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Abstract

Magnetoencephalography with optically pumped magnometers (OPM-MEG) is
an emerging and novel, cost-effective wearable system that can simultaneously
record neuronal activity with high temporal resolution ("when" neuronal activ-
ity occurs) and spatial resolution ("where" neuronal activity occurs). This paper
will first outline recent methodological advances in OPM-MEG compared to con-
ventional superconducting quantum interference device (SQUID)-MEG before
discussing how OPM-MEG can become a valuable and noninvasive clinical sup-
port tool in epilepsy surgery evaluation. Although OPM-MEG and SQUID-MEG
share similar data features, OPM-MEG is a wearable design that fits children and
adults, and it is also robust to head motion within a magnetically shielded room.
This means that OPM-MEG can potentially extend the application of MEG into
the neurobiology of severe childhood epilepsies with intellectual disabilities (e.g.,
epileptic encephalopathies) without sedation. It is worth noting that most OPM-
MEG sensors are heated, which may become an issue with large OPM sensor
arrays (OPM-MEG currently has fewer sensors than SQUID-MEG). Future im-
plementation of triaxial sensors may alleviate the need for large OPM sensor ar-
rays. OPM-MEG designs allowing both awake and sleep recording are essential
for potential long-term epilepsy monitoring.
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1 | CLINICAL VALUE OF MEG

The clinical benefit of conventional superconducting quan-
tuminterferencedevice(SQUID)-magnetoencephalography
(MEG) is well known." It is a technique that has the poten-
tial to identify and localize the origin of epileptiform activ-
ity in the brain,* using multichannel SQUID technology’
that has been used to record epileptiform activity since
the early 1990s.*> Despite its clinical promise in epilepsy,
the worldwide uptake of SQUID-MEG equipment has not

been as widespread as expected. The reason for this is not
for lack of scientific/clinical validity, but rather its logistical
limitations. MEG is a large piece of equipment that typically
weighs half a ton, and it requires superconductive helium-
cooling at —269°C to record neuronal activity.® It also has
a prefixed cylindrical headspace, where participants must
keep their heads still during the scan.

Despite these issues, MEG has several strengths and
complementarities in comparison to its most similar
method, electroencephalography (EEG). MEG is a system
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that detects neuronal activity at a submillisecond temporal
resolution, mainly from the magnetic field emanated by
postsynaptic current flow from 10000-50000 cortical ex-
citatory pyramidal neurons.” EEG detects the electric local
field potentials that arise primarily from extracellular cur-
rents driven by the same postsynaptic potentials.® MEG is
less susceptible to volume conduction compared to EEG,
which means that it provides superior source localization
of neuronal activity’ and a higher theoretical spatial res-
olution limit.'® Although MEG is theoretically insensitive
to radial sources in a perfectly spherical conductor, these
tend to occur at the cortical surface at the crests of gyri,
and in practice, the limitation is somewhat mitigated by
closely adjacent sources that, being near the surface, are
relatively close to the MEG sensors.'’ Nevertheless, it has
been observed in practice that there is a degree of comple-
mentarity in the sensitivity of MEG and EEG likely due
to the depth and orientation differences of electromag-
netic sources.'>!* Despite the methodological advantages,
SQUID-MEG techniques suffer from several limitations
that have hindered this system's widespread clinical and
research uptake.

2 | EMERGENCE OF
WEARABLE OPTICALLY PUMPED
MAGNETOMETER-MEG

Because conventional SQUID-MEG systems are expensive
and have some challenges in research and clinical settings,
MEG with optically pumped magnetometers (OPM-MEG)
are an exciting development in human neuroscience. A
series of recent publications have demonstrated the scien-
tific promise of the new and improved OPM-MEG. OPM-
MEG and SQUID-MEG signals stem from magnetic fields
in the brain, and have quantum physics origins. However,
OPM-MEG! overcomes several limitations of SQUID-
MEG.">* OPM-MEG is wearable, and participants have
the freedom to move during the scans, at least 10 cm'
and likely up to 1 m.* This is enabled by a system worn
like a cap or a helmet that can be fitted to both children
and adults. Also, OPM-MEG does not require helium-
based superconductive cooling of the equipment, making
it cost-efficient to operate compared to low-temperature
MEG systems.

