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� Analysis of initial seizure activity using combined high-density EEG/MEG and novel on-scalp MEG (osMEG).
� Our study demonstrates that osMEG exhibits a unique ability to detect seizure onset zones non-invasively.
� Indicate that osMEG might improve intracranial EEG planning and epilepsy surgery results.
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a b s t r a c t

Objective: Epilepsy surgery requires localization of the seizure onset zone (SOZ). Today this can only be
achieved by intracranial electroencephalography (iEEG). The iEEG electrode placement is guided by find-
ings from non-invasive modalities that cannot themselves detect SOZ-generated initial seizure activity.
On scalp magnetoencephalography (osMEG), with sensors placed on the scalp, demonstrates higher sen-
sitivity than conventional MEG (convMEG) and could potentially detect early seizure activity. Here, we
modeled EEG, convMEG and osMEG to compare the modalities’ ability to localize SOZ activity and to
detect epileptic spikes.
Methods: We modeled seizure propagation within ten epileptic networks located in the mesial and lat-
eral temporal lobe; basal, dorsal, central and frontopolar frontal lobe; parietal and occipital lobe as well
as insula and cingulum. The networks included brain regions often involved in focal epilepsy. 128-
channel osMEG, convMEG, EEG and combined osMEG + EEG and convMEG + EEG were modeled, and
the SOZ source estimation accuracy was quantified and compared using Student’s t-test.
Results: OsMEG was significantly (p-value <0.01) better than both convMEG and EEG at detecting the ear-
liest SOZ-generated seizure activity and epileptic spikes, and better at localizing seizure activity from all
epileptic networks (p < 0.01).
Conclusions: Our modeling results clearly show that osMEG has an unsurpassed potential to detect both
epileptic spikes and seizure activity from all simulated anatomical sites.
Significance: No clinically available non-invasive technique can detect SOZ activity from all brain regions.
Our study indicates that osMEG has the potential to become an important clinical tool, improving both
non-invasive SOZ localization and iEEG electrode placement accuracy.
� 2023 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

On scalp magnetoencephalography (osMEG) is a novel, non-
invasive neuroimaging technique that enables MEG sensors to be

placed directly on the scalp instead of in a helmet, as is done in
conventional MEG (convMEG). Several types of osMEG sensors
have been developed to date (Boto et al., 2018, 2016; Hill et al.,
2020; Kanno et al., 2022; Pfeiffer et al., 2020), but only the com-
mercially available optically pumped magnetometers (OPMs) can
yet achieve whole-head coverage (Hill et al., 2020; Koshev et al.,
2021).
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ConvMEG sensors are housed within a one-size-fits-all helmet
inside a thermally insulated dewar, which on average results in a
20–40 mm sensor-to-scalp distance (Heiden, 1991; Iivanainen
et al., 2017; Riaz et al., 2017). Furthermore, any head movement
within this rigid sensor array makes extensive post-recording fil-
tering necessary (Taulu and Simola, 2006). More recently, both
experimental and modeling studies have demonstrated that
osMEG sensors placed directly to the scalp, with only 3–5 mm sep-
aration between the scalp and sensitive volume of the sensor,
result in a significantly increased information content compared
to convMEG sensors (Iivanainen et al., 2017; Schneiderman,
2014). When mounting osMEG sensors in an individualized cap
or a helmet adjustable to head shape, sensor movements will fol-
low head movements, significantly reducing artifacts from head
movement relative to the sensors (Boto et al., 2018; Hill et al.,
2020). Thus, osMEG enables qualitatively improved, whole-head,
high-resolution functional neuroimaging measurements that pro-
mise to offer new clinically valuable information during presurgi-
cal epilepsy evaluations.

Today, convMEG is routinely used to detect and estimate the
localization of interictal epileptiform discharges (IEDs) which
occur in between epileptic seizures (Hari et al., 2018; De Tiège
et al., 2017, 2012). IED source estimates are used in conjunction
with a battery of clinical and other non-invasive neuroimaging
evaluations to estimate the localization of the so-called seizure
onset zone (SOZ). Thereafter, in some patients invasive intracranial
stereo EEG electrodes are implanted to pinpoint the SOZ, based
upon the non-invasive evaluation results. Optimally, the sEEG elec-
trodes should be placed within the SOZ (Jayakar et al., 2016, 2014).
A large number of clinical studies have demonstrated that con-
vMEG IED source estimations does increase the likelihood of cor-
rect sEEG electrode implantation within the SOZ. These studies
have clearly demonstrated that adding convMEG, and especially
combined convMEG + EEG significantly increases the probability
of post-surgical seizure freedom (Duez et al., 2016; Rampp et al.,
2019).

