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ARTICLE INFO ABSTRACT

Keywords: Optically pumped magnetometer-based magnetoencephalography (OP-MEG) can be used to measure neuromag-

Auditory evoked field netic fields while participants move in a magnetically shielded room. Head movements in previous OP-MEG

OP-MEG o studies have been up to 20 cm translation and ~30° rotation in a sitting position. While this represents a step-

\é\lear?ble peuroimaging change over stationary MEG systems, naturalistic head movement is likely to exceed these limits, particularly
eamiormer

when participants are standing up. In this proof-of-concept study, we sought to push the movement limits of
OP-MEG even further. Using a 90 channel (45-sensor) whole-head OP-MEG system and concurrent motion cap-
ture, we recorded auditory evoked fields while participants were: (i) sitting still, (ii) standing up and still, and
(iii) standing up and making large natural head movements continuously throughout the recording - maximum
translation 120 cm, maximum rotation 198°. Following pre-processing, movement artefacts were substantially
reduced but not eliminated. However, upon utilisation of a beamformer, the M100 event-related field localised
to primary auditory regions. Furthermore, the event-related fields from auditory cortex were remarkably consis-
tent across the three conditions. These results suggest that a wide range of movement is possible with current
OP-MEG systems. This in turn underscores the exciting potential of OP-MEG for recording neural activity during
naturalistic paradigms that involve movement (e.g. navigation), and for scanning populations who are difficult

Motion capture

to study with stationary MEG (e.g. young children).

1. Introduction

Magnetoencephalography (MEG) is a non-invasive neuroimaging
technique that measures small magnetic fields outside of the head orig-
inating from current flows throughout the brain (Cohen, 1968). MEG
data have very high temporal resolution, allowing the characterisation
of evoked responses and neuronal oscillations at the sub-millisecond
timescale (Baillet, 2017). Unlike the electrical potentials measured with
electroencephalography, magnetic fields are largely unaffected by sig-
nal distortions from the conductivity profiles of scalp tissue. Until re-
cently, the only sensors routinely used for MEG were superconducting
quantum interference devices (SQUIDs). However, these sensors require
cryogenic cooling using liquid helium, rendering MEG systems station-
ary and expensive.

A new generation of wearable MEG sensors called optically pumped
magnetometers (OPMs) have been developed (Boto et al., 2018), that
measure small magnetic fields (see Tierney et al., 2019 for a review)
and have a similar sensitivity to SQUID systems (7-15 ft/Hz from 1 to
100 Hz) but, crucially, do not require cryogenic cooling. This means
that the sensors can be placed closer to the scalp, resulting in up to
five-fold signal magnitude increases over conventional SQUID systems
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(Boto et al., 2016; livanainen et al., 2017). Another advantage of OPMs
over SQUIDs is that sensors can be placed independently on the scalp
surface rather than held in rigid arrays. The exact location of the sen-
sors can, therefore, be customised on a participant-by-participant basis,
rather than being fixed for one specific head shape and size. Further-
more, because sensors can move with the head, data can be collected
during participant movement, and with minimal constraints on record-
ing time, which will significantly improve the utility of MEG both as
a clinical tool (Vivekananda et al., 2020) and for basic neuroscientific
research (e.g. Barry et al., 2019; Boto et al., 2021; Roberts et al., 2019).
This is because cohorts who find the head immobilisation associated
with SQUID-MEG and magnetic resonance imaging (MRI) challenging
(e.g. children) can be scanned more easily, and naturalistic paradigms
that involve participant movement can be more readily deployed.
OPMs have been used to successfully measure a variety of neuromag-
netic fields while participants were seated, including: beta-band (13-
30 Hz) oscillations in motor cortex during movement (Boto et al., 2018),
theta-band (4-8 Hz) oscillations from the hippocampus while the partic-
ipant was unconstrained (Barry et al., 2019; Tierney et al., 2021a), and
visual gamma (40-80 Hz) oscillations (Ilivanainen et al., 2020), auditory
evoked fields (AEFs) (Borna et al., 2017), somatosensory evoked fields
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(Boto et al., 2017) and median nerve evoked fields (livanainen et al.,
2019) while participants were stationary. Further miniaturisation of
OPMs has facilitated the construction of more lightweight, whole-head
sensor arrays (Hill et al., 2020), capable of measuring resting-state con-
nectivity comparable to that of a 275-channel SQUID system while using
50 OPM sensors (Boto et al., 2021).