Like conventional SQUID-MEG, OPM-MEG systems
measure the magnetic fields generated by current flow in
assemblies of pyramidal neurons oriented perpendicular
to the cortical surface below each sensor. This is typically
achieved with two advanced physics components: (1) a
shielded room that nullifies the earth's magnetic field and
other magnetic interference, especially oscillating mag-
netic fields that can arise from nearby electrical wiring;

Key Points

« OPM-MEG can record neuronal activity at a
good spatial and temporal resolution

« OPM-MEG is robust to head movement and can
therefore be utilized in severe epilepsies

« Most OPM-MEG sensors are heated, which
may become an issue with large sensor arrays

« OPM-MEG is wearable and relatively easy to
use compared to conventional MEG

and (2) OPM sensors that can detect tiny changes of the
brain's magnetic field at the femtotesla scale (a tesla to the
factor of 107%).

Currently available commercial OPM-MEG systems
utilize a shielded room with degaussing coils shown ca-
pable of reducing the interference from the earth’'s mag-
netic field to ~1.5 nT?® (down from almost 50000 nT
where the room was 10cated27). The need for attenua-
tion more than an order of magnitude greater than that
required for SQUID-MEG is a potential disadvantage of
wearable OPM-MEG systems.26 However, recent advances
utilizing active field suppression facilitate the operation
of OPM-MEG in magnetically shielded rooms designed
for SQUID-MEG.* Although current commercial OPM-
MEG solutions require a shielded room to reduce exter-
nal interferences, novel magnetically silent gradiometers
may alleviate the need for a shielded room in the future.”
These gradiometers have an unshielded sensitivity on the
femtotesla scale (specifically, ~16 fT/cm/HzY?), sufficient
to detect neuronal activity in naturalistic settings includ-
ing outdoors. See Tierney et al.'* for a detailed review of
the physics of OPMs, and also Limes et al.*® for a descrip-
tion of a magnetically silent sensor that exploits measure-
ment of free-precession frequency rather than photodiode
voltage.

The general idea behind OPM is to project a polarized
light of suitable frequency (e.g., laser) through a high-
pressure vapor contained in a glass cell, to establish a
magnetically sensitive state in the vapor. This occurs via
the transfer of angular momentum from the light to the
vapor (a quantum effect known as optical pumping). Once
the optically pumped state is complete, light is no longer
absorbed and passes through the vapor unattenuated to
a photodiode (detection mechanism) causing a voltage
change. The pumped vapor is highly polarized, a state
that is very sensitive to changes in the external magnetic
environment. The vapor inside the OPM sensors is ap-
proximately 150°C, and although the sensors themselves
are close to body temperature, it is essential to consider
proper heat dissipation mechanisms in the helmet/cap
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design.?**" Newer metastable helium-4 OPMs can be op-
erated at room temperature,* which is a promising ap-
proach to alleviating heat issues of OPM-MEG.

In a seminal paper published in 2018, Boto et al.'” used
13 OPM sensors over the sensorimotor cortex while sub-
jects were conducting a motor task, and demonstrated
that OPM-MEG elicits similar results to SQUID-MEG.
Additionally, OPM-MEG obtained biologically meaning-
ful results even if participants (deliberately) produced sig-
nificant head movement. In 2020 and 2021, another series
of papers were published, now with whole-brain OPM-
MEG coverage achieved with 50 OPM sensors.**

With whole-brain coverage, it was established that
OPM-MEG has a finite millimeter spatial resolution,?®
likely <5mm, and functional connectivity is similar be-
tween OPM-MEG and SQUID-MEG systems.'® A compar-
ison was also conducted within a wearable design between
OPM sensors placed on a helmet (as seen in Figure 1C)
and on a flexible cap akin to modern EEG systems.”® The
helmet design performed better than a cap design, because
OPM sensors remain in the same position in relation to