However, IEDs detected by convMEG are not necessarily gener-
ated within the SOZ, but may stem from later, propagated activity
along a widespread patient-specific epileptic network. Thus, the
IED-based convMEG source estimation may not necessarily coin-
cide with the SOZ (Rampp et al., 2019; Duez et al., 2019, 2016).
Although ictal convMEG recordings have been performed and offer
better accuracy for SOZ localization (Medvedovsky et al., 2012),
routine clinical ictal convMEG measurements are impractical for
several reasons (Alkawadri et al., 2018). Very long (days) record-
ings are not possible in the convMEG sensor system as it requires
patients to lie or sit relatively still. Furthermore, many seizures
are associated with involuntary movements which could result
both in large movement artifacts, as well as in a potential risk of
injury in case the patient would hit their head against the inside
of the fixed convMEG helmet. Since osMEG sensors allow for free
head movement (Boto et al., 2021, 2018, 2016), this technology
may allow for routine ictal MEG recordings which could increase
the probability of accurate sEEG electrode implantation.

Focal epilepsy patients with pharmacoresistant epilepsy and
non-lesional structural MRI scans often exhibit highly complex
epileptic networks. Hence, while the seizure activity may have its
onset in a small cortical region, it often propagates along patient-
specific pathways, involving gradually larger cortical areas
(Stefan and da Silva, 2013). Consequently, accurate localization of
the SOZ requires high sensitivity to the underlying signal to enable
the detection and subsequent localization of the weak, initial
sources. Today, only intracranial registrations are considered
sufficiently sensitive to reliably localize the high-frequency,
low-amplitude activity associated with such seizure initiation
(Jayakar et al., 2016, 2008; Toth et al., 2019). The improved

proximity that comes with osMEG sensors improves the sensitivity
to underlying signals, and hence holds the promise of detecting
weaker, earlier signals than convMEG.

In agreement with experimental and modeling studies which
show higher signal strength and better spatial accuracy in osMEG
compared to convMEG, we have previously demonstrated that
osMEG sensors indeed detect more (about twice as many) IEDs
than convMEG, and also that osMEG sensors detect IEDs that are
too small to be detected by convMEG or EEG (Westin et al.,
2020; see also Iivanainen et al., 2017; Riaz et al., 2017;
Schneiderman, 2014; Xie et al., 2015).

In this study, we used a modeling approach to further investi-
gate the potential of osMEG, as compared to convMEG and EEG,
in detecting and localizing small SOZs of propagating seizure activ-
ity. To resemble a clinical presurgical epilepsy evaluation scenario,
we simulated epileptic networks originating from ten different
anatomical sites. SOZ detection sensitivity and localization accu-
racy of osMEG was then evaluated and compared to convMEG
and EEG. Utilizing a modeling approach allows us to control and
validate the exact SOZ localization, which would not be possible
in a clinical study. Our study thus entails an exploratory modeling
work meant to determine what osMEG is capable of. This approach
can help guide future development in the technology itself and
may help guiding osMEG recordings on epilepsy patients.

2. Material and method

To resemble a clinical non-invasive neurophysiological presur-
gical epilepsy evaluation, epileptic networks were simulated with
an initial low-amplitude, high-frequency activity with subsequent
spatiotemporal evolution. Both sensor and background brain noise
were modeled to mimic actual recordings. Ictal osMEG source
imaging was modeled and compared to ictal convMEG and EEG
source imaging.

2.1. Anatomical model

We used the anatomical model from the sample data set of the
MNE-Python software (Gramfort et al., 2013). The model includes
an original T1 MPRAGE sequence MRI acquired with a 1.5-Tesla
Siemens MRI scanner. A full segmentation of the head and brain
was performed using FreeSurfer (Dale et al., 1999; Fischl et al.,
1999). A source space with 16,386 sources per hemisphere was
constructed.

2.2. Forward model

An identical three-compartment (skin, skull, and brain) conduc-
tor model was used for osMEG, convMEG, and EEG. The boundaries
between the compartments were based on FreeSurfer segmenta-
tion and the linear collocation boundary-element modeling
approach was used in MNE-Python for magnetic field and electric
potential calculations (Gramfort et al., 2013).

2.3. Sensor arrays

OsMEG, convMEG and EEG were all modeled separately. In
addition, combined sensor arrays with osMEG + EEG, and
convMEG + EEG were also modeled.

2.3.1. OsMEG
The sensors were modeled as optically pumped magnetometers

(OPM) sensor cubes with side length 10 mm. The sensor output
was computed by integration over a sensing volume of
3 � 3 � 3 mm3 5 mm from the outer wall. Previous experimental
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and modeling studies reported noise levels of 6–15 fT/Hz(1/2) in
osMEG sensors. To make sure we do not underestimate the influ-
ence of noise, we opted for a more conservative noise level of 30
fT/Hz(1/2), which is more than twice what has been measured with
osMEG (Boto et al., 2021; Osborne et al., 2018). An array of 128
sensors was modeled and placed with 1 cm inter-sensor distance
over the scalp. The sensors had a 1 mm standoff in accordance with
other osMEG simulation studies.

2.3.2. ConvMEG
A conventional MEG 306-channel VectorView system (MEGIN

OY, Helsinki, Finland) sensor array was modeled using MNE
Python. The magnetic fluxes that thread the SQUID detection coil
constitute the sensor output. The flux can be determined as the
integral of the magnetic field normal to the coil plane. Here, the
sensor output was thus determined by integration of the SQUID
pickup coil using 4 integration points. Noise levels were set to 5
ft/cm/Hz (1/2) and 5 fT/Hz(1/2) for gradiometers and magnetometers,
respectively.