Despite the promise of OPM-based MEG (OP-MEG), recording neu-
romagnetic fields during participant movement comes with substantial
challenges. In a typical magnetically shielded room (MSR) that com-
prises multiple layers of mu-metal, there remains a static field compo-
nent (due to both the room itself and the external static field) of the
order of nano-Tesla. Any small sensor translations or rotations relative
to this background magnetic field within the MSR will cause large sig-
nal change in the recorded data. Without correction, the magnitude of
these artefacts easily exceeds any neural signals of interest and can even
exceed the dynamic range of current OPM sensors (+5.56 nT for QZFM
second generation sensors; this limit is applied by the manufacturer,
QuSpin, to avoid gain errors due to non-linearity in the OPM response
as the magnetic field increases - see Tierney et al., 2019), resulting in
periods of unusable data.

Recent work has focussed on minimising background fields through
a variety of complementary techniques. First, on-board coils allow the
cancellation of static fields inside an OPM sensor’s cell (Osborne et al.,
2018); this works well for stationary OPM arrays. Second, all of the ini-
tial OPM measures showing robustness to participant motion used ex-
ternal biplanar coils and reference magnetometers to dynamically null
the background fields around a participant’s head to just ~0.5 nT (Boto
et al., 2018; Hill et al., 2020; Holmes et al., 2018, 2019). This technique
works well and is essential for OPMs to function in the majority of MSRs
that were originally designed for conventional SQUID-MEG. However,
the biplanar coils arrangement reduces the amount of possible effective
movement to 40 cm x 40 cm x 40 cm with current designs. Finally, the
passive shielding requirements of OPM systems, unlike SQUID systems,
extend down to 0 Hz. More recent MSRs designed specifically for OPMs
and equipped with degaussing coils (Altarev et al., 2015) can reduce
these static magnetic fields to just ~1.5 nT at the room centre (Hill et al.,
2020). It is also worth noting that despite the progress made in reducing
static background fields within MSR environments, movement artefacts
in modern OP-MEG systems can still be similar in magnitude to the neu-
romagnetic fields of interest (Boto et al., 2018; Holmes et al., 2018).
Fortunately, these artefacts typically have spatiotemporal properties dis-
tinct from neuromagnetic fields. Signal processing techniques based on
spatial and temporal filtering, such as beamforming (Brookes et al.,
2008; Hillebrand and Barnes, 2005; Van Veen et al., 1997), can there-
fore be used for interference suppression during participant movement
(Tierney et al., 2021b).

Neuroscientific work has demonstrated the ability of OP-MEG to de-
tect neuromagnetic fields at the same time as naturalistic head move-
ment while seated. For example, Boto et al. (2018) showed beta-band
power modulations during a finger abduction paradigm while making
natural head movements, including drinking tea, accompanied by a
maximum head displacement of +10 cm. Holmes et al. (2018) detected
lateralised visual evoked fields during head translation of +9.7 cm and
rotation of +34° Similar visual evoked results were reported using a
virtual reality set-up (Roberts et al., 2019). In addition, the first paedi-
atric OP-MEG study showed beta-band motor responses associated with
head movements of 4.73 + 1.21 cm translation and 28.1° + 6.71° rotation
(Hill et al., 2019). These results represent a step-change over stationary
SQUID-MEG systems in which movements over 0.5 cm can severely de-
grade data quality (Gross et al., 2013). While movement compensation
algorithms (e.g. based on signal space separation, Medvedovsky et al.,
2007) are available for head movements on the order of 0.5-6 cm dur-
ing SQUID-MEG scanning, much larger naturalistic movements (over
~6 cm) are not possible with a stationary array of MEG sensors.

In the current study, we sought to push the movement limits of OP-
MEG even further to determine whether it is technically possible to
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measure neuromagnetic fields while participants are standing up and
deliberately making very large continuous rotations and translations of
the head. Collecting OP-MEG data from participants standing up com-
pared to sitting down is technically challenging because the sensors are
typically located away from the centre of the room (where shielding
is optimal), where remnant field gradients are much steeper, thereby
exacerbating movement related artefacts. If OP-MEG is feasible in situ-
ations where participants are standing up and making continuous head
movements, it would open up opportunities for a range of naturalistic
MEG paradigms. This could include studies involving interactions with
objects or touch-screens (Jungnickel and Gramann, 2016), or using om-
nidirectional treadmills to simulate exploration of virtual environments
(Schiza et al., 2019).

