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Use of simultaneous depth
and MEG recording

may provide complementary
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ABSTRACT - Simultaneous SEEG-MEG recording has the potential to define
the epileptic spike source accurately. We present a case of a 55-year-old
female with intractable left temporal lobe epilepsy in whom we evaluated
the relationship between the amplitude recorded from SEEG electrodes,
inserted in the lateral temporal region, and their distance from the MEG-
modelled spike. We found a quadratic fall-off relationship between the
amplitude and distance. This result supports the concept that the MEG
dipoles reflect the “centre” of spike locations and may provide compre-
hensive information for SEEG which records spike activities directly but is
inherently limited in spatial sampling.
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Although different in their inva-
siveness, both stereotactic electro-
encephalography (SEEG) and mag-
netoencephalography (MEG) have
importantand complementary roles
in the evaluation of epilepsy sur-
gical candidates. The advantage of
SEEG is that it records epileptic acti-
vity directly from brain parenchyma
itself, but the sparsely and irregu-
larly placed electrodes limit spatial
sampling (Talairach et al., 1962;

Spencer, 1981). MEG cannot easily
detect deep, low-amplitude signals,
but has the advantages of pro-
viding extensive spatial sampling
and precise non-invasive localisa-
tion of epileptic activity (Knowlton
et al.,, 1997). With regards to spike
detection, although MEG is sensi-
tive to magnetic fields reflecting
intracellular neuronal currents and
extracellular currents of the spike
itself are detected by SEEG, both
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reflect the same phenomenon; excitation of neurons
(Hari and Lounasmaa, 1989). With the whole-head MEG
arrays and multi-contact invasive electrodes available
today, simultaneous SEEG-MEG (sSEEG-MEG) combi-
nes the advantages of these two modalities, which
may “fill in the gaps” left by the individual modalities,
as recently reported by Wang et al. (2012). Utility of
SSEEG-MEG should enhance our ability to construct
an effective strategy for epilepsy surgery.
Epilepticsources are localised using MEG by modelling
activity as a single equivalent current dipole. In order
to optimise the use of SSEEG-MEG, it is important to
understand the relationship between MEG and SEEG
data; most importantly, the magnitude of spike acti-
vity from SEEG electrodes and the MEG spike dipole
position. We set out to quantitatively characterise
these amplitude relationships in three dimensions
by analysing epileptic spikes recorded during sSEEG-
MEG, in a patient with intractable focal epilepsy.

Case report and methods

A55-year-old female patient had previously undergone
a left lateral temporal lobe resection for intractable
left temporal lobe epilepsy. After the surgery, she had
recurring seizures, therefore, further invasive study
was considered.

At evaluation, SEEG electrode implantation was cho-
sen. The electrodes consisted of 8-12 cylindrical
2.5 mm-long platinum contacts with 1.1 mm diameter,
separated by 5 mm (INTEGRA EPILEPSY™, INTEGRA,
NJ, USA). In this study, 10 SEEG electrodes were
inserted which allowed us to observe spikes from
various regions in the left hemisphere (figure 7).
Details of the implantation were as follows: B": head of
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hippocampus; C": middle temporal gyrus; E": anterior
basal temporal; F’: posterior basal temporal; O": infra-
calcarine; P": posterior parietal; U’: superior temporal
gyrus; V': supracalcarine, W'z anterior parietal; and X":
supramarginal region (figure 1A and 1B). SEEG and
MEG were simultaneously recorded in a magnetically-
shielded room. This study received approval from
the Cleveland Clinic Institutional Review Board (IRB
09-934). SEEG signals were sampled at 1000 Hz and
band-pass filtered between 0.5 and 70 Hz. With
the patient in the supine position, MEG data were
recorded with a whole-head MEG system with 204 pla-
nar gradiometers (VectorView; Neuromag, Helsinki,
Finland). MEG signals were sampled at 1000 Hz, band-
pass filtered between 0.5 and 70 Hz and recorded for
30-minute periods during awake and sleep conditions.
We also applied continuous movement compensa-
tion algorithm during recording (Medvedovsky et al.,
2007). Before MEG analysis, we performed temporally-
extended signal space separation algorithm (tSSS)
to each MEG data set with a commercial software
package, “MaxFilter”, to eliminate magnetic noise,
the details of which are described elsewhere (Song
etal., 2009). The acquired data were low-pass filtered at
50 Hz. High-pass filtering was used at 6 Hz to extract the
spike componentfrom the slower background activity.
After 30 minutes of SSEEG-MEG recording, two types
of left temporal spikes were captured by SEEG; one
from the lateral temporal region (n=79) and the other
from the basal temporal region (n=7). Of the 79 spikes
from the lateral temporal group, 51 spikes (65%) were
also captured using MEG (SEEG+/MEG+); the remain-
ing 28 spikes (35%) were not observed using MEG
(SEEG+/MEG-). No spikes detected only by MEG (SEEG-
/MEG+) were observed in the lateral temporal group.
The extent of lateral temporal SEEG contacts involved