2.3.3. EEG
60 EEG channels were simulated and placed according to the

10–10 montage. For each electrode, the electric potential at the
center of the electrode was calculated as the sensor output. The
EEG noise sensor noise levels were set to 4 microV/Hz ½

(Ryynänen et al., 2004).

2.3.4. Combined sensor arrays
A combined sensor array with both a 128 osMEG and a 10–10

EEG montage was created by placing the osMEG sensors between
the EEG electrodes (see Fig. 1 for a schematic overview of a possi-
ble combined osMEG-EEG sensor array).

2.4. Activity simulations

2.4.1. Epileptic networks
Ten epileptic networks were modeled, with the SOZ located in

the frontal lobe, insula, temporal lobe, parietal lobe, occipital lobe,
and the cingulum. To cover anatomical sites often engaged in focal
epilepsy, four of these SOZs were placed in the frontal lobe (polar
frontal region, basal frontal lobe, lateral frontal lobe and the central
region), two SOZs were placed in the temporal lobe (mesial tempo-
ral lobe and lateral temporal lobe), and one SOZ was placed in the
insula (Engel, 2001; Tatum, 2012; Kellinghaus and Lüders, 2004;
Blume et al., 2001). To simulate migrating ictal activity, 16 adjacent
cortical patches were chosen. These were defined as circular
patches on the inflated FreeSurfer cortical surface, with gradually
growing radii. Starting with a SOZ radius of 4 mm, the radius
increased by 1 mm for each subsequent patch. Each patch was
active for three seconds. To resemble human seizure activity with
spatiotemporal evolution, the SOZ generated high frequency
(100 Hz) activity. To simulate ictal spatiotemporal evolution, the
next patch generated high frequency activity (50 Hz), followed
by a patch generating 35 Hz activity (Olmi et al., 2019; Proix
et al., 2018). Remaining patches generated rhythmic spike and
wave activity, simulated using the Wendling model, a neural mass
model designed to generate ictal activity (Wendling et al., 2016,
2002). For each cortical patch, dipole density was set to q = 0.77
nAm/mm2 (Murakami and Okada, 2015). For the anatomical distri-
butions of the simulated epileptic networks as well as a summary
of the size of the activated cortex at the different simulation time
points, see Fig. 2.

2.4.2. Epileptic spike simulation
In addition to epileptic networks, epileptic spikes were simu-

lated to originate from each of the ten SOZs described in Sec-

tion 2.4.1. The Wendling model was then used to simulate
isolated epileptic spikes from gradually growing cortical regions.
The initial radius was set to 4 mm, and thereafter grew by 1 mm
until it reached 15 mm. These epileptic spikes did not propagate
but were only set to include an increasingly large region of the cor-
tex. The cortical regions sizes that gave rise to identifiable epileptic
spikes in osMEG, convMEG and EEG respectively were statistically
compared using Student’s t-test.

2.4.3. Brain noise
The background brain noise model for both osMEG, convMEG

and EEG was based upon a MEG + EEG resting state recording from
the MNE Python sample participant. A minimum norm estimate
distributed source estimate solution was then computed for 500
seconds resting data. The solution was computed using MNE
Python. The weight of source variance of dipoles parallel to the cor-
tical surface, and the depth prior weight of the forward solution
(parameters ‘‘loose” and ‘‘depth” in the MNE function make_in-
verse_solution), were set to 0.2 and 0.8, respectively. The regular-
ization parameter was set to 1/SNR2 (signal to noise ratio, SNR)
with SNR = 3. Pooling was performed by taking the norm of the free
source orientations (Gramfort et al., 2013). The source estimate
was computed for a source space model with 16,386 sources per
hemisphere. Hereafter, the distributed solution was added to the
anatomical model used for ictal activity simulation.

2.5. Sensor data generation

Epileptic networks, epileptic spikes, and brain noise were added
to the source space of the anatomical model (one for each epileptic
network). Using the MNE Python function simulate_raw both
osMEG, convMEG, EEG and combined convMEG + EEG as well as
combined osMEG + EEG sensor data were simulated.