Epilepsia-™*

the skull during the scans. Sensors in a flexible cap, on
the other hand, have a propensity to misalign in relation
to the scalp. Despite a lower OPM-MEG signal-to-noise
ratio with the helmet design (due to sensors being closer
to the scalp in a flexible cap design), there is less coregis-
tration error for source localization using a helmet. This
is because the position of the sensors is always known in
relation to the head in a helmet design, and accurate head
movement modeling is possible.*®

On the topic of source localization, it is possible to
use pre-existing magnetic resonance imaging (MRI) tem-
plates (e.g., normalized Montreal Neurological Institute
templates) for OPM-MEG source localization akin to
SQUID-MEG. In clinical settings, it is preferable to ac-
quire high-quality subject-specific MRI to enhance the
spatial sensitivity of anatomical coregistration and head
modeling for source localization with OPM-MEG. Several
source localization modeling techniques exist, such as
Beamformer,** which has been shown to achieve high spa-
tial resolution in OPM-MEG.*® Advances in sensor tech-
nology also can improve source localization in OPM-MEG

OPM-MEG: set-up
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FIGURE 1 Optically pumped magnetometer (OPM)-magnetoencephalography (MEG) system. (A) Fundamental principles of

OPMs. (B) An overview of the OPM-MEG system including the shielded room, sensors, and equipment. (C) OPM-MEG helmet system

and (D) its available sensors. (E) Average field magnitude of OPM-MEG. (F) OPM sensors in one epilepsy subject and (G) a comparison
between electroencephalographic (EEG) and OPM-MEG epileptiform activity (note signals are not spatially aligned). (H) OPM-MEG and
superconducting quantum interference device (SQUID)-MEG epileptiform activity and source localization. DAQ, digital aquisition system;
MSR, magnetically shielded room. Images reproduced/amended under open-access CC-BY 4.0 licence from the following publications: A,**
B-E,'® F-G,”. H is reproduced with permission from Figure 2B in Feys et al. * [Correction added on 14 September 2022, after first online
publication: In the preceding sentence, the text “with permission” was added.]
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compared to SQUID-MEG. For example, triaxial OPM
sensors could provide better source localization than ra-
dial OPM sensors and SQUID-MEG. A theoretical study
has shown that triaxial OPM sensors may reduce the need
for a high number of sensors in OPM-MEG systems, as
50 triaxial sensors showed lower measurement error on
source localization than 150 radial sensors. Note that 50
triaxial sensors each record three orthogonal estimates
from the brain's magnetic field, which is equivalent to 150
channels.'” Using (fewer) triaxial channels will also likely
make it easier for heat emanating from OPMs to dissipate
from the cap/helmet.

From a methodological perspective, one of the main
areas in need of development is interference suppression
in OPM-MEG. Because the OPM-MEG signal emanating
from neuronal magnetic fields is (incredibly) small, it is
imperative to employ appropriate methods and processing
tools that minimize the influence of external (and often
confounding) signals. Despite the interference suppres-
sion provided with the shielded room, the OPM-MEG sig-
nal includes low-frequency movement artifacts (<6 Hz)
that need to be corrected, in addition to other artifacts
from urban traffic noise and vibrations (0-40Hz), line
noise (e.g., 50Hz), and high-frequency interference from
equipment inside the shielded room (~120Hz).>* For ex-
ample, a promising approach in hardware is the “mag-
netically silent” sensor recently reported in Limes et al.”
Hardware and data processing solutions need to be vali-
dated to ensure an acceptable signal-to-noise ratio can be
obtained in practical use.

As an interim summary, the first wave of OPM-
MEG research suggests that this novel technology has
data quality comparable to conventional SQUID-MEG.
However, OPM-MEG is more cost-efficient and is easier to
use across ages and clinical populations, and people can
move around during the scans. Research has shown that
movement associated with head motion (while sitting and
standing up®) and stretching, drinking, and ball games"’
is tolerated by OPM-MEG. These advantages provide an
opportunity for more widespread use of MEG technolo-
gies. In the remainder of the paper, we will highlight how
OPM-MEG can become a clinical support tool in epilepsy.

