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Magnetoencephalography (MEG) possesses a number of features, including excellent spatiotemporal resolution,
that lend itself to the functional imaging of epileptic activity. However its current use is restricted to specific
scenarios, namely in the diagnosis refractory focal epilepsies where electroencephalography (EEG) has been
inconclusive. This review highlights the recent progress of MEG within epilepsy, including advances in the

technique itself such as simultaneous EEG/MEG and intracranial EEG/MEG recording and room temperature
MEG recording using optically pumped magnetometers, as well as improved post processing of the data during
interictal and ictal activity for accurate source localisation of the epileptogenic focus. These advances should
broaden the scope of MEG as an important part of epilepsy diagnostics in the future.

1. Introduction

A mainstay in epilepsy diagnostics over the last century has been the
electroencephalogram or EEG. Simply explained, EEG records electrical
currents reflecting synchronous neuronal activity attributable to the
brain surface, and can identify abnormal activity related to epilepsy with
good temporal resolution. Another non-invasive neurophysiological
approach to epilepsy diagnosis has been Magnetoencephalography or
MEG, that measures fluxes in the magnetic field caused by the same
brain electrical activity with excellent spatial and temporal resolution.
Indeed a number of studies have supported the complementary use of
scalp EEG and MEG for a number of reasons [1-4]. The first is related to
overcoming the inverse problem, i.e. determining where a source would
have to be located to generate the fields actually observed at the scalp.
Key advantages of MEG over EEG would be its immunity to signal
distortion as a result of highly variable conductances from scalp and
skull. Modern MEG scanners, which utilise around 300 sensors for whole
head coverage, confers superior spatial resolution of 3-4 cm? for
epileptogenic activity detection compared with 6 cm? for EEG [5].
Finally MEG is sensitive to tangentially oriented sources i.e. parallel to
the scalp, whereas EEG is more sensitive to radially orientated sources i.
e. perpendicular to the scalp.

However the use of MEG has been limited to specific epilepsy sce-
narios, mainly within epilepsy surgery evaluation, i.e. the surgical
resection of the epileptogenic focus. It certainly has value in this area;
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one large study of 1000 consecutive cases of refractory focal epilepsy
demonstrated that MEG provided additional information to existing pre-
surgical methods (including scalp EEG, single photon emission
computed tomography (SPECT) and MRI) in 32% of cases, and complete
magnetoencephalography resection was associated with significantly
higher chances to achieve seizure freedom in the short and long-term
[6]. MEG has been used to inform invasive intracranial electroenceph-
alography planning, viewed as the gold standard for precise localisation
of the epileptogenic zone, in up to a third of patients [7] with patients
having a significantly higher chance of being seizure-free when intra-
cranial EEG completely sampled the area identified by magnetoen-
cephalography as compared to those with incomplete or no sampling of
magnetoencephalography results [8]. So why has MEG not had the
impact predicted by early clinical evaluation? There appear to be a
number of reasons, primarily being the associated cost and space
required to run MEG systems; traditional MEG uses superconducting
quantum interference device (SQUID) sensors that are necessarily
cryogenically cooled in a large liquid helium dewar, and recordings can
only occur in a magnetically shielded room. Consequently there is
limited availability to MEG scanners (currently there are 10 scanners in
the UK). Another limitation is the restrictive nature of recording; pa-
tients are required to have their head fixed in a limited selection of MEG
helmet sizes with any motion of the head relative to the sensors e.g.
during a seizure, affecting MEG signal quality. This means that MEG
recording sessions are usually brief (1-2 hours) when compared to EEG
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Fig. 1. Combined SEEG-MEG recording. A. Average IED recorded with SEEG (left) and MEG (right) from a patient with a superficial epileptogenic focus B. Coronal
and sagittal image from same patient of average MEG dipole (top) and post resection (bottom). C. Average IED recorded with SEEG (left) and MEG (right) for a deep
epileptogenic focus; scale bar 300pV/500 fT and 0.2 s. D. Coronal and sagittal image from same patient of average MEG dipole (top) and post resection (bottom)

(Adapted from [25]).
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telemetry that can last several days.

This essay focuses on advances within traditional SQUID MEG
recording and post-processing of data, which has looked to overcome
these limitations, as well as novel forms of MEG recording that may
translate MEG into a more widely available clinical investigation.