2.6. Clinical evaluation of raw sensor data

Similar to routine clinical MEG + EEG epilepsy evaluations, the
raw sensor data sets (one osMEG, one convMEG, one EEG, and
one convMEG + EEG data set for each epileptic network) under-
went visual inspection by an experienced clinician (author KW).
Although several algorithms have been developed for experimental
seizure activity detection, none of these are routinely used within
clinical settings. Instead, clinical guidelines recommend visual
identification of initial seizure activity characterized by high-
frequency, low-amplitude activity performed by experienced
epileptologists (Blume et al., 2001; Kane et al., 2017). However,
in addition to visual inspection, we also performed time–frequency
analysis of the raw data to identify any sudden onset of time–
frequency changes associated with seizure onset. After identifica-
tion of seizure activity, using both visual inspection and
time–frequency analyses, source imaging was performed for the
first second (one second epoch) of the detected seizure activity.
Equivalent current dipoles (ECDs) were computed for both the
osMEG, convMEG and EEG data, and the combined
convMEG + EEG as well as combined osMEG + EEG data (Sarvas,
1987). MNE Python in-built function fit_dipole() was used with a
default parameter setting for ECD calculation. The noise covariance
was determined using a 0.5 second data epoch immediately pre-
ceding onset of seizure activity. The distance between the osMEG,
convMEG, EEG, convMEG + EEG, and osMEG + EEG ECDs and the
center of the SOZ was computed for each epileptic network. Stu-
dent’s t-test was utilized to compute any statistically significant
difference between the osMEG ECD-SOZ center distance, and the
convMEG, EEG and convMEG + EEG as well as osMEG + EEG ECD-
SOZ center distance. In case the SOZ high frequency activity was
not visible in the convMEG and/or EEG raw sensor data, the
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Fig. 1. Proposed combined on scalp magnetoencephalography (MEG) – electroencephalography (EEG) sensor layout. Black: Sensor layout of 128 on scalp
magnetoencephalography (MEG) sensors Green: Sensor layout of 65 electroencephalography EEG electrodes in a 10–10 montage.

Fig. 2. Anatomical distribution of epileptic networks. Anatomical distribution of epileptic networks with seizure onset zone (SOZ) in black and propagating seizure activity
in red, orange, and yellow. (A: frontopolar, B: basal frontal lobe; C: lateral frontal lobe; D: lateral temporal lobe; E: mesial temporal lobe; F: insula, G: central region; H:
cingulum; I: parietal lobe; J: occipital lobe). Sub-figure on bottom right indicate the size of the epileptic network at times 3, 6, 9, . . ., 21 seconds.
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distance between the convMEG + EEG ECD and the center of the
region generating the first visible ictal activity was computed in
order to evaluate the accuracy of the simulated recording. See
Fig. 3 for an illustration of how the source localization accuracy
was determined. See Fig. 4 for selected raw sensor space data
traces of seizure activity from osMEG data; Fig. 5 for selected
raw sensor space data traces of seizure activity from convMEG data
and Fig. 6 for selected raw sensor space data traces of seizure activ-
ity from EEG data.

3. Results

3.1. Seizure activity detection in raw sensor space data

3.1.1. OsMEG
For all anatomical sites except the mesial temporal lobe, low

amplitude very high frequency SOZ (radius = 4 mm, area = 0.5 cm2)
activity was visible in the osMEG raw sensor data. Mesial temporal
lobe seizure activity was visible in the osMEG sensor space data
once the seizure activity had propagated to a cortical source with
a radius of 5 mm (area = 0.79 cm2). The results from visual inspec-
tion were verified by time frequency analysis of the raw sensor
data. For all sites except the mesial temporal lobe, an increase of
high-frequency (100 Hz) activity was seen at time 3 seconds (onset
of earliest seizure activity). For mesial temporal lobe, 50 Hz activity
was identified at time 6 seconds (see Fig. 4 for both raw initial ictal

activity from osMEG sensor space data and the corresponding
spectrogram from selected epileptic networks).

3.1.2. ConvMEG
The earliest visually identifiable seizure activity in convMEG

raw sensor data was propagated seizure activity originating from
a cortical source with a radius of 8 mm (area = 2.01 cm2). This
source size was thus 4 times larger than the source that could gen-
erate visually identifiable seizure activity in osMEG raw sensor
data (see section 3.1.1 above). The time–frequency analysis
showed that the initial seizure activity was characterized by rhyth-
mic 8–12 Hz activity. See Fig. 5 for both raw convMEG ictal sensor
space data and the corresponding spectrogram for selected epilep-
tic networks.

3.1.3. EEG
Similar to convMEG, the earliest visually identifiable seizure

activity in EEG raw sensor data was propagated seizure activity
originating from a cortical source of area 2.01 cm2 (radius = 8 m
m). See Fig. 6 for both raw EEG ictal sensor space data, and for
the corresponding spectrogram for selected epileptic networks.

3.1.4. Combined sensor arrays
Combining osMEG + EEG and convMEG + EEG sensor arrays did

not further improve seizure activity detection in the raw sensor
data. The time–frequency analysis revealed that the first identifi-
able seizure activity was characterized by rhythmic 8–12 Hz
activity.

Fig. 3. Source localization metric and source localization accuracy of the temporal lobe. Left: Illustration of the source localization accuracy metric utilized. Right: Source
localization of initial ictal activity from on scalp MEG (osMEG) (green) and combined conventional MEG and EEG (convMEG plus EEG) (red). Black: Seizure onset zone. Top:
Mesial temporal lobe; bottom: lateral temporal lobe.
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3.2. Seizure onset zone source estimations based on earliest visually
identifiable seizure activity

ECDs of the earliest visually identifiable seizure activity in both
osMEG (low amplitude, very high frequency SOZ activity for all
sites but mesial temporal lobe) and in convMEG + EEG (propagated
seizure activity for all sites) were computed, and the distances
between these ECDs and the ten SOZ centers calculated. The result-
ing average ECD-SOZ center distances were 4.7 mm (range: 2.2–
9.6 mm) for osMEG and 20.15 mm (range: 14.2–29.8 mm) for
convMEG + EEG, respectively. Consequently, the mean osMEG
ECD-SOZ center distance was 4.3 times smaller (i.e., the source
localization accuracy was 4.3 times better) than the mean
convMEG + EEG ECD-SOZ center distance. The osMEG ECD-SOZ
center distances were statistically smaller than the
convMEG + EEG ECD-SOZ center distances (p-value <0.01). See also
Table 1 and Fig. 3 for osMEG and convMEG + EEG source localiza-
tion accuracy for two epileptic networks.

