapping of the human brain using diffusion tensor MRI. Proc Natl
Acad Sci USA 98:11697–11701. doi:10.1073/pnas.171473898
Vorwerk J, Clerc M, Burger M, Wolters CH (2012) Comparison of
boundary element and finite element approaches to the EEG forward problem. Biomed Tech. doi:10.1515/bmt-2012-4152
Vorwerk J, Cho J-H, Rampp S et al (2014) A guideline for head
volume conductor modeling in EEG and MEG. Neuroimage
100:590–607. doi:10.1016/j.neuroimage.2014.06.040
Wagner J, Urbach H, Niehusmann P et al (2011) Focal cortical dysplasia type IIb: completeness of cortical, not subcortical, resection is necessary for seizure freedom. Epilepsia 52:1418–1424.
doi:10.1111/j.1528-1167.2011.03158.x
Wagner S, Lucka F, Vorwerk J et al (2016) Using reciprocity for
relating the simulation of transcranial current stimulation
to the EEG forward problem. Neuroimage. doi:10.1016/j.
neuroimage.2016.04.005
Wang ZI, Jin K, Kakisaka Y et al (2012) Imag(in)ing seizure propagation: MEG-guided interpretation of epileptic activity from
a deep source. Hum Brain Mapp 33:2797–2801. doi:10.1002/
hbm.21401
Wellmer J, Parpaley Y, von Lehe M, Huppertz HJ (2010) Integrating magnetic resonance imaging postprocessing results
into neuronavigation for electrode implantation and resection of subtle focal cortical dysplasia in previously

Brain Topogr (2017) 30:417–433
cryptogenic epilepsy. Neurosurgery 66:187–194. doi:10.1227/01.
NEU.0000359329.92781.B7
Wellmer J, von der Groeben F, Klarmann U et al (2012) Risks and
benefits of invasive epilepsy surgery workup with implanted
subdural and depth electrodes. Epilepsia 53:1322–1332.
doi:10.1111/j.1528-1167.2012.03545.x
Wellmer J, Quesada CM, Rothe L et al (2013) Proposal for a magnetic resonance imaging protocol for the detection of epileptogenic lesions at early outpatient stages. Epilepsia 54:1977–1987.
doi:10.1111/epi.12375
Wellmer J, Parpaley Y, Rampp S et al (2016) Lesion guided stereotactic radiofrequency thermocoagulation for palliative, in selected
cases curative epilepsy surgery. Epilepsy Res 121:39–46.
doi:10.1016/j.eplepsyres.2016.01.005
Wolters C, Kuhn M, Anwander A, Reitzinger S (2002) A parallel
algebraic multigrid solver for finite element method based source

433
localization in the human brain. Comput Vis Sci 5:165–177.
doi:10.1007/s00791-002-0098-0
Wolters CH, Grasedyck L, Hackbusch W (2004) Efficient computation of lead field bases and influence matrix for the FEM-based
EEG and MEG inverse problem. Inverse Probl 20:1099–1116.
doi:10.1088/0266-5611/20/4/007
Wolters CH, Anwander A, Berti G, Hartmann U (2007) Geometryadapted hexahedral meshes improve accuracy of finite-elementmethod-based EEG source analysis. IEEE Trans Biomed Eng
54:1446–1453. doi:10.1109/TBME.2007.890736
Zhang J, Liu W, Chen H et al (2014) Multimodal neuroimaging in
presurgical evaluation of drug-resistant epilepsy. Neuroimage
Clin 4:35–44. doi:10.1016/j.nicl.2013.10.017

13

