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Abstract

Background: Magnetoencephalography (MEG) is a non-invasive imaging technique for directly measuring the external magnetic field
generated from synchronously activated pyramidal neurons in the brain. The optically pumped magnetometer (OPM) is known for its
less expensive, non-cryogenic, movable and user-friendly custom-design provides the potential for a change in functional neuroimaging
based onMEG.Methods: An array of OPMs covering the opposite sides of a subject’s head is placed inside a magnetically shielded room
(MSR) and responses evoked from the auditory cortices aremeasured. Results: High signal-to-noise ratio auditory evoked response fields
(AEFs) were detected by a wearable OPM-MEG system in a MSR, for which a flexible helmet was specially designed to minimize the
sensor-to-head distance, along with a set of bi-planar coils developed for background field and gradient nulling. Neuronal current sources
activated in AEF experiments were localized and the auditory cortices showed the highest activities. Performance of the hybrid optically
pumped magnetometer-magnetoencephalography/electroencephalography (OPM-MEG/EEG) system was also assessed. Conclusions:
The multi-channel OPM-MEG system performs well in a custom built MSR equipped with bi-planar coils and detects human AEFs with
a flexible helmet. Moreover, the similarities and differences of auditory evoked potentials (AEPs) and AEFs are discussed, while the
operation of OPM-MEG sensors in conjunction with EEG electrodes provides an encouraging combination for the exploration of hybrid
OPM-MEG/EEG systems.
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1. Introduction
Functional neuroimaging, like magnetic resonance

imaging (MRI), has long been restricted to both static po-
sition and static experimental tasks owing to the size, com-
plexity and weight of neuroimaging measurement instru-
ments. Such restrictions not only limit the scope of exper-
iments [1–3], but also make them unsuitable for children,
babies and subjects with reduced mobility. Thus, there is
a strong demand for the acquisition of brain activity data
using a wearable system that both enables free movement
in various experimental environments and accommodates
different head shapes and sizes.

Electroencephalography (EEG) system and functional
near-infrared spectroscopy (fNIRS) system are the most
common technologies among the wearable non-invasive
functional neuroimaging. fNIRS has lower temporal reso-
lution and shallower data acquisition from cortical regions

when compared with EEG [4]. Yet EEG, which measures
electrical potentials evoked by neural current flow [5] on
the scalp surface, is subject to artifacts caused by muscle
activities [6] and the inhomogeneous conductivity profile
of the head results in electrical potentials that are reduced
in amplitude and spatially distorted at the scalp surface [7–
9]. Magnetoencephalography (MEG) [10], a non-invasive
technique that permits straight measurement, records hu-
man neuro-magnetic fields at both high spatial and tem-
poral resolutions, induced by the same synchronized ionic
neural currents detected as the EEG signal. Superconduct-
ing quantum interference devices (SQUID), widely used for
MEG measurement, have demonstrated great value in clin-
ical and scientific research areas, such as epilepsy [11], ag-
ing problems [12], cognitive research [13] and developmen-
tal studies [14], from the fetus to old age [15,16]. Optically
pumped magnetometers (OPMs) are a promising device for
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the development of MEG measurement that can individ-
ually be operated in a room-temperature environment and
meet the fundamental technical requirements in the devel-
opment of wearable neuroimaging for weight, brain cover-
age and sensitivity [17]. Moreover, the small size, light and
wearable characteristics of OPMs facilitate their combina-
tion with other modalities, such as fNIRS or EEG in the
same measurement system.