3 | OPM-MEG FOR LOCALIZING
THE ONSET, AND NETWORK
DYNAMICS, OF EPILEPTIFORM
ACTIVITY

Approximately one third of people with pharmacoresist-
ant focal epilepsy are "MRI-negative,” meaning no clear-
cut epileptogenic lesion is observed on structural MRI
scans.”> Research has shown that patients are two to

three times more likely to be seizure-free after surgery if
a lesion is detected on histopathology or structural MRI,>*
and pharmacoresistant MRI-negative extratemporal lobe
epilepsies are particularly clinically challenging and are
rarely operated on (only 3% of MRI-negative epilepsy cases
went to surgery in a previous report>’). Novel functional
neurophysiological investigations, such as OPM-MEG,
are promising alternatives that could increase the chances
of surgical success in MRI-negative focal epilepsy.*®

Preliminary OPM-MEG studies in focal epilepsy in-
clude two case reports'®** and a case series of five chil-
dren with focal epilepsy.** Compared to SQUID-MEG,
OPM-MEG showed more accurate detection of epilepti-
form activity. OPM-MEG interictal epileptiform activity
also demonstrated greater amplitude and signal-to-noise
ratio compared to EEG (see Figure 1G)" and SQUID-
MEG (see Figure 1H).** The anatomical localization of
epileptiform activity was similar between OPM-MEG and
SQUID-MEG, despite fewer sensors used with OPM-MEG
(32 OPM-MEG sensors vs. 102 SQUID-MEG sensors).
These findings suggest that it is feasible to use OPM-MEG
in a clinical setting, with children as subjects, and with
improved data quality because sensors are closer to the
scalp in wearable OPM-MEG systems.

Focal cortical dysplasia is a common type of refractory
epilepsy and is often associated with onset in childhood
or adolescence.*’ Evidence suggests that lower age at sur-
gery is related to good long-term surgical outcomes in
focal cortical dysplasia,*’ but detecting the seizure focus
with conventional neuroimaging techniques can be hin-
dered by compliance in children due to the need to stay
still throughout the scans. Wearable OPM-MEG systems
can aid the presurgical process in people with epilepsy by
identifying the temporal characteristics of epileptiform
activity (e.g., the morphology and timing of epileptiform
activity) in the same way as EEG.** MEG (including OPM-
MEG) and high-density EEG also provide an additional
capacity to capture millimeter-resolution source recon-
struction in the brain, by modeling where brain epilepti-
form activity originates. Whether MEG or EEG is better in
this regard can depend on the location and morphology
of the affected region in an individual; a comparison of
EEG and SQUID-MEG"? found that superior localization
is typically obtained from whichever modality detects the
earliest abnormal activity. We are tempted to speculate
that the improved sensitivity of OPM-MEG compared to
SQUID-MEG could increase the proportion of cases in
which MEG can detect the earliest relevant signal change.

Another area where OPM-MEG can enhance our un-
derstanding of focal epilepsy is modeling the spatiotem-
poral spread of interictal and ictal epileptiform activity,
permitting a systems view of regions comprising the ep-
ileptiform networks.**® Network analyses of seizure
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spread can provide valuable information about multiple
regions involved in seizure networks** and may be helpful
to guide the planning of locations to target with surgically
implanted intracranial electrodes for intraoperative elec-
trophysiological recordings.

In these early years of OPM-MEG development, no stud-
ies have yet tested whether high-frequency epileptiform os-
cillations can be identified with this technology. Epileptiform
high-frequency brain oscillations (ripples = 80-200 Hz, fast
ripples = 200-500 Hz) have emerged as a localizing marker
that can help define the abnormal epileptogenic area.*’
Although SQUID-MEG has been used to detect high-
frequency oscillations in people with refractory epilepsy in
the past,*® it remains unknown how well OPM-MEG will
operate in the high-frequency domain.