2.1. Epileptogenic source localisation using MEG

Localising electrophysiological activity in epilepsy using MEG is
either based on interictal activity, usually in the form of interictal
epileptic discharges (IEDs) and high frequency oscillations (HFOs), or
ictal activity. However as already mentioned, with relatively short
recording times, the likelihood of capturing seizures is around 10% [9].
Methods for source localisation include single equivalent current dipole
(SECD), limited constrained minimum variance (LCMV) beamformer,
low-resolution brain electromagnetic tomography (LORETA) and mini-
mum norm estimation (MNE). For SECD, IEDs are visually identified on
MEG recording and the location, orientation, and strength of dipole
sources that best fit the measured magnetic fields are calculated. Prop-
agation of the IED can be observed at several time points along the spike
upslope up to the peak of the global field power [10]. This creates a
cluster of dipoles that represent each individual spike, which can then be
represented on individual MRI anatomy. Cluster ‘tightness’, the pres-
ence of several dipoles within a sublobar region or even adjacent gyri,
has implications on seizure freedom post epilepsy surgery if removed
[8]. In comparison to dipole methods that estimate source distributions
within reconstructed data, a LCMV beamformer estimates the activity
for a source at a given location (typically a point source) while simul-
taneously suppressing the contributions from all other sources. As such
this method may provide additional value when spikes are not clearly
discernible on the sensors and support ECD localizations when dipoles
are scattered [11].

MEG detection rate for IEDs is approximately 70%, with deep sources
such as the mesial temporal lobe, a region commonly associated with
refractory epilepsy, being poorly detected with MEG [12,13]. Indeed,
diagnostic accuracy has been reported to be significantly higher in
extra-temporal lobe epilepsy (diagnostic odds ratio of 4.4 versus 41.6 for
temporal lobe) [14]. This is likely because spatial resolution decreases
rapidly as a function of the depth of the epileptic generators, making
source estimation challenging. To overcome this, beamforming with
spatial filtering has been applied to detect hippocampal IED previously
not visualised in the raw MEG trace [15], and trials of combined
SEEG-MEG techniques which will be discussed later.

HFOs, between 80-200 Hz, are increasingly being recognized as EEG
biomarkers for epileptogenicity [16]. MEG provides the spatiotemporal
resolution required to accurately identify such activity. One study of 52
medically refractory epilepsy patients reported that concordance rate of
high frequency oscillations sources with the presumed epileptogenic
zone and the resected cortex were 75.0% and 78.8%, respectively, su-
perior to standard dipole fitting methods. Moreover congruence be-
tween high frequency oscillation sources and resected cortex, predicted
an 82.4% probability of achieving seizure freedom up to two years post
resection, far greater than the 50% success rate currently seen post
surgery [17]

MEG recording of ictal activity has proved more elusive. The largest
study to date on 44 patients who had recorded MEG ictal activity, re-
ported that even then single equivalent current dipole analysis was only
possible in 29 patients (66%), due to poor dipolar ictal patterns, no MEG
changes, and movement artifact [18]. Interestingly, using a MNE
method over a narrow frequency band at seizure onset was more pre-
dictive than SECD for sustained seizure freedom post surgery. Again
HFO detection during the periictal state can be useful in evaluating the
seizure onset zone [19]. The effect of movement artifact on MEG signal
can be a significant limitation, especially when recording hyperdynamic
seizures. One approach to limit such disturbance on MEG signal would
be to apply post-processing techniques to the data recorded such as
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spatiotemporal signal space separation (tSSS) or movement correction i.
e. reconstructing sensor level MEG signals in the reference head position
[20].

2.2. Combined EEG/MEG studies

Most clinical MEG centres perform simultaneous time locked scalp
EEG and MEG, in order to validate abnormal MEG responses as being
epileptiform in nature, rather than artefact. However the majority of
combined recording use low density EEG coverage (<64 electrodes),
thereby missing an inferior electrode array to view the basal and inner
surfaces of the frontal, temporal and occipital lobes. One study
addressed this by recording simultaneous high density EEG and MEG in
13 patients, and reported that independent electrographic source
localisation (ESL) and magnetoencephalographic source localisation
(MSL) was superior to combined MESL for accuracy in determining the
epileptogenic zone (EZ). Interestingly focussing on the early phase of
interictal and ictal activity (first latency 90% explained variance) was
more sensitive in accurately localising the EZ than mid-phase (involving
the positive peak of spike) or late phase (negative peak) [21].

As described earlier MEG and SEEG performed at different time-
points (typically separated by a number of months) have been
compared, demonstrating that concordance between both modalities in
identifying epileptiform activity was associated with a higher chance of
seizure freedom post surgical resection [8,22]. However these studies
would be limited by variability in brain anatomy, disease status and
medications taken between recordings. Only a few single case studies up
to now have attempted to perform simultaneous SEEG-MEG recording,
mainly due to the technical challenge it poses [23,24]. The potential
benefit of such recordings would be to combine both modalities, with
MEG providing whole brain information, and SEEG providing informa-
tion on deep sources with high signal to noise ratio. One recent study
performed simultaneous SEEG-MEG in a case series of 14 patients with a
range of focal refractory epilepsies, broadly divided in patients with a
superficial epileptogenic focus (n = 7) and with a deep epileptogenic
focus (n = 7). IED were compared for frequency and source localisation
between both modalities and related to post epilepsy surgery outcome
where possible. It reported that for superficial sources there was no
significant difference between SEEG and MEG in detecting IED
(p = 0.135) (Fig. 1A) but SEEG was significantly better at detecting deep
spikes (p = 0.002) (Fig. 1C), with no IED visibly identified in MEG for
four patients. To assess source localisation an average MEG dipole was
calculated for IED and compared to SEEG source localisation. MEG
dipole location was consistent with entire SEEG study findings in all
superficial cases, and its removal during surgery was associated with 12
month seizure freedom in 6 out of 7 cases (Fig. 1B). Interestingly, in the
four patients with deep sources where no IED was visible, an MEG dipole
was fitted to SEEG interictal activity triggered average, and found that
average MEG activity informed by identified SEEG spikes still accurately
localised deep source activity, which has not been demonstrated in ep-
ilepsy before. Moreover surgical resection of the consequent average
MEG dipole predicted seizure freedom (Fig. 1D) [25]. This finding using
a distributed inverse method is consistent with the recent observation
that SEEG informed deep brain MEG activity can be detected using in-
dependent component analysis (ICA) [31], thereby potentially over-
coming a perceived limitation of MEG in imaging deep brain activity.