Many experiments about properties of human auditory
responses using OPM sensors have been undertaken. John-
son et al. [18] employed a twin rubidium spin exchange-
relaxation-free magnetometer system to record auditory
evoked response fields (AEFs). Labyt et al. [19] presented
the first proof of concept confirming the possibility of de-
tection of AEF MEG signals with OPM sensors and found
no obvious difference in AEF latency between commercial
SQUID and OPM. Borna et al. [20,21] conducted AEF ex-
periments with a system that consisted of an array of 20
OPM channels in a person-sized magnetic shield environ-
ment and cross-validated the robustness of the system by
comparing the equivalent current dipole locations of the
OPM-MEG and generic SQUID MEG systems. Marhl et
al. [22,23] reported AEF measurements with a 15-channel
OPM-MEG system and compared the OPM results to those
obtained with the SQUID system. Zhang et al. [24] ob-
served clear AEFs in an unshielded OPM-MEG system.
Seymour et al. [25] recorded AEFs in subjects that made
large natural head movements continuously throughout the
recording. An et al. [26] and Jazbinšek et al. [27] de-
tected auditory-related brain responses in a two-layer mag-
netically shielded room. Iivanainen et al. [28] quantified
the performance of a 24-channel OPM-MEG system in clas-
sification of single-trial evoked responses. Wang et al. [29]
proposed an automatic optimization method for the signal-
space separation parameters for an OPM sensor array with
auditory-evoked component that can be located in the tem-
poral cortex. Meanwhile, Ru et al. [30] conducted AEF
experiments to demonstrate the feasibility and robustness
of a MEG-EEG-fNIRS acquisition system in a cylindrical
magnetic shield. Boto et al. [1] combined and compared
EEG and OPM-MEG measurements by motor task and vi-
sual task and found that OPMs could be used in conjunc-
tion with conventional EEG electrodes to develop hybrid
MEG/EEG systems. The comparison results also showed
that the neural signals measured by an OPM-MEG system
are less affected by movement artefacts and have better spa-
tial specificity than those measured by an EEG system.

In this paper, a 15-channel wearable OPM-MEG sys-
tem was constructed and high-quality AEFs were acquired
inside a custom-built magnetically shielded room (MSR)
equipped with a set of bi-planar coils to null remnant back-
ground magnetic fields. Results verified the possibility
of implementing MEG measurement under natural move-
ment states of subjects via field nulling system. The co-
registration process of aligning sensor coordinates with the

magnetic resonance (MR) image coordinates is also re-
ported. This corrected the error arising from head move-
ments and is applicable without additional setup in most
helmet systems mentioned in previous publications about
OPMs. Neuronal responses for AEF experiments were lo-
calized at M100 peaks by linearly constrained minimum
variance (LCMV). Localization results showed the promise
of using a limited number of OPM sensors for source local-
ization. Moreover, auditory evoked responses were mea-
sured by a hybrid MEG/EEG system and the differences in
electromagnetic signals were compared. Results about the
complementarity of the twomodalities provided some basis
for the construction of hybrid systems.

2. Materials and Methods
2.1 The Multi-Channel OPM-MEG System

The OPM-MEG system consists of 15 channel com-
mercial OPM sensors (Gen-2.0 QZFM, QuSpin Inc.,
Louisville, CO, USA), mounted on a flexible helmet adapt-
able for different subjects. The flexible helmet is based on a
‘headphones-style’ cap andmade from an elasticized plastic
belt the length of which can be adjusted by a device near the
ears that can be extended to adapt to any head shape with lit-
tle difficulty (Fig. 1B). Movable 3D-printed sensor mounts
on the belt easily adjust the sensor’s placement. Any slid-
ing caused by quick subject movements was controlled by
each of the sensor mounts which were specially designed
with four fixed points under the base that are tightly fixed
between the scalp and hair by the pressure of the belt.

The system, built specifically for OPM operation, is
operated in a custom made MSR (Fig. 1C). A set of bi-
planar coils were further developed to decrease any rem-
nant field in the case of slight subject movement. This was
achieved by four reference OPM sensors adjacent to the
subject that were used to provide feedback for the shim-
ming algorithm. Combing with MSR and bi-planar coils,
the background static magnetic field ofMSRwas decreased
to approximately 2nT, with remnant field gradients of less
than 6 nT/m in the 30 cm cube center area.

A schematic illustration of the 15-channel OPM-MEG
system is given in Fig. 1A. The background field and gradi-
ents were firstly nulled via a set of bi-planar coils by calcu-
lation of the shimming algorithm. The bi-planar coils and
OPMs control, data acquisition and stimulus trigger syn-
chronization were carried out with a custom written C++
based control system. This system ensures synchronization
between data acquisition and the stimulus sequence.