4 | OPM-MEG IN SEVERE
EPILEPSY

In addition to being a presurgical tool in refractory focal
epilepsy, OPM-MEG has the potential to significantly
improve research in the most severe of developmental
and epileptic encephalopathies. Severe epilepsy is often
associated with developmental delay and intellectual
disabilities and has been challenging to study with non-
invasive technologies due to significant head motion
that may cause artifacts on functional MRI (fMRI) and
EEG.* Initial evidence suggests that OPM-MEG systems
are robust to head motion. On this point, Boto et al.’®
first showed comparable results in an experiment with
minimal motion versus motion up to 10 cm, nodding of
the head, stretching, and drinking as well as playing a
ball game. Other studies also suggest that moving up to
1 m can be tolerated with OPM-MEG,? and with signifi-
cantly fewer signal artifacts than EEG.'® This research
implies that it is possible to conduct experiments on peo-
ple who are susceptible to excessive head motion. This
presents a unique opportunity to study further the neu-
robiological underpinnings of severe epilepsies such as
Dravet syndrome,’® progressive myoclonus epilepsy,
and Lennox-Gastaut syndrome,52 all associated with
persistent movement potentially without sedation. This
would help us to understand and monitor brain changes
associated with treatment response, including antisei-
zure medication® and cannabinoid treatment,’* as well
as the development of novel targets, and efficacy, of
deep brain stimulation.’>*® Although OPM-MEG is ro-
bust to head motion, the OPM sensors should not move
in relation to the head (i.e., the head and sensors need
to be aligned throughout the scan). This means that an
OPM-MEG helmet design is likely the preferable choice
of sensor placement in severe epilepsies.

Epilepsia- ™

5 | COMPARISON BETWEEN
MEG TECHNOLOGIES AND
NONINVASIVE IMAGING IN
EPILEPSY

With high temporal/spatial resolution, MEG technolo-
gies are a promising development for the clinical neu-
rosciences, including as a potential additional tool in
epilepsy alongside existing functional imaging such as
nuclear medicine (e.g., positron emission tomography
[PET] and single photon emission computed tomography
[SPECT]*”) and hybrid imaging (e.g., simultaneous EEG-
fMRI®). Despite the clinical utility of existing methods,>
they each have intrinsic methodological limitations that
can hamper neurobiological interpretation. For example,
although fMRI is sensitive to blood oxygenation changes
from small brain regions (i.e., excellent spatial resolution),
it captures hemodynamic response activity over several
seconds, which is much slower than a neuronal activity
(i.e., poor temporal resolution). On the other hand, scalp
EEG captures neuronal activity at a millisecond scale
(i.e., excellent temporal resolution), but because sensors
are placed on the skull, volume conduction hinders accu-
rate source localization, meaning that it is challenging to
model where the neuronal activity originates in the brain
(i.e., poor spatial resolution).

There is emerging evidence of patient benefit of si-
multaneously acquired EEG and fMRI data for surgical
planning in focal epilepsy.”®®®* Simultaneous EEG-
fMRI analysis typically estimates the hemodynamic
activity in the brain that correlates with the timing of
epileptogenic activity simultaneously recorded with
EEG. The aims of EEG-fMRI (gives a spatial solution
that can be more regional) and MEG (dynamics at high
temporal resolution) are similar in epilepsy: to localize
spatial regions and networks associated with epilepti-
form activity. Both EEG-fMRI and MEG technologies
need enough epileptiform activity to be detectable at the
scalp, which is more difficult if the epileptiform activity
stems from subcortical areas or mesial temporal lobes.
Additionally, these brain areas also have more spatial
distortion on fMRI®® and lower field magnitude signals
on MEG.'® Thus, these techniques are more useful in
focal epilepsies with a neocortical seizure onset, rather
than temporal lobe epilepsy.