As a proof-of-principle, the experimental paradigm was simple for
this study: auditory tones were used to elicit AEFs. These arise in
supratemporal auditory cortex, and typically comprise a small 50 ms re-
sponse (M50), and larger 100 ms (M100) and 200 ms (M200) responses
(for areview see Hari, 1990). Due to their reliability, AEFs are often used
in the context of MEG for benchmarking purposes (e.g. Sekihara et al.,
2002a; Taulu and Hari, 2009; Tierney et al., 2021b). AEFs are also a
low-frequency phenomenon (1-40 Hz), that overlap in the frequency
domain with movement artefacts (<10 Hz). Therefore, in this study, the
measurement of AEFs while participants were standing and moving rep-
resented an ideal test case for spatiotemporal interference suppression
techniques.

OP-MEG data were acquired while head motion was tracked using a
six-camera motion capture system. We show that with appropriate pre-
processing and artefact rejection steps, and in combination with beam-
forming, it is possible to measure AEFs while participants are standing
and making very large, continuous translations (maximum = 120 cm)
and rotations (maximum = 198°) across the course of an experiment in-
cluding, on average, ~5 cm of movement during individual 0.5 second
trials.

2. Methods
2.1. Participants

Two healthy, right-handed males, aged 26 and 29, participated in the
study. They both provided written informed consent and the study was
approved by the University College London Research Ethics Committee.

2.2. OP-MEG data acquisition

OP-MEG data were acquired in an MSR (Magnetic Shields Ltd) lo-
cated at University College London. The room has internal dimensions
of 438 cm x 338 cm x 218 cm and is constructed from two inner layers
of 1 mm mu-metal, a 6 mm copper layer, and then two external layers
of 1.5 mm mu-metal.

A total of 45 dual-axis OPMs (QuSpin Inc., QZFM second generation)
were used in the study, which have a sensitivity of ~15 fT/ \/Hz be-
tween 1 and 100 Hz. Forty three sensors (i.e. 86 channels) were placed
in a participant-specific 3D-printed “scanner-cast” (Boto et al., 2017),
which was designed using the participant’s structural MRI scan (Chalk
Studios), see Fig. 1A. The scanner-cast was designed to keep the sensors
in slots fixed in relation to the brain during participant movement, and
to minimise co-registration errors (Meyer et al., 2017). As each scanner-
cast was printed by first creating a 3D image in the same coordinate
space as the participant’s structural MRI brain scan, a sensor’s position
and orientation could be calculated offline relative to the slot in which it
was placed. Sensor position was set as the centre of the cell of the OPM
sensor, which was slightly offset from the physical centre. As shown in
Fig. 1A, custom plastic clips were used to arrange the OPM sensor rib-
bon cables for effective cable management. In addition, the larger cables
were organised into bundles and fixed to a wearable backpack, to facil-
itate participant comfort during movement. The sensors were arranged
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Fig. 1. (A) The experimental setup. Inside the magnetically shielded room OPM sensors were secured in a 3D printed scanner-cast with cables fixed into a backpack.
(B) The location of the sensors for participant 1, plotted on a 3D mesh derived from the participant’s de-faced structural MRI scan. Sensitive axes are shown by the
blue lines. (C) The six degrees of freedom used to describe the translation and rotation of the rigid body.

to evenly cover the whole head (Fig. 1B), with an approximately sym-
metrical layout across each hemisphere of the brain. An additional two
sensors were placed away from the participant to provide reference sig-
nals, however they were not used for interference suppression in this
study.

Before the start of the experiment, the MSR was degaussed to min-
imise the residual magnetic field in the MSR. Before the start of each ex-
perimental run, the OPM sensors were calibrated using a manufacturer-
specific procedure. This involves energising coils within an OPM to pro-
duce a known field, and the output of the sensor is then measured
and calibrated to this known field. These calibration values, deter-
mined at the start of the experiment, may become suboptimal as sen-
sors move during the course of the experiment. However, we did not
find any evidence that this impacted the quality of our data in this
study.

Data were recorded using a 16-bit precision analogue-to-digital con-
verter (National Instruments) with a sample rate of 6000 Hz. For our
setup, the two sensitive OPM axes were orientated both radial and tan-
gential to the head, and had the effect of increasing the dimensional-
ity of the data and facilitating spatial interference suppression methods
(Brookes et al., 2021; Tierney et al., 2021b). This resulted in 90 channels
of OPM data.