Finally, during the recording subjects were required
to sit motionless on a non-magnetic plastic armchair placed
in the optimal region between the bi-planar coils (Fig. 1B).
Note that the direction of measuring magnetic fields was
perpendicular to the scalp surface and control electronics
were located outside the MSR so as to minimize the in-
fluence of unwanted electromagnetic interference on OPM-
MEG measurement.
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Fig. 1. Setting of the OPM-MEG system. (A) Schematic illustration of the system. (B) Flexible MEG helmet. (C) Magnetically
shielded room and external working environment. MSR, magnetically shielded room; DAQ, data acquisition; OPM, optically pumped
magnetometer; MEG, magnetoencephalography.

2.2 Experimental Design

Three subjects (two males, one female) aged between
28 and 35 years old took part in this research. The protocol
was approved by the Research Ethics Committee of Suzhou
Hospital, Affiliated Hospital of Medical School, Nanjing
University (approval number: IRB2023071). All the sub-
jects were given informed consent and agreed to participate
in the study.

2.2.1 Paradigm Design

A series of tasks were devised to demonstrate field
nulling stability and its robustness to subject motion. Four
sensors were placed on each side of the left and right tem-

poral lobes of the plastic head model in the MSR. A con-
tinuous 120 s measurement was obtained with the nulling
system inactivated. Then the static magnetic field of the
head model was measured for 20 min with the nulling sys-
tem activated. Subsequently, the subject sat in the MSR
and was requested to remain motionless while a continuous
measurement of 120 s was obtained with and then without
field nulling. A similar continuous measurement of 120 s
was also obtained with and without fields nulling while the
subject made continuous head movements in the volume of
a 30 cm cube.

To conduct the AEFs measurement, a MEG compat-
ible auditory stimulator was developed where sound trav-
eled to the subject through a rubber tube and disposable ear-
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pieces. The time error between the sound and the stimulus
marker was in the µs timescale, which had negligible ef-
fects for measurement of the AEF signal [31]. Specifically,
a pure-tone auditory stimulus was presented to the subject’s
left ear. It consisted of a series of standard 1 kHz tones (300
ms duration, 1700 ms inter-stimulus interval) randomly in-
terleaved with rare 1.2 kHz tones (300 ms duration). A total
of 300 trials were recorded and only those trials triggered
by 1 kHz pure-tone auditory stimulus were analyzed (240
trials, accounting for 80 % of the total). The subject was
not requested to respond but was required to focus on the
sound during the measurement period inside MSR.

The auditory responses tests of the hybrid OPM-
MEG/EEG systems were repeated with only nine OPM sen-
sors and a 64-channel EEG system (BrainAmp MR, Brain
Products GmbH, Gilching, Bavaria, Germany). The EEG
cap was fitted to the subject’s head and the flexible OPM
helmet which was put upon the cap attached with three
OPM sensors located over the left auditory cortex, five sen-
sors located over the right cortex and one sensor located at
the region near the Cz electrode.

2.2.2 Data Acquisition
The OPM array was distributed over the auditory cor-

tex of the temporal lobes of each of the two hemispheres
of a subject’s head. The sample rate of OPM-MEG record-
ing was 1024 Hz. Auditory stimuli were presented via an
airline-type plastic headset to the left ear of the subject and
temporal markers describing the onset of these stimuli were
also recorded by the OPM-MEG system. Co-registration
was performed instantly after the subject got ready to sit in
the MSR. The shimming procedure was executed to allow
the subject unconstrained performance during the experi-
ment. Finally, OPM-MEG data collection was initiated. To
enable a comparison, auditory experiments were repeated
using nine OPM sensors and a 64-channel EEG system in
the sameMSR under the OPM-MEG/EEG hybrid measure-
ment and EEG data were measured at a sample rate of 5000
Hz.