B (Coronal image of C’)

Figure 1. (A) Reconstructed three dimensional brain surface image including the penetration points of all stereotactic EEG (SEEG)
electrodes. (B) Coronal view of MRI showing C’ contacts inserted in the left lateral temporal region Cylinders indicate C' SEEG

contacts; C'1 is the most mesial contact and C’4 the most lateral.
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(C’) was variable between groups. In the SEEG+/MEG+
group, three contacts were activated for 26 spikes and
four or more contacts were activated for 25 spikes.
In the SEEG+/MEG- group, two contacts were acti-
vated for 14 spikes and three contacts activated for 14
spikes, and there were no spikes involving four or more
contacts. Of seven spikes from the basal temporal
group, none were captured using MEG and no spikes
detected only by MEG were observed (SEEG+/MEG-;
100%).

To investigate the spatial relationship between the
magnitude of the SEEG spike and location of the MEG
spike, we selected SEEG+/MEG+ spikes from the late-
ral temporal region using the following criteria: 1) MEG
spike was outstanding and distinguishable from back-
ground activity (>2 fold amplitude above background
activity), and 2) simultaneously recorded SEEG also
showed counterpart activity and the data from all four
depth contacts were available. The amplitude of SEEG
spike, in which the right mastoid electrode was used
as reference, was calculated from the peak to trough
measurement as shown in figure 2 (Matsumoto et al.,
2004).

The present study analysed the generator’s location
of the main MEG spike peak. Single dipole modelling
was applied on MEG signals in a spherical head model
using vendor source modelling software (Neuromag,
Helsinki, Finland). Equivalent currentdipoles (ECDs) of
spikes with a goodness-of-fit over 90% were regarded
as reliable. MRI before SEEG electrode insertion (pre-
operative MRI), acquired as three-dimensional volume
(1.5 T, MP-RAGE sequence, Siemens, Germany) was
used for three dimensional images. High resolution CT
after SEEG electrode insertion (postoperative CT) was
acquired at 1 mm thickness and coregistered with pre-
operative MRI. The coordinates of the SEEG electrodes
were then superimposed onto preoperative MRI. In
the reconstruction, the shape and orientation of the
electrode contacts were emulated as closely as possi-
ble to the physical dimension and actual orientation in
the brain (figure 3A and 3B). Finally, estimated ECDs
were superimposed onto the patient’'s MRI. These
details have been described elsewhere (Matsumoto
et al., 2004). On this integrated MRI, a built-in tool
allowed us, not only to see the spike dipoles super-
imposed on the patient’s MRI, but also to measure the
distance from the centre of each SEEG contact to the
centre of each MEG spike dipole.

Only eight of the recorded interictal spikes met the
selection criteria due to incomplete recording from
SEEG electrodes, caused by technical difficulty. For
each spike, the amplitude (y axis) versus the distance
from the calculated dipole to each SEEG contact (d)
was plotted and approximated with a quadratic fall-
off curve based on methodology consistent with the
literature (Patton and Woodbury, 1965).

Simultaneous SEEG-MEG
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Figure 2. Waveform of representative spike (spike 3) detected
by SEEG (upper panel each contact refers to the right mastoid
electrode) and MEG (middle panel), and MEG spike dipole super-
imposed on the patient’s cortical surface (lower panel) In this
study, the spatial relationship between MEG dipole and SEEG
contact location was investigated Amplitude was calculated from
the peak to trough measurement.

Results

Figure 2 shows the raw waveforms of a representative
spike (spike 3) using SEEG and MEG, and the estimated
dipole on the patient’s brain image. Figure 3A shows
the spatial relationship between C’ electrode and all
eight MEG spike dipoles. Figure 3B shows the coronal
and axial slice of brain images constructed from the
MRI. Each cylinder in figure 3A and 3B represents a
contact with the C’ electrode. Dots indicate the MEG
dipole locations of all eight spikes. From these images,
distance between each MEG spike dipole and each
SEEG contact was calculated. As shown in figure 4, for
all spikes, we were able to use a quadratic fall-off curve
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Figure 3. (A) Brain surface image highlighting the involved C’ electrode and the associated MEG spike dipoles. (B) Three dimensional
view of coronal and axial cut of brain images constructed from three dimensional MRI Dots indicate all eight spike dipoles selected in
the study Three dimensional distance between each spike dipole and each SEEG contact is calculated (one example is shown by the
white arrows) Cylinders indicate C’ SEEG contacts; C'1 is the most mesial contact and C’4 the most lateral.

to approximate the relationship between the ampli-
tude (y axis) and the distance from the modelled MEG
dipole to each SEEG contact (x axis) (R>>0.80).