2.3. Paradigm

An auditory evoked response paradigm, adapted from
Garrido et al. (2008), was used. The auditory tones had a dura-
tion of 70 ms (5 ms rise and fall times) and frequency of 500-800 Hz in
steps of 50 Hz. An auditory tone of the same frequency was presented
2-8 times before randomly switching to an auditory tone of a different
frequency. We collapsed our analysis across auditory tones of all
frequencies. The inter-stimulus interval was 0.5 s (no stimulus jitter
was included). Stimuli were presented via PsychoPy (Peirce, 2009),
through MEG-compatible ear tubes with Etymotic transducers, and
the volume was adjusted to a comfortable level as specified by the
participant.

In the first run of data acquisition, the participant was seated on a
plastic chair in the centre of the MSR and was instructed to keep as still
as possible. In the second run, the participant stood upright in the middle
of the MSR, again keeping as still as possible. This run was included
because the gradient in the background magnetic fields is steeper when
a participant stands up and positions their head away from the centre-
point (at ~1.35 m height) of the MSR. In the third run, the participant
was instructed to stand in the middle of the MSR and continually move
and rotate their head in any direction they wished. In each run, ~570

individual auditory tones were presented, resulting in 275-300 s worth
of OP-MEG data.

2.4. Head position tracking

For head position tracking, an array of six OptiTrack Flex13 (Natu-
ralPoint Inc.) motion capture cameras were used. These cameras were
placed in three corners of the room, with two in each (one high up,
one low down), to allow for complete coverage of the tracking area.
Six retro-reflective markers were attached to the scanner-cast in multi-
ple fixed positions to form a “rigid body”. These were tracked passively
using the OptiTrack cameras at 120 Hz throughout the experiment. By
measuring the joint translation of markers on the rigid body, the motion
capture system could calculate the position and orientation of the rigid
body while the participant moved within the MSR. Note that the phys-
ical occlusion of one or multiple markers due to participant movement
produced gaps in the data where no information about the position of
a marker was known. These gaps were interpolated to produce unin-
terrupted motion capture data using two methods. First, for any gap,
if three or more of the six markers on the rigid body were visible, this
permitted “pattern based” interpolation to determine the only possible
position of the occluded marker(s). After pattern based interpolation,
some gaps remained - in runs 1 and 2, the still conditions (sitting and
standing), 0.86% of the data remained as gaps (maximum duration 1.2s;
mean duration 26 ms). In run 3, the moving condition, there were more
gaps, 8.94%, but of similar duration (1.24 s maximum; 29 ms mean).
Remaining gaps, up to 0.83 s in duration (100 samples at 120 Hz), were
interpolated using a second method, cubic spline fit to the data either
side of the gap. Pattern based interpolation was then applied again, re-
moving all remaining gaps. To remove high frequency noise caused by
marker vibrations, the trajectory data were low-pass filtered at 2 Hz
using a 4th order Butterworth filter applied bidirectionally to achieve
zero-phase shift. The rigid body was then solved based on the continu-
ous trajectory data of the six markers. Both the marker trajectory data
and the solved rigid body data were visually inspected for errors that can
occur during processing (e.g. mislabelling of markers, jumps in the data)
and corrections were made where necessary. Finally, the motion capture
position and orientation data were up-sampled and synchronised with
the OP-MEG data.

2.5. Data analysis

All analyses were performed in MATLAB 2019a using the Fieldtrip
Toolbox (Oostenveld et al., 2011), SPM (Litvak et al., 2011) and cus-
tom scripts, which can be found openly online at: https://github.com/
FIL-OPMEG/movement_auditory_ERF.
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2.6. OP-MEG pre-processing

Data were down-sampled to 1000 Hz for computational efficiency.
A multiple linear regression was performed to reduce the magnetic field
artefacts covarying with head position tracking data (Holmes et al.,
2018). The regression included the rigid body position (X, Y, Z) and
rotation data (pitch, yaw, roll; Fig. 1C), and was performed in overlap-
ping 10-second-long windows.