2.3 Co-Registration Process
The normative co-registration approach used in the

traditional SQUID-MEG system is based on head position
indicator coils attached to the subject’s head in conjunction
with a pen-like electromagnetic 3D digitizer [1–3]. This
process was conducted by aligning the digitized anatomi-
cal landmarks in the head position coil location coordinates
with the same landmarks in the MR image [3]. Simulta-
neously, subjects were told to avoid excessive head move-
ment. The co-registration procedure of OPM-MEG em-
ployed here, however, differs from that of SQUID-MEG
due to the flexible helmet configuration and unrestricted
movement of subjects.

Specifically, the co-registration procedure employed
a commercial electromagnetic 3D digitizer (Fastrak Digi-

tizer, Polhemus Inc., Colchester, VT, USA) with a refer-
ence micro sensor (Fastrak 3A0878-180, Polhemus Inc.,
Colchester, VT, USA). The electromagnetic digitization
system was used to digitize the positions of spots in space.
The reference micro sensor was attached firmly on the sub-
ject’s head with skin tape and provided the locations and
Euler positions synchronized with the electromagnetic 3D
digitizer.

In the preparation phase before MEG measurement,
the subject sat in the MSR wearing the flexible helmet with
each OPM sensor inserted into the sensor holder. The 3D
digitizer firstly digitized anatomical landmarks (the nasion
and the two preauricular points, red circles in Fig. 2A)
and then all four dots (blue circles in Fig. 2A) on each
sensor holder. The set of dots for each sensor were fur-
ther calculated to determine both the OPM location and
orientation, as shown by the blue circles and red arrows
in Fig. 2B, respectively. These OPM positions were sub-
sequently aligned with the above-mentioned anatomical
landmarks into MEG-head coordinates (Fig. 2B). With the
help of MR image segmentation (Fig. 2C) by the Field-
trip toolbox (Donders Institute for Brain, Cognition and Be-
haviour, Radboud University, Nijmegen, the Netherlands;
http://fieldtriptoolbox.org), the MEG-head coordinate was
finally transformed into the MRI coordinate system via the
anatomical landmarks. The co-registration result is shown
in Fig. 2D.

Note that the positioning error caused by subject
movements during the whole digitization process is finally
corrected by Euler angles recorded by the reference mi-
cro sensor, which is affixed to the subject’s head for syn-
chronously tracking potential head movements.

2.4 Data Pre-Processing
All signal processing and analysis were performed

with MATLAB (R2018b, MathWorks, Inc., Natick, MA,
USA).

Initially, raw MEG data were filtered via a band pass,
zero phase filter with a range of 0.3–100 Hz so as to include
the required AEF frequency bands. A mains power notch
filter at 50 Hz was then applied. Moreover, the band-stop
filter at 70 Hz (± 2 Hz), 60 Hz (± 1 Hz), and 74 Hz (± 1
Hz) were implemented to suppress the inherent OPM noise.

Additionally, the power spectral density (PSD) of the
filtered signal was utilized for excluding imperfect channels
due to system malfunction or poor-quality data since the
PSD (frequency range >1 Hz) of the bad channel will be
below the range of 0.01 and 1.0 pT/sqrt (Hz).

After preprocessing, continuous data were segmented
into epochs of 600 ms duration consisting of a 100-ms pre-
stimulus baseline interval. A baseline correction algorithm
used this time window prior to stimulus application on each
trial (baseline calculated over the –100 ms < t < 0 s time
window).
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Fig. 2. Schematic diagram of co-registration procedure based on the flexible helmet. (A) Digitization of landmarks of head (red)
and dots on sensor holder (blue). (B) The central position (blue) and orientation (red arrow) of each sensor were determined according
to internal structure of the OPM and the surface plane of the corresponding sensor holder. (C) Segmentation of MR image. (D) A
transformation to the MRI coordinate system. MRI, magnetic resonance imaging; LPA, left pre-auricular point; RPA, right pre-auricular
point; MR, magnetic resonance.

Depending on signal amplitude thresholds for each
channel and visual inspection, ‘bad’ epochs were removed.
Residual trials were then averaged relative to the stimulus
onset trigger.