6 | ENVISAGING THE FUTURE
WITH OPM-MEG

An important point is that, in the absence of a clear struc-
tural lesion on MRI, obtaining multiple lines of evidence
from different imaging and neurophysiological modalities
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is likely to be clinically beneficial.** OPM-MEG is not yet
approved for clinical use, but it is feasible that the future
hospital experience for people with refractory epilepsy
includes a suite of noninvasive presurgical investigations
including MEG/EEG, fMRI/MRI, and PET/SPECT. Given
the user-friendly aspects of OPM-MEG, we envisage that
tertiary hospitals may include a setup with a magnetically
shielded room that can fit a hospital bed, to enable con-
tinuous OPM-MEG monitoring. A practical enhancement
to consider for OPM-MEG design in this context is suit-
ability for long-term monitoring during both wakefulness
and sleep (e.g., as recommended by the American Clinical
MEG Society).®®

At the time of writing, the average up-front cost of
OPM-MEG is around USD 1.4 million (this figure can be
higher/lower depending on the number of OPM sensors
and size of the shielded room), which is significantly lower
than SQUID-MEG, which has an up-front cost of approx-
imately USD 3.5 million (companies that offer OPM-MEG
systems include Cerca Magnetics, https://www.cerca
magnetics.com/; FieldLine, https://fieldlineinc.com/; and
Mag4Health, https://www.magdhealth.com/). The ongo-
ing operating expenditure cost of OPM-MEG is thought
to be approximately USD 70000/year, compared to USD
200000/year for SQUID-MEG including the cost of he-
lium. Currently, magnetically shielded OPM-MEG rooms
are available in sizes from 1.3 X 1.3 m to 4 X3 m (see, e.g.,
https://magneticshields.co.uk). We hope that rapid ad-
vances in the field will allow less onerous room-shielding,
reducing cost and potentially making larger rooms eco-
nomically viable. The ease-of-use and methodological
advantages of OPM-MEG may lead to broader uptake of
these systems in epilepsy clinics and hospitals, as it may
provide additional clinical evidence about the source and
spread of epileptiform activity, in childhood and adult
epilepsy.

This paper has focused on the immediate clinical
benefits OPM-MEG may have in epilepsy, but it is worth
bearing in mind how this novel system can change the
landscape for a range of psychiatric and neurological dis-
orders. Previous research has demonstrated that SQUID-
MEG is a useful tool in several brain conditions, such as
dementia.®® A case in point is recent findings showing
that low-frequency MEG activity is a promising marker
of amyloid-beta deposition and cognitive function in
Alzheimer disease.®” Dementia is associated with progres-
sive damage to the brain that occurs before any symptoms
become obvious,”® and techniques such as OPM-MEG
may change how we diagnose/monitor preclinical stages
of dementia or its response to therapy.

Another neurological area of interest is a traumatic
brain injury. Even "mild" traumatic brain injuries, often
called concussions, can lead to life-changing difficulties.*®

Yet, we still cannot answer the most basic questions: Will
I recover quickly? Will my brain injury result in long-term
problems? A recent systematic review suggests that low-
frequency (delta) activity measured with SQUID-MEG is
a promising biomarker of traumatic brain injury,” and its
validation in mild brain injury is dependent on prospec-
tive and large studies using optimal methodological ap-
proaches. If these biomarkers are validated, OPM-MEG
has the potential to "see” previously invisible traumatic
brain injuries, enabling us to predict when people are
likely to recover.

As we are still early in the development of OPM-MEG,
more research is needed to understand its full potential
in epilepsy. Nevertheless, we anticipate that clinical and
basic research using OPM-MEG will grow over the next
few years due to its lower cost and practical improvements
over SQUID-MEG (e.g., allowing for movement within a
magnetically shielded room). Symbiotic collaborations
of physics, engineering, neuroscience and medicine will
become imperative to continue improving OPM-MEG's
clinical capability, such as optimization of design to allow
comfortable monitoring during both wakefulness and
sleep, while tackling OPM-MEG heat dissipation issues,
potentially by retaining a low number of triaxial sensors.
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