The mean convMEG ECD-SOZ distance was 20.37 mm (range:
15.9–29.4 mm). The mean EEG-ECD SOZ distance was 21.55 mm
(range: 16.0–29.1 mm). The osMEG ECD-SOZ center distance was
significantly smaller than both the convMEG and the EEG ECD-
SOZ distance. See Table 1 for an overview. See also Fig. 3 for local-
ization of SOZs as well as osMEG and convMEG plus EEG ECDs for
two of the epileptic networks.

In addition, we also computed combined convMEG + EEG source
localization accuracy of the earliest seen seizure activity in these
modalities. In all epileptic networks, this earliest visually identifi-
able activity originated from propagated seizure activity. The mean
localization accuracy for this propagated activity was 4.49 mm
(range: 1.90–6.60 mm). See Table 1 for details.

3.3. Epileptic spike detection and source estimations

Epileptic spikes were first seen in the osMEG data. For all sites
but the frontopolar region and the insula, epileptic spikes originat-
ing from a cortical patch of size 0.5 cm2 were visible in raw sensor
data. Epileptic spikes from the frontopolar region and the insula
were visible when originating from a cortical region of size
0.78 cm2. Mean cortical area size for visible osMEG epileptic spikes
was 0.56 cm2. The corresponding mean size for convMEG was
1.91 cm2 and 1.87 cm2 for EEG. OsMEG cortical area sizes were
hence significantly smaller than those of convMEG and EEG
(p-value <0.01). Epileptic spikes and initial ictal activity (section
3.2) were thus seen at approximately the same time. There was
no significant difference between the modalities’ source localiza-
tion accuracy. See Table 2 for an overview and Fig. 7 for raw data
traces with epileptic spikes in osMEG, convMEG, and EEG.

4. Discussion

Unlike convMEG systems, the osMEG sensor system places sen-
sors directly on the scalp and thereby significantly improves the
proximity to the cortex which enhances the capability to detect
and localize small cortical sources by approximately a factor of 4.
OsMEG furthermore allows for free head movement during record-
ings and thus allows for longer recordings than convMEG, thereby
potentially enabling routine ictal MEG recordings. The results from
this study suggest that osMEG offers a unique potential to signifi-
cantly improve non-invasive detection as well as source estimation
accuracy for initial SOZ activity. OsMEG thereby holds the promise

Fig. 4. On scalp MEG (OsMEG) raw sensor space data and spectrograms from the basal frontal lobe. Top: Raw on scalp MEG (osMEG) sensor data of initial ictal activity
from the basal frontal lobe at starting at time 3 seconds (onset marked by dashed pink line). The sensor data was filtered 1–130 Hz using a one-pass, zero-phase non-casual
time-domain finite impulse filter. Bottom: Spectrogram of the data trace on top demonstrating upregulation of 100 Hz activity at time 3 seconds. Raw sensor data and
spectrograms for three additional epileptic networks can be found in the Supplementary Material.
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Fig. 5. Conventional MEG (ConvMEG) raw sensor space data and spectrograms from the cingulum. Top: First visible ictal activity from the cingulum seen in conventional
MEG (convMEG) at time 15 seconds with corresponding spectrogram demonstrating upregulation of 8–12 Hz activity at time 15 seconds (onset marked by dashed black line).
The sensor data was filtered 1–130 Hz using a one-pass, zero-phase non-casual time-domain finite impulse filter. Bottom: Initial 5 seconds of the same sensors as presented
above with corresponding spectrogram without any upregulation of high frequency activity as seen in the on scalp MEG (osMEG data) (see Fig. 4). Raw sensor data and
spectrogram for one additional epileptic network can be found in the Supplementary Material.
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Fig. 6. EEG raw sensor space data and spectrograms from the lateral frontal lobe. Top: First visible ictal activity from the lateral frontal lobe seen in EEG at time 15
seconds with corresponding spectrogram demonstrating upregulation of 8–12 Hz activity at time 15 seconds (onset marked by dashed blue line). The sensor data was filtered
1–130 Hz using a one-pass, zero-phase non-casual time-domain finite impulse filter. Bottom: Initial 5 seconds of the same sensors as presented above with corresponding
spectrogram without any upregulation of high frequency activity as seen in the on scalp MEG (osMEG data) (see Fig. 4). Raw sensor data and spectrogram for one additional
epileptic network can be found in the Supplementary Material. For EEG electrode placements on scalp, please see Supplementary Fig. 8. The simulated electrodes record the
electric potential at specific scalp coordinates, and not the difference between scalp positions as in experimental settings.
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to significantly improve the guidance of sEEG electrode positioning,
the guidance of the surgeon and thereby epilepsy surgery outcome.

