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Abstract. The overview of the latest advances in magnetoencephalography (MEG) techno-
logy, including the development of optically pumped magnetometers (OPM), is presented.
The main advantage of OPM over conventional superconducting quantum interference
devices (SQUID) is the absence of cryogenic cooling, which reduces the cost of equipment
by 2-3 times. Moreover, the OPM can be positioned a few millimeters from the scalp, which
roughly doubles the signal-to-noise ratio. In addition, they are not as susceptible to muscle
artifacts as electroencephalography (EEG) signals. Moreover, placing the OPM in a nulling
magnetic field reduces the effects of head movement artifacts in the surrounding field. All
these advantages open up great potential for the development of a new generation of OPM-
based brain-computer interfaces (BCIs) that are cheaper, more flexible and more responsive
than SQUID-based BClIs, which can perform both motor and non-motor tasks. Despite
the tremendous progress made over the past few years, OPM-MEG is still an evolving tech-
nology that requires further improvement. Due to the large size of the sensors, the number
of channels is relatively small (less than 50), so they cannot cover the entire head. Although
many BCI applications require only a few sensors, their correct placement in selected areas
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of the scalp is very important. The miniaturization and versatility of lightweight helmets could
be an important step towards the further development of OPM for BCI and other applications.

Keywords: magnetoencephalography (MEG); superconducting quantum interference device
(SQUID); optically pumped magnetometer (OPM)

Annomauus. Ilpencrasies 0630p HOBEMIINX HOCTIDKEHNIT B TEXHOTOTUY MAaTHUTO9HIeda-
norpadyu (MEG), BxItodyas pa3dpaboTKy MarHUTOMETPOB € OITIYecKolt Hakaukolt (OPM).
OcHoBHBIM npenMyliecTBOM OPM nepe 0OBIYHBIMYU CBEPXIIPOBOAALIMMY KBAaHTOBBIMMU
unTepdepeHnmnonHbMu yerporictamu (SQUID) siBsieTcst OTCYTCTBUE KPYOTEHHOTO OXJIa-
XKJIEHSI, ITO CHIDKAET CTOMMOCTb 060pynoBaHus B 2-3 pasa. OPM MOXXHO pacIionoXxmnThb
Ha pacCTOSAHUY HECKOIbKMX MUIIMMETPOB OT KOXKM TO/IOBBI, YTO IIPYMEPHO BJJBOE YBE/N-
YMBaeT COOTHOLIEeHMe CUrHazn/myM. Kpome Toro, oM He TaK BOCOPUMMYMBBI K MBIIIEYHBIM
apredakTam, Kak CurHajbl anekTposuuedanorpapun (337T). Pasmertenne OPM B 06Hy51-
I0II[eM MarHUTHOM I107Ie CHVDKAeT BIIMSIHIUE apTe(aKTOB ABVKEHIS TOIOBBI B OKPY KAIOIEM
nose. Bce aTu mpenMyIecTBa OTKPBIBAIOT OOJIBIION HOTEHI[MAT A/ paspabOTKIL HOBOTO
HoKomeHusA uHTepdeiicos Mosr — kommnbiotep (BCI) Ha ocuoBe OPM, oun felesite, rubye
u yyBcTBUTenbHee, ueM BCI Ha ocHoBe SQUID, xoTOpble MOTYT BBINOTHATH KaK MOTOPHBIE,
TaK ¥ HEMOTOPHBIE 3a/ja4y. HecMOTpsA Ha OrpOMHBIN IIPOTPecc, JOCTUTHY THIN 3a IOCTIENHE
HeckonbKo 1eT, OPM-MEG Bce eltie AB/seTCA pa3BUBAIOLIEIICS TeXHOIOTHEN, Tpebyoleit
IajIbHEIIIero COBepLIeHCTBOBaHN . V3-3a O0/IBLIOrO pasMepa JaT4MKOB KOIMYECTBO Ka-
HAJIOB OTHOCHUTEIbHO HeBeNMMKo (MeHee 50), TI09TOMY OHM He MOTYT IOKPBITh BCIO TO/IOBY.
Jist muorux mpunosxenuit BCI TpeGyercst Bcero HeCKOIbKO JATYMKOB, HO IIPM 9TOM OYEHb
Ba)KHO IIPaBWJIPHO Pa3MeCTUTh VX B BBIOPAHHBIX 00IacTAX yepera. MUHMATIOpU3aa
U YHUBEPCAIbHOCTD JIETKMX LIIEMOB MOYKET CTaTh Ba)KHBIM LIarOM Ha ITyTY Ja/lbHENIIero
passutusa OPM pna BCI u gpyrux npumosxeHuii.