The open-source software EEGLAB (Swartz Center
for Computational Neuroscience, La Jolla, CA, USA; http:
//www.sccn.ucsd.edu/eeglab/) in MATLAB was used for
EEG preprocessing. EEG data were re-reference (using
TP9 and TP10 electrodes) and resampled at 1024 Hz. A
band-pass filer in the range of 0.1–100 Hz was then applied
to EEG data. Similarly to the MEG data, 600 ms epochs

were then created. After undergoing independent compo-
nent analysis, eye blink artifacts were manually removed
[21,32,33].

3. Results
3.1 Field Nulling System
3.1.1 Field Stability

The measured field of the plastic head model in the
MSR for a recording of 20 min with field nulling switched
on is plotted as a function of time in Fig. 3A. Results show
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Fig. 3. OPM signal analysis of a stable plastic head model in the MSR with and without field nulling. (A) Static field measured by
an array of eight OPM sensors for a 20 min recording with field nulling on. (B) PSD of a single OPM recorded with field nulling on and
off. MSR, magnetically shielded room; PSD, power spectral density.

that the average (over all eight sensors) of the standard devi-
ation is –0.06 ± 0.07 nT which is smaller than the dynamic
range of the OPM sensors (the dynamic range of the OPM
sensor is approximately ± 1.5 nT with maximum resolu-
tion) and the field nulling was sufficiently stable over the
whole recording of the experiment. The PSD of the OPM
(a single one), with the field nulling on (red, select 120 s
from 20 min) and off (blue, record for 120 s), are shown
in Fig. 3B and suggests that there is little difference in the
static field of two measurements when the head model and
OPMs both remain motionless.

3.1.2 Robustness of Field to Motion

Fig. 4A shows the output of all eight sensors in the
time domain with and without field nulling while the sub-
ject tried to remain motionless. The result is similar to
that shown in Fig. 3A. The PSD analysis of the signal (one
single OPM in Fig. 4A) in Fig. 4B shows that the low-
frequency interference caused by the participant (a person’s

body is impossible to remain completely motionless during
the measurement) is reduced with field nulling on.

Fig. 4C,D show the output of OPM sensors as a subject
moved their head randomly. Fig. 4C shows that the MEG
signal will remain in the range of ±1 nT (pink traces) dur-
ing the recording with field nulling on while it will exceed
its dynamic range (green traces) without fields nulling and
result in saturation of the sensor output, rendering data un-
usable. It is evident that the sensors still remain within their
operational range in the case of constant head movements
by subjects when field nulling is utilized.

3.2 Auditory Evoked Field Responses

Evoked response to the auditory stimuli for a subject’s
left ear is depicted in Fig. 5 where each waveform was an
average of about 240 stimuli. The strongest AEFs were ac-
quired from sensors located around the auditory cortex, i.e.,
channel three and thirteen as indicated in Fig. 5A. It is ev-
ident that the M100 is a prominent deflection at ~100 ms
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Fig. 4. OPM signal analysis in the presence and absence of field nulling while a subject either remained motionless or made head
movements. (A,B) Analysis of field (of eight OPMs) and the PSD (of a single OPM) with the field nulling on or off while the subject
was motionless. (C,D) Analysis of field (of eight OPMs) and the PSD (of a single OPM) with field nulling either on or off while the
subject made continuous head movements within the 30 cm cube volume.

postonset and its amplitude is larger in the hemisphere con-
tralateral to the stimulated ear, which is similar to previous
studies that showed contralateral hemispheric dominancy in
the AEFs for stimuli [34,35].

The averaged waveforms of the three subjects (two
males, one female) are shown in Fig. 6. The middle la-
tency auditory evoked field (M50) and long latency audi-
tory evoked field (M100) occurred around 50 ms and 100
ms, respectively, after stimulus onset.

The influence of sensor coverage, the stimulus fre-
quency and the interference caused by auditory devices to
AEF experiment have been excluded and the waveform of
the results are similar among different people which sug-
gests that the collected MEG signal is evoked by auditory
stimulus. From Figs. 5,6, the amplitude of the M100 at the
left hemisphere was always negative while it was positive
at the right hemisphere when the auditory stimulus was 1
kHz and presented at the subject’s left ear, which is differ-
ent from the responses detected by the EEG system. Given
the M100 response was attributed to a current source local-
ized to the upper banks of the superior temporal gyrus in
both hemispheres and the results in Figs. 5,6, the responses
from auditory cortex across the two hemispheres typically
are characterized by a source/sink pairs which are antisym-
metric [36–39].