Epilepsy surgery is performed to remove the seizure onset zone
from where seizure activity initiates. Presurgical epilepsy evalua-
tions aim to pinpoint this region by detecting and localizing
SOZ-generated initial low amplitude, high frequency activity. This
localization is today routinely guided by invasive sEEG measure-
ments (Toth et al., 2019). However, although the ictal activity
may be initiated within a small SOZ, pharmacoresistant focal
epileptic seizure often propagate along patient-specific pathways
within complex epileptic networks (Proix et al., 2018; Stefan and
da Silva, 2013). Thus, accurately localizing the SOZ so that it can
be targeted by sEEG electrodes can be very difficult, since sEEG
electrodes are placed within a limited area of the brain, the choice
of which is based on non-invasive neuroimaging investigations
that themselves cannot detect the initial SOZ seizure activity
(Duez et al., 2019; Jayakar et al., 2016, 2008). Thus, these neu-
roimaging modalities, including EEG and convMEG, only provide
indirect and incomplete evidence of the brain regions that most
likely contain the SOZ. Incorrect sEEG electrode positioning due
to insufficient or inaccurate non-invasive evaluations do not only
result in poor epilepsy surgery results, but also in epilepsy patients

undergoing inconclusive intracranial registrations with potential
severe adverse effects (Kwan et al., 2012). Conversely, an accurate
and reliable non-invasive SOZ source estimation would signifi-
cantly improve sEEG electrode area-selection placement accuracy
and, in extension, improve epilepsy surgery results.

The osMEG sensor system’s proximity to the cortex allows for a
significantly increased sensitivity. In agreement with the expected
benefits from this improved proximity, our results show that
osMEG may precisely localize even a very small (0.5 cm2) SOZ
region at most sites across the cortex. In contrast, combined
convMEG + EEG could not detect SOZ activity from any sources of
such size (see Fig. 2A and B), requiring cortical regions of 2.5 times
that area for detection. Our results therefore suggest that the place-
ment of sEEG implantation would be significantly improved by
being guided by osMEG rather than convMEG and/or EEG alone.
Furthermore, osMEG allows for free headmovement during record-
ings. This allows for longer recordings than with convMEG, thereby
potentially enabling routine ictal MEG recordings, which in turn
would enable a more direct localization of the SOZ as compared
to interictal recordings that are typically done with convMEG.

The results from this study suggest that osMEG offers a unique
potential to significantly improve non-invasive detection as well as

Table 1
On scalp MEG (osMEG), conventional MEG (convMEG), EEG (EEG) and combined convMEG + EEG seizure activity detection and Equivalent Current Dipole (ECD) – seizure onset
zone (SOZ) center distances.

Anatomical site Type of earliest seen seizure activity:
SOZ or propagated

SOZ source localization accuracy (mm) Accuracy in localizing earliest
seen seizure activity (SOZ or
propagated) (mm)

osMEG convMEG and EEG osMEG convMEG + EEG convMEG (EEG) osMEG convMEG + EEG

Frontopolar SOZ Propagated 6.1 14.9 15.9 (16.6) 6.1 (S+) 5.5 (P)
Basal frontal lobe SOZ Propagated 3.1 14.2 14.8 (16.0) 3.1 (S) 6.6 (P)
Lateral frontal lobe SOZ Propagated 2.4 16.4 16.2 (18.1) 2.4 (S) 2.8 (P)
Lateral temporal lobe SOZ Propagated 9.6 17.0 17.5 (17.3) 9.6 (S) 3.0 (P)
Mesial temporal lobe Propagated Propagated 5.1 26.5 26.0 (26.4) 2.4 (P++) 6.7 (P)
Insula SOZ Propagated 6.0 15.6 15.9 (17.9) 6.0 (S) 1.9 (P)
Central region SOZ Propagated 5.6 29.8 29.4 (29.1) 5.6 (S) 5.7 (P)
Cingulum SOZ Propagated 3.4 19.5 21.3 (24.8) 3.4 (S) 4.1 (P)
Parietal lobe SOZ Propagated 3.5 23.6 23.6 (25.7) 3.5 (S) 3.7(P)
Occipital lobe SOZ Propagated 2.2 24.0 23.1 (23.4) 2.2 (S) 4.9 (P)
Mean 4.7*,**,*** 20.15 20.37 (21.54) 4.43 4.49

S+ First seen seizure activity from SOZ.
P++ First seen seizure activity from propagated seizure activity.
Abbreviations: convMEG: conventional magnetoencephalography; EEG: electroencephalography; osMEG: on scalp magnetoencephalography; SOZ: seizure onset zone.

* OsMEG distance between earliest seen activity significantly smaller than ConvMEG/EEG distance between earliest seen activity.
** OsMEG distance between earliest seen activity significantly smaller than ConvMEG distance between earliest seen activity.
*** OsMEG distance between earliest seen activity significantly smaller than EEG distance between earliest seen activity.