Next, the data were cleaned using homogenous field correction
which approximates magnetic interference as a spatially constant field,
on a sample-by-sample basis (see Tierney et al., 2021b for further
details). This is calculated from the sensors’ orientation information,
rather than position, and is removed from the data via linear re-
gression. To avoid ringing artefacts from notch filters (de Cheveigné
and Nelken, 2019), we instead used a spectral interpolation procedure
(Leske and Dalal, 2019) to remove high amplitude peaks in the fre-
quency spectrum corresponding to: (i) 50 Hz power-line contamination
and its harmonics, and (ii) 120 Hz and 83 Hz contamination from the
motion capture camera system. Specifically, the 120 Hz originates from
the infrared LEDs on the OptiTrack cameras operating at this frequency,
and the 83 Hz peak is a result of temporal aliasing when the 120 Hz in-
terference is digitally sampled alongside the 923 Hz OPM modulation
signal. The OPM data were then high-pass filtered at 2 Hz using a 5th
order Butterworth filter applied bidirectionally to achieve zero-phase
shift.

We next performed manual visual artefact detection in 5 s chunks
to remove any remaining sections of data still contaminated by: (i)
field changes greater than 100 pT (over the course of the 5 s chunk)
from participant movement and environmental interference not success-
fully removed by the preceding steps, (ii) intermittent high frequency
noise, which may have been due to the OPM cables rubbing against each
other, and (iii) high amplitude “steps” in the data present across all chan-
nels. For participant 1: 3.1% of trials were lost from run 1, 0.6% of trials
from run 2, and 4.7% of trials from run 3. For participant 2: 1.4% of trials
were lost from run 1, 5.3% of trials from run 2, and 7.6% of trials from
run 3. Finally, data were low-pass filtered at 40 Hz using a 6th order But-
terworth filter applied bidirectionally, and then epoched into trials of
0.7 s (0.2 s pre-stimulus; 0.5 s post-stimulus onset). Low-pass filtering
was performed after visual data inspection so that high-frequency arte-
facts could be more easily identified. To ensure equitable power across
runs (sitting, standing, standing and moving), comparisons were made
using 525 of the remaining good trials for each run (randomly selected).

For all runs, the results of the initial pre-processing steps are shown
in Supplementary Fig. S1. For runs 1-2 (sitting and standing), the com-
bination of homogenous field correction and high-pass filtering both
reduced the maximum field change from 29.2 pT to 3.4 pT (sitting) and
48.2 pT to 4.5 pT (standing). However, the movement data regression
step increased the maximum field change present in each trial. This is
potentially due to the movement data containing noise which is intro-
duced into the data via regression when little is actually present. For
this reason, we re-ran the pre-processing for runs 1-2, but not run 3,
avoiding the movement data regression step. These data were used to
generate Figs. 4-6.

For the moving condition, see Supplementary Fig. S1 (right), each
pre-processing step helped to reduce the low-frequency interference
in the data, including movement data regression. The maximum field
change in each trial was reduced from an average of 654.7 pT to 242.1
pT following movement regression, to 87.8 pT following homogenous
field correction (Tierney et al., 2021b), and to 9.8 pT following the high-
pass filter.

2.7. Sensor-level analysis
Data were averaged and baseline corrected using the 0.1 s of data

before stimulus onset. Event-related activity was plotted for each sen-
sor, and sensor-level fieldmaps were produced for the evoked magnetic
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Table 1

Rigid body data. Range of values across the
standing and moving condition (run 3), for
each of the six degrees of freedom.

Participant 1 Participant 2

Right-Left 101.4 cm 97.2 cm
Back-Forward 119.9 cm 114.8 cm
Down-Up 57.1 cm 39.5cm
Pitch 111.2° 115.8°
Yaw 198.1° 108.3°
Roll 187.9° 175.2°

waveforms orientated radially to the head (the tangential components
being more difficult to visualise).

2.8. Source-level analysis

A participant’s T1-weighted structural MRI scan was used to create a
forward model based on a single-shell description of the inner surface of
the skull (Nolte, 2003). Using SPM12, a nonlinear spatial normalisation
procedure was used to construct a volumetric grid (5 mm resolution)
registered to the canonical Montreal Neurological Institute brain.