It has previously been reported that MEG source re-
construction inclines toward being more accurate within
the non-invasive brain imaging techniques because MEG
signals are fundamentally the same as the signals recorded
from the exposed brain surface [34]. After co-registration
of MRI and MEG data (finding the relative positions of
brain anatomy and sensors), the first step in source local-
ization as described in section 2.3, the LCMV was applied
to localize neuronal current sources activated for the M100
peak of AEF data. The Fieldtrip toolbox [21] was used to
implement the dipole fitting routine and the linear LCMV
and grid-scanning procedure was performed at a resolution
of 5 mm.

From Fig. 7, it was found that the response strength
of AEFs recorded by this OPM-MEG system was concen-
trated in the area near the primary auditory cortex of the
temporal lobe. The AEF source localization in three differ-
ent adult subjects using the OPM-based MEG system were
at (13, –70, 64), (42, –67, 66), (23, –62, 58) (the unit is
mm).

3.3 Comparisons of the Auditory Evoked Responses of
EEG and MEG

MEG and EEG data were recorded by an independent
OPM-MEG system, an independent EEG system and a hy-
brid OPM-MEG/EEG system. Results of resting state ex-
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Fig. 5. Time-locked data for auditory evoked responses. Each waveform was an average of 240, 1000 Hz pure-tone auditory evoked
stimuli presented at t = 0, as indicated by the vertical line, and lasting 300 ms over the left ear. (A) The clear M100 evoked responses for
one subject were detected from the sensors located over both hemispheres. (B) Auditory evoked response fields (AEFs) detected from
the left hemisphere. (C) AEFs detected from the right hemisphere. The sensor topology around the M100 latency (amplitude average
between 90 ms and 130 ms).

Fig. 6. Auditory evoked responses recorded for three human subjects with sensor arrays placed at the two sides of the hemi-
spheres. (A) AEFs detected from the left hemispheres. (B) AEFs detected from the right hemisphere. AEFs, auditory evoked response
fields.
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Fig. 7. Localization using LCMV on the OPM-MEG data of three subjects: Sagittal (left column), Transverse (middle column)
and Coronal (right column) planes of the M100 peak in AEF data. LCMV, linearly constrained minimum variance.

periments for 30 s are given in Fig. 8. Fig. 8A shows the
PSD of the raw MEG signal (of a single OPM) recorded
by OPM-MEG system alone and hybrid OPM-MEG/EEG
system, and Fig. 8B shows the raw EEG signal (from elec-
trode C5) recorded by EEG system alone and hybrid OPM-
MEG/EEG system, respectively. It is clear that there is little
difference between the spectra, suggesting that two modal-
ity do not affect each other.

The results of the auditory evoked responses of the
hybrid OPM-MEG/EEG system are shown in Fig. 9. The
PSD analysis of the MEG (of a single OPM) and EEG sig-
nal (from electrode C5) for 120 s, selected from the whole
AEF experiment is shown. In Fig. 9A, the red trace gives

the PSD of AEFMEGdata without the EEG system inMSR
and the blue trace shows the PSD of AEFs while EEG de-
vices synchronously collected data. Likewise, in Fig. 9B,
the pink trace shows EEG data without OPMs and the green
trace shows the case with OPMs. The results are similar
with those of the resting state and demonstrates the feasi-
bility of the hybrid system for the acquisition of auditory
evoked responses.