Table 2
Comparison of the cortical region size that give rise to identifiable epileptic spikes in conventional MEG, on scalp MEG, and EEG data for all anatomical sites.

Anatomical site OsMEG (cm2) OsMEG source
localization
accuracy (mm)

ConvMEG
(cm2)

ConvMEG source
localization
accuracy (mm)

EEG (cm2) EEG source
localization
accuracy (mm)

Frontopolar 0.78 5.6 2.01 5.1 1.54 5.5
Basal frontal lobe 0.5 6.0 2.02 7.0 2.01 6.9
Lateral frontal lobe 0.5 3.5 2.01 3.1 2.01 4.1
Lateral temporal lobe 0.5 5.3 2.01 5.6 2.01 4.6
Mesial temporal lobe 0.5 6.2 1.54 6.1 1.54 6.0
Insula 0.78 6.1 2.02 5.9 2.01. 6.3
Central region 0.5 3.4 2.01 3.2 2.01 3.5
Cingulum 0.5 5.5 2.02 5.2 1.54 5.3
Parietal lobe 0.5 2.7 2.01 2.8 2.01 2.7
Occipital lobe 0.5 3.1 2.01 3.5 2.01 2.2
Mean 0.56*,** 4.74 1.91 4.75 1.869 4.71

Abbreviations: convMEG: conventional magnetoencephalography; EEG: electroencephalography; IED: interictal epileptiform discharges; osMEG: on scalp
magnetoencephalography.

* Cortical area generating IEDs visible in osMEG raw data significantly smaller than cortical area generating IEDs visible in convMEG.
** Cortical area generating IEDs visible in osMEG raw data significantly smaller than cortical area generating IEDs visible in EEG.
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Fig. 7. Epileptic spike visibility in on scalp MEG (osMEG), conventional MEG (convMEG) and EEG from the parietal lobe. Top: Epileptic spikes seen in on scalp MEG
(osMEG) at time 3 seconds (area: 0.5 cm2). Middle: Epileptic spike in conventional MEG (convMEG) seen at time 15 seconds (area: 2.02 cm2). Bottom: Epileptic spikes in EEG
seen at time 15 seconds (area: 2.02 cm2). The sensor data was filtered 1–40 Hz using a one-pass, zero-phase non-casual time-domain finite impulse filter. Raw sensor data
from osMEG, convMEG and EEG from one additional epileptic network can be found in the Supplementary Material. For EEG electrode placements on scalp, please see
Supplementary Fig. 8. The simulated electrodes record the electric potential at specific scalp coordinates, and not the difference between scalp positions as in experimental
settings.
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source estimation accuracy for initial SOZ activity. Thus, osMEG
holds the promise to significantly improve sEEG electrode posi-
tioning, and thereby epilepsy surgery outcome. One could argue
that, in all fairness, the difference in SOZ localization ability stems
from the increased signal strength in osMEG compared to
convMEG + EEG. While we demonstrated that osMEG could detect
sources four times smaller than the sources detected by
convMEG + EEG, there were no significant difference in source esti-
mation accuracy between the modalities when comparing osMEG
and convMEG + EEG ECDs of visually identifiable epileptic activity
(e.g., from sources 2.1 cm2 and more). Importantly however, the
lower sensitivity of convMEG and EEG utilized in clinical epilepsy
evaluations render these techniques less likely to detect initial sei-
zure activity originating from small cortical sources such as the SOZ,
and more likely to localize the activity somewhere along a propa-
gated network of increasing size. The improved signal strength in
osMEG recordings may thus enable routine clinical non-invasive
SOZ detection and an improved SOZ localization (see Fig. 2A and
B). This critical improvement can potentially move MEG from
being a useful neuroimaging tool to becoming instrumental in
SOZ localization and sEEG planning.

To date, there are still only a small number of experimental
osMEG studies. There is therefore limited knowledge of osMEG
sensor and source space data, including osMEG brain noise charac-
teristics. Since several studies have demonstrated an increased
osMEG signal strength compared to convMEG, it can be assumed
that the brain noise amplitude is also higher than that of convMEG.
To achieve realistic brain noise for all analyzed modalities, a real
convMEG + EEG recording was utilized to create realistic sensor
space background noise activity. To further ensure that the osMEG
modality was not favored in the simulation, sensor noise of the
osMEG sensors were set conservatively to 30 fT/Hz(1/2), compared
to the levels of 6–15 ft/Hz(1/2) typically seen in real recordings
(Boto et al., 2021; Iivanainen et al., 2017). Furthermore, in order
to verify that the simulations used to produce these present results
were accurate, we compared the simulated convMEG + EEG perfor-
mance to experimental results. Such studies have demonstrated
that convMEG + EEG ECDs are placed about 5–13 mm from the
estimated source (Komssi et al., 2004). Correspondingly, when
determining the convMEG + EEG ECD of the first visible ictal activ-
ity, and its distance to the cortical region eliciting corresponding
visible ictal activity, we found that the convMEG + EEG ECDs were
about 6.4 mm from the source, which is then in agreement with
experimental studies. Furthermore, in our simulation, we found
that epileptic activity was visible in the convMEG + EEG data from
activation areas of �2 cm2 (see Table 2). In agreement with these
results, co-registrations of convMEG and intracranial EEG during
real recordings have concluded that activation of 1–3 cm2 cortex
is required for convMEG to detect epileptic activity (Oishi et al.,
2002). These results are also in agreement with in vivo electro-
physiological measurements which have demonstrated that the
current dipole density of human neocortical slices is approximately
1–2 nAm/mm2 (Murakami and Okada, 2015). Consequently, Mura-
kami and Okada concluded that epileptic spikes visible in
convMEG + EEG arise from a minimum of 1.37–2.75 cm2 activated
cortex (Murakami and Okada, 2015). These conclusions are thus in
accordance with the modeling results presented here (see Table 2).