2.3. Optically Pumped Magnetoencephalography (OP-MEG) in Epilepsy

As already mentioned, main limitations of traditional MEG scanning
that uses SQUID sensors include the restrictive nature of scanning and
the impact of head motion on MEG signal. To overcome this, a novel
form of MEG has been developed using quantum sensors (optically-
pumped magnetometers or OPMs) that do not rely on superconducting
technology but on the transmission of laser light through a vapour of
spin-polarised rubidium atoms. Crucially, OPM sensors can be worn
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Fig. 2. Use of OP-MEG in epilepsy. A. Example of a 3D scanner
cast B. Distribution of 15 OPM sensors in relation to patient’s
head (left) and comparative sizes of first and second generation
OPMs (right) C. Examples of interictal epileptiform activity
recorded from the patient using scalp EEG and OP-MEG D.
Source localisation of average interictal activity using MEG
dipole within patient space E. Source localisation using beam-
former method on separate patient visit F. Example of motion
tracking predicting changes in local magnetic field (Adapted
o from [27]).
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directly on the head, allowing the subject to move within a magnetically
shielded environment whilst being scanned. Indeed, OPM sensors are
placed just 6 mm from the scalp surface by comparison to roughly 3-
4 cm in cryogenic MEG, meaning the magnetic field strengths measured
due to cortical sources are typically 4 times greater in adults [26]. The
first use of OP-MEG in a patient with refractory epilepsy with a right
posterior quadrant focus was reported recently [27]. 15 OPM sensors
were positioned over that quadrant using a 3D printed scanner helmet
(Fig. 2A,B) informed by an anatomical 3 T MRI scan. Forms of abnormal
interictal activity previously seen on clinical EEG were detectable with
OP-MEG (spikes, sharp and slow waves, polyspikes, spike and waves)
demonstrating similar morphology (Fig. 2C), and produced consistent
localisation of IED activity (Fig. 2D,E). Since this first reported case
study, optically tracking of the OPM sensors have also been incorporated
as the subject moves, thereby providing the ability predict the field
changes due to head movement, in order to regress patient motion
artefact away from the MEG signal (Fig. 2F). Importantly as OP-MEG
permits the patient to move naturally while recording, long term
OP-MEG recording akin to EEG telemetry is now a possibility, especially
useful when considering paediatric epilepsy cases.

2.4. Use of MEG in mapping eloquent cortex

An important aspect of epilepsy surgery workup is defining eloquent
brain pathways that are important for speech, motor function, and
memory and how they may be affected by potential surgery. Methods to
attain this information include the intracarotid amobarbital test or
Wada; however it is a demanding and invasive test that serves to lat-
eralise but not localise function. Alternative advanced non-invasive
techniques to map function are functional MRI, that identify varia-
tions in magnetic resonance signalling associated with altered blood
oxygenation level-dependency (BOLD) as the brain engages in an ac-
tivity i.e. response to a cognitive task [28] and more latterly MEG [29].
Language mapping has also been performed with OP-MEG using a
validated verb generation test in naturally moving healthy adults,
showing that at a sensor and source level, a lateralising beta band
(15-30 Hz) desynchronization could reliably be detected in all subjects
[30]. This suggests a future role for combined epileptogenic source
localisation and eloquent cortex mapping using OP-MEG in epilepsy
subjects.

In conclusion, due to its inherent properties such as excellent
spatiotemporal resolution and immunity to signal distortion from skull,
MEG has been used as a non-invasive investigation in limited epilepsy
scenarios, namely refractory focal epilepsy surgery cases, to provide
complementary information to scalp EEG in defining the epileptogenic
focus. However more widespread use of MEG has been stymied by
limitations such as a restrictive recording environment, signal distur-
bance due to subject motion, and high maintenance costs. With ad-
vances in processing of MEG data, development of simultaneous EEG-
MEG and SEEG-MEG recording, and more recently the replacement of
SQUID sensors with OPMs, translation of MEG into a more clinically
available tool for a range of epilepsy diagnostics is now a real possibility.
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