The head shape in Fig. 9C shows the spatial distribu-
tion of the OPM-MEG sensors and the EEG electrodes in
the hybrid system. MEG AEFs (blue traces) and EEG au-
ditory evoked potentials (AEPs) (orange traces) both con-
tained three peaks at M50, M100 and M150 after stimula-
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Fig. 8. PSD analysis of MEG and EEG data of resting state subjects. (A) PSD of resting state OPM-MEG signal when collected
alone (red) and concurrently with EEG (blue). (B) PSD of resting state EEG signal when collected alone (pink) and concurrently with
OPMs (green). EEG, Electroencephalography; PSD, power spectral density.

tion while the latency of the M100 in the EEG was shorter
than that in MEG. The Fig. 9C shows that, whereas audi-
tory evoked responses are observed in all nine EEG sen-
sors, AEFs are observed only over left and right temporal
lobe MEG sensors (no AEFs observed in midline central
areas). It also shows that the AEFs was identified as a
dipole-like pattern, i.e., a source (positive average ampli-
tude)/sink (negative average amplitude) pair across the two
hemispheres and EEG system had no this characteristic.

4. Discussion
A 15-channel OPM-MEG system was constructed to

achieve AEFs with identification of standard peaks inside a
custom-built MSR with a set of planar coils. A flexible hel-
met together with a particular co-registration process was
developed to minimize the sensor-to-head distance and ex-
pand the applicable study population. Meanwhile, a hybrid
OPM-MEG/EEG systemwas constructed to detect auditory
evoked responses to verify the feasibility of the hybrid sys-
tem for synchronous MEG and EEG signal acquisition.

4.1 Field Nulling Setup

Results show the stability and effectiveness of the field
nulling system in the case of head movements in the vol-
ume of a 30 cm cube. The field nulling is sufficiently stable
over the duration of our experiments and participant could
make head movements when the field nulling system is in
operation without saturation of the sensor output. Further
optimization of the field nulling system should be under-
taken to obtain a larger region over which homogeneous
fields and field gradients are produced and allow ambula-
tory motion tasks, extending to even roaming freely and so-
cial interaction. The bi-planar coils used were constructed
by time consuming manual winding of the wires following
a printed pattern. 3D-print techniques could possibly be ap-
plied to simplify coil construction and to reduce errors in the
theoretical design of coils and their and actual layout [25].

Considering that vigorous movement may still cause
sensors to exceed their dynamic range, the four OPM sen-

sors used in field nulling could be configured as references
in a virtual gradiometer-based method to reduce motion
noise. With this method, there is no requirement for the
number of detection sensors while no prior sensor informa-
tion is needed.

4.2 AEF with a Flexible System of 15 OPM Sensors

OPM sensors were set on the scalp regions near the
location of the auditory cortex of the left and right hemi-
spheres and the auditory evoked response of OPM-MEG
signals were measured from three subjects. The subjects
showed the same sink–source configuration which is con-
sistent with the orientation of neurons in the auditory cortex
and the magnetic field pattern produced by auditory cortex
neural activity. Note that not only a wearable device was
developed that allows slight subject head movement dur-
ing measurements, but also that the specific co-registration
process described here encouraged subjects to move freely
which further provides preliminary preparations for the col-
lection of the MEG signals of motor tasks.

The design of the flexible helmet is generic, fitting
multiple individuals and is adjustable for different head
sizes. As the flexible cap places the sensor array closer to
the head, by consequence of the inverse square relationship
between magnetic field and distance from the source, it can
pick up higher quality and larger MEG signals than the tra-
ditional rigid helmet. Thus, it is possible to record theMEG
signal throughout an entire life via this system, from birth
to the elderly.

Previous publications have shown that MEG is well
suited for studies of the auditory cortex [40,41]. Here, AEFs
were recorded from three subjects by an OPM-MEG sys-
tem. Obvious M100 responses were detected by all chan-
nels of the sensor array and the M100 source was located in
the area near the region of the auditory cortex. Results of
source localization are not very clear in the case of a small
number of sensors and single direction of magnetic fields,
where measuring only the magnetic fields of 15 OPM sen-
sors whose direction were perpendicular to the scalp sur-
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Fig. 9. The analysis of MEG and EEG data in auditory evoked tasks. (A) PSD of OPM-MEG signal when collected alone (red) and
concurrently with the EEG (blue). (B) PSD of EEG signal when collected alone (pink) and concurrently with the OPMs (green). (C)
Auditory evoked responses recorded by the hybrid OPM-MEG/EEG system.

face were used for source localization. Considering that
the OPM can make simultaneous measurements of all three
orthogonal components of vector fields, detection of tri-
axial magnetic fields will obtain more neuro information
and achieve higher source localization accuracy using fewer
sensors [42] and realize whole-head coverage.