Kniouesvie cnosa: maenumosruedpanozpagus (MEG); ceepxnposodsujee K8anmosoe
unmeppeperyuortoe yempoiicmeo (SQUID); maznumomemp ¢ onmuueckoti Hakauxoii (OPM)

Magnetoencephalography (MEG) is a widely used neuroimaging technique, that measures
weak magnetic fields generated by neurocortical ionic currents. This is a safe noninvasive
method of brain imaging that provides important information about neuronal activity
in the living human brain with high temporal (about 1 ms) and spatial (about 1-2 mm)
resolution. While the EEG modality benefits from the simplicity of the measurement
equipment, it suffers from a relatively low (around 2 cm) spatial resolution. At the same
time, MEG requires more sophisticated instrumentation and measurement methods due
to extremely low magnetic fields generated by the brain tissue. Currently, there are two
MEG techniques, one is based on superconductivity under low (helium) temperatures, so-
called superconducting quantum interference device (SQUID), and another one, known
as optically pumped magnetometers (OPM), explores quantum mechanical properties
of alkai atoms under optical pumping and operates under room temperatures.

The main advantage of OPMs is that they do not require cryogenic cooling, that
decreases the OPM price by 2-3 times as compared to the conventional SQIUD-based
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MEG systems. Moreover, the OPMs can be placed within millimeters from the scalp,
that approximately doubles the signal-to-noise ratio (SNR). In addition, they are not
so susceptible to muscle artefacts as EEG (Boto et al., 2018). The location of OPMs
in a field-nulling apparatus (Holmes et al., 2018) decreases the influence of artefacts caused
by head movement in the ambient field. Recently, 3D-printed helmets were demonstrated
(Boto et al., 2018; Lin et al., 2019; Tierney et al., 2018). All these features give potential
possibilities to develop a new generation of OPM-based BClIs, cheaper, more flexible and
sensitive than SQUID-based BCIs, which can serve for both motor and non-motor tasks.

Despite the enormous progress, OPM-MEG is so far a developing technology that
needs improvement. Due to their large size, the number of channels is relatively small (less
than 50) (Borna et al., 2020; Boto et al., 2018; Iivanainen, Zetter, Gron, Hakkarainen, &
Parkkonen, 2019) and therefore they cannot cover the entire head. In addition, OPMs can
only be mounted in specific areas over the brain cortex. Although for many BCI appli-
cations only several sensors are required, their correct location over selected brain areas
is very important. The miniaturization and universality of lightweight helmets would be
an essential step towards further development of OPM wearable for BCI applications.

Significant progress in the MEG research has been achieved in cognitive neuroscience.
For example, Chholak, Maksimenko, Hramov, and Pisarchik (2020) studied how volun-
tary and involuntary attention affect brain dynamics. The authors performed the MEG
experiment with the Necker cube, in which the pixels’ intensities on two faces were modu-
lated with different frequencies. The tags at these frequencies and their harmonics were
observed in the average power spectra of the MEG data recorded from the visual cortex.
The subjects were asked to voluntary interpret the cube as either left- or right-orientated.
The wavelet analysis allowed identifying the currently perceived cube orientation since
the spectral energy was higher at the modulation frequency of the cube face to which
the subject focused attention. The results of this experiment confirmed our hypothesis
that higher attention requires a larger neuronal network to process information and make
decision, this in turn increases neural noise since a larger number of synapses and neurons
are involved (Pisarchik et al., 2019). Finally, it was shown that stronger brain noise causes
more frequent switching between perceptual states or more frequent response selection
and hence shorter dominance times.

Further development of studies using MEG is likely to be directed towards combina-
tion with fMRI. Not only the cerebral cortex can be used as a source of the magnetic field,
but signals from deeper brain tissues will also be available for research. It is expected that
new computational models will be developed to reconstruct MEG signals to help better
understand the processes associated with specific brain functions.
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