Discussion

The quadratic fall-off approximation, with a high R?
value between electrical amplitude (V) recorded in
the SEEG contact, and distance from the MEG dipole to
each SEEG contact is consistent with volume conduc-
tion, i.e. potential is inversely proportional to increase
of distance (Patton and Woodbury, 1965). This result
supports the concept that the MEG dipoles reflect
the “centre” of spike location, or at least a subset of
spikes captured at the recording. MEG may provide
comprehensive information for SEEG, which records
spike activities directly but is inherently limited in
spatial sampling. Unlike MEG, in which magnetic
signals would be less distorted with resistive proper-
ties of skull and scalp, this is especially problematic
for EEG after previous craniotomy. Therefore, it would
be advantageous to use MEG for spike source localisa-
tion in cases such as ours (Barkley and Baumgartner,
2003; Tang et al., 2003). In fact, the improved accu-
racy of localisation of MEG, compared to scalp EEG for
epileptiform discharges, has been proven by evaluat-
ing the concordance with intracranial recording and/or
postsurgical outcome to the sublobar level reported
by Knowlton et al. (2006). The source locations deter-
mined by MEG are presumed to be in the epileptogenic
zone, but the precise boundaries of the epileptogenic

zone are unclear (Barkley and Baumgartner, 2003) and
SEEG lead field characteristics are currently unknown.
Compared to subdural electrodes, SEEG can more
effectively record deeper sources, although there are
also patients in whom the epileptogenic focus may not
be detected by SEEG, resulting in postoperational poor
seizure outcome (Spencer, 1981).

Although the distance-amplitude relationship was not
always straightforward (the nearest contact does not
always show the highest amplitude, as shown for spike
5), it is still notable that a high R2 value (over 0.80) of
quadratic fall-off curve was successfully achieved for
all spikes, suggesting that the variability of electrical
magnitude recorded in each contact does not affect
the overall conclusion.

This study only addresses the relationship between
dipole location and maximal electrical field potential
for those spikes which can be seen by MEG. In our
patient, the basal temporal spikes were not detected,
as sources from deep mesial structures are often un-
resolved by MEG which may be less sensitive to such
structures. This was demonstrated by Oishi et al. in
their 2002 study, in which they applied simultaneous
electrocorticography (ECoG) and MEG in two patients
with lateral frontal epilepsy or basal temporal lobe
epilepsy. They reported that in the lateral frontal case,
53% of ECoG spikes were detected by MEG, the majo-
rity of which activated three subdural electrodes. In
their basal temporal case, only 26% ECoG spikes were
detected by MEG, but none that activated only three
subdural electrodes (Oishi et al., 2002). They specu-
lated that the reason why the MEG sensor was less
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Figure 4. Relationship between electrical amplitude (nV; >y axis)
recorded in each SEEG contact and distance (d mm; >x axis) from
each MEG spike dipole to the SEEG contacts are shown for all
eight spikes Note that approximation with quadratic fall-off with
a high R? value (greater than 080) is accomplished in all spikes.

sensitive for the basal temporal source was because of
depth. This speculation is consistent with our case, in
which MEG was also blind to basal temporal source.
As the “gold standard” for invasive recording, the
ability to detect spikes from deep sources such as
medial temporal structures by MEG, as well as EEG,
has long been debated. By comparing interictal ECoG
and MEG findings, Agirre-Arrizubieta et al. showed that
less than 25% of all spikes from the mesial temporal
region were detectable using MEG (Agirre-Arrizubieta
et al., 2009). By performing simultaneous SEEG and
MEG in three mesial temporal epilepsy patients,
Santiuste et al. showed that about 25 to 60% of spikes
were detected using MEG (Santiuste et al., 2008).
Interestingly, Wennberg et al. reported that for spikes
from mesial temporal structures, current noninvasive
EEG and MEG source localisation studies do not accu-
rately identify their true source, based on the findings
that spikes recorded using EEG and MEG in mesial
temporal lobe epilepsy were localised to neocorti-

cal foci and not to the mesial temporal structures
(Wennberg etal., 2011). Based on these reports, careful
patient screening is needed for MEG and simultane-
ous SEEG-MEG recording. Further studies are needed
to clarify the appropriate group of patients for both
modalities.

In conclusion, this study suggests that simultaneously
recorded SEEG and MEG provide complementary
additional and more precise spatial localisation infor-
mation. The role of MEG for epilepsy patients
undergoing invasive monitoring is not only to guide
the placement of SEEG or subdural grids preopera-
tively, but also to clarify the location of sources during
the post-implantation monitoring phase. [J
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