We further found that epileptic spike detection was similar for
both convMEG and EEG. Several studies have shown that the dif-
ferent sensitivity profiles of convMEG and EEG reported in the lit-
erature depends on depth and orientation (Hunold et al., 2016).
Although some studies have demonstrated that high-density EEG
detects a greater number of spikes than do convMEG (Plummer
et al., 2019), several studies have demonstrated that convMEG
detects more epileptic spikes than EEG (Iwasaki et al., 2005; Park
et al., 2002, 2004). It is likely that the epileptic networks simulated

here do not exhibit the same depth and orientation profiles as do
real epileptic sources, affecting EEG plus convMEG visibility.

Although the main focus of this manuscript is on the potential
of osMEG sensors and not on system construction concerns, it
should be noted that a practical implementation of an OPM-
based osMEG system, such as the one described here, warrants
addressing some of the potential limitations of the technology.
While sensor movements relative to the head (and the associated
artifacts) are minimal in an osMEG system with an individualized
cap or head-shape-adjustable helmet, the sensors moving within
any remnant magnetic field in the shielded room causes measure-
ment artifacts. Dynamic active shielding can however reduce the
remnant field to minimize such movement artifacts, and ensure
the sensors stay within dynamic range and suppress cross-axis
projection errors (Seymour et al., 2022; Robinson et al., 2020),
and synthetic gradiometry and homogeneous field correction can
further help tackle environmental interference (Seymour et al.,
2022, Robinson et al., 2020). Heat generated by OPM-based osMEG
systems may also become an issue in large systems, such as the
one described here, and may require an active cooling system.
Supporting structures (helmet or sensors adapters for a cap) in a
densely populated system such as a 128-sensor OPM system –
especially an OPM-EEG combination – would further need to be
carefully designed to accommodate all the sensors in addition to
providing sufficient air flow for cooling. Heat is however mainly
a concern for today’s alkali-based OPMs, and other sensors vari-
ants, such as helium4-based OPMs, require no heating and thus
have a lower risk of causing thermal discomfort (Fourcault et al.,
2021).

In conclusion, our results demonstrate that osMEG sensors can
detect and localize initial low-voltage, high-frequency seizure
activity with superior sensitivity and accuracy, thereby enabling
significantly improved non-invasive SOZ localization at a level that
cannot be achieved by other non-invasive clinical neurophysiolog-
ical modalities such as convMEG or EEG. OsMEG measurements
thus holds the promise of significantly improving sEEG implanta-
tion accuracy, and thereby improving epilepsy surgery outcome
and safety. Practical measurements are of course needed to con-
firm our results and to demonstrate the usefulness of osMEG to
neurosurgeons in a clinical setting. On that note, a 128-channel
OPM-based osMEG system will be installed at Karolinska Institute,
National Facility for Magnetoencephalography (https://www.nat-
meg.se) during early spring 2024, and our group is accordingly
preparing to follow up these modeling results with osMEG record-
ings on epilepsy patients, to explore the clinical potential of osMEG
further.
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Appendix A. Supplementary material

Supplementary Figs. 4A–4C, 5–6 demonstrate on scalp MEG
(osMEG), conventional MEG (convMEG) and EEG from six addi-
tional epileptic networks (please see article Fig. 2 for the anatom-
ical localization, extent and naming convention of these networks)
analyzed in the study. Supplementary Figs. 4A–4C (all filtered 1–
130 Hz using a one-pass, zero-phase non-casual time-domain
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finite impulse filter) show osMEG raw sensor data visibility of low-
amplitude, high-frequency (100 Hz) initial ictal activity alongside
spectral power upregulation at the ictal onset (time 3 second;
please see article Fig. 2 for overview of the spatiotemporal devel-
opment of the simulated seizure activity). In comparison, Supple-
mentary Figs. 5 and 6 demonstrate the first seizure activity
detected (visually and using time-frequency analysis) by convMEG
(Supplementary Fig. 5) and by EEG (Supplementary Fig. 6) at time
15 seconds (please see article Fig. 2 for overview of the spatiotem-
poral development of simulated seizure activity). Supplementary
material to this article can be found online at https://doi.org/10.
1016/j.clinph.2023.10.006.
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