4.3 The Hybrid OPM-MEG/EEG System

The hybrid-model system that combines OPM sensors
and EEG electrodes has been constructed and the perfor-
mance of compatibility and auditory response tasks have
been assessed.

From Figs. 8,9, the commercial OPMs and EEG can
performance well in the hybrid system with no apprecia-
ble loss of data quality in either modality since the EEG
electrodes have no influence on the collection of magnetic
fields by OPMs. The simple setup of the hybrid system
where the flexible helmet is put over the EEG cap is easily
constructed. As it is known that a magnetic field is sensi-

tive to a tangential projection of an electric current, whereas
the EEG is in principle sensitive to any electric charge or
electric current in the source volume [1,43–45] and owing
to the EEG being considered to contribute to an estimated
5% of the extra-cranial measured magnetic field, some in-
vestigators believe that the EEG potential cannot be a fully
accurate reflection of brain events [43], whereas combin-
ing EEG and OPM-MEG offers a wearable neuroimaging
system that fully utilizes the advantages of both devices.

From the Fig. 9, the OPM-MEG signal has clear wave-
forms without the need for artifact removal. This means
that although the MEG is recorded from the same signal
sources as the EEG, MEG has an advantage in recognition
of evoked response fields (ERFs) over EEG due to its anti-
interference characteristics [43].

Thus, considering that subject movement is inevitable
during the measurement of magnetic fields or electrical po-
tential, with muscle artefacts being a non-negligible prob-
lem that reduces the quality of EEG data greater than the 20
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Hz frequency band [1], fortunately, the major advantage of
OPM-MEG reported here is that subjects can move during
recording when a set of bi-planar coils and other devices are
employed.

From auditory ERPs in Fig. 9, the evaluation of left
and right ERP auditory components via MEG is easier than
via EEG since compared with EEG (electric source and sink
fields for left and right superimposed at midline EEG sites),
the orientation of the left and right auditory neural genera-
tors is characterized with ease by MEG (magnetic source
and sink fields distinct over left and right hemisphere and
thus easily distinct field patterns for left and right activity)
[36]. MEG can easily distinguish the left and right auditory
cortex activity and EEG failed to detect this differences.
These results indicate the hybrid OPM-MEG/EEG system
would offer superior neural estimates for auditory related
responses.

Due to the lack of portability and higher costs,
SQUID-MEG is not widely used by brain–computer inter-
faces compared with EEG. The step of demonstrating and
testing robust single-trial decoding of an OPM-MEG sys-
tem in the control of a real-time ‘mind-spelling’ applica-
tion has been taken [46]. The single-trial evoked response
of a 24-channel OPM-MEG system has been recorded and
its performance quantified [28]. Meanwhile it has been re-
ported that an OPM-MEG system makes single trial obser-
vations of MEG signals possible [47] as the signal is more
accurate with higher quality and lower signal-to-noise ra-
tio (SNR). Given its high spatiotemporal resolution, inte-
gration of wearable technology, low maintenance and low
sensor weight, it is expected that OPM will become an im-
portant tool in the further development of brain-computer
interface research.

5. Conclusions
In this study, a 15-channel OPM-based MEG system

was developed and high quality recording of AEF data in
the averaged evoked waveforms was achieved, while the
source location of anAEF signal through its large amplitude
100 ms component was also estimated. The performance
of a field nulling system for head movement was described
along with a special design for OPM installation (a flexi-
ble helmet) and an accurate and simple co-registration tech-
nique. Further, a hybrid-model system combining OPM
sensors and EEG electrodes was introduced to assess the
signal quality during the joint measurement. The OPM-
MEG system described here, with the features that the
placement of OPM sensors can be adjusted for different
head shapes and sizes with a flexible helmet and that high
quality of MEG data is detected in the presence of a sub-
ject’s head movement, will not only expand the fields of
application in MEG measurement, but also provide a refer-
ence for building a hybrid MEG/EEG system.
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