Source analysis was conducted using a linearly constrained min-
imum variance (LCMV) beamformer (Van Veen et al., 1997), which
applies a spatial filter to the MEG data at each point of the 5 mm
grid. Based on recommendations for optimising MEG beamforming
(Brookes et al., 2008), for the main analyses a regularisation param-
eter of lambda = 0.1% was used. Beamformer weights were calculated
by combining lead-field information with a sensor-level covariance ma-
trix, computed from the unaveraged single-trial data from O to 0.5 s
post-stimulus onset. To counter the bias towards the centre of the head,
whole-brain power maps were weighted by the beamformer-projected
noise — the neural activity index (NAI) (Van Veen et al., 1997). Due to
the highly correlated, near simultaneous neural activity in bilateral au-
ditory regions evoked by auditory stimulation, traditional beamformers
often yield suboptimal results for auditory data (Brookes et al., 2007;
Sekihara et al., 2002b; Van Veen et al., 1997). Consequently, we opted
to construct a dual source model in which the beamformer scans pairs of
symmetric dipoles across the two hemispheres of the brain (Popov et al.,
2018).

Next, we defined a region of interest (ROI) in primary auditory (A1)
cortex, using a multi-modal parcellation (Glasser et al., 2016). To ob-
tain a time-course of the data within A1, we performed a principal com-
ponents analysis on the concatenated filters of each grid-point within
the ROI, multiplied by the sensor-level covariance matrix, and extracted
the first component (Schoffelen et al., 2017). The pre-processed, sensor-
level data were multiplied by this spatial filter to obtain an Al “virtual
channel”.

No normalisation (e.g. NAI) was performed for the ROI analysis; in-
stead, a one sample student t-test was conducted at each time point
across trials to allow for easier comparison with the sensor-level event
related field (ERF) t-values.

3. Results
3.1. Head-tracking data

The position (or translation) of the rigid body formed of the head,
scanner-cast and OPM sensors can be described via three degrees of free-
dom: right-left (X), down-up (Y), back-forward (Z). The range of move-
ment in each direction over the course of run 3 (where participants were
standing and deliberately moving their head) is shown in Table 1 — these
values are far larger than the other two runs that involved sitting still
and standing still (data reported in Supplementary Tables S1, S2). For
each participant, the continuous position data were plotted as 50-bin
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histograms (Fig. 2, top panels). This demonstrated that for both partici-
pants, right-left and back-forward movement was normally distributed,
suggesting that participants were making natural head movements cen-
tred on their position at the start of the run. For down-up movement, the
histograms show that both participants moved primarily downwards, as
expected from a starting standing position. For an alternative view of
the position data continuously plotted linearly over time, see Supple-
mentary Fig. S2.

The rotation of the rigid body can be described as pitch, yaw and
roll (Fig. 1C). The range of rotations over the course of the experiment
in each direction are shown in Table 1. These values from the standing
and moving run were far larger than the other two runs (data reported
in Supplementary Tables S1, S2). For each participant, the continuous
position data were plotted as polar histograms (Fig. 2, bottom panels for
each participant). The vast majority of the rotation data were normally
distributed between —60° to +60° This suggests that both participants
made various natural rotations of the head from a forward-facing posi-
tion. For an alternative view of the rotation data plotted linearly over
time, see Supplementary Fig. S2. By combining the translation and ro-
tation data, and applying the transformations to a 3D model, the move-
ment of the rigid body can be animated and visualised in real-time.
An example movie (Supplementary Movie 1) is provided for illustration
purposes.

Next, using the motion capture data, Euclidian distance over the
course of the experiment was calculated (Supplementary Fig. S3). A
bar graph with individual data points was then produced to show the
maximum Euclidian distance travelled for each 0.5 s-long trial (Fig. 3).
The data clearly show that both participants moved continuously dur-
ing the experiment, with substantial movement on nearly every trial
(participant 1 mean distance = 5.1 cm per trial; participant 2 mean dis-
tance = 3.9 cm per trial).

Overall, these motion capture data demonstrate that both partici-
pants moved their head continuously throughout the experiment, with
large translations/rotations across all six degrees of freedom, mainly
centred on their start point.

3.2. Sensor-level OP-MEG data

After applying high-pass (2 Hz) and low-pass (40 Hz) filters, and re-
moving trials containing artefacts, the sensor-level data were averaged.
Evoked waveforms and fieldmaps are shown in Fig. 4. For both partic-
ipants, the sitting data and the standing data showed clear evidence of
AEFs, including M100 and M200 responses, with bilateral sources evi-
dent on the fieldmaps from 0.08 to 0.12 s. There was some evidence of
M100 and M200 responses in the standing and moving data also, how-
ever, the data were noisier due to the presence of low-frequency arte-
facts from participant movement. Focussing on the OPM sensor showing
the highest M100 response, the pattern of results is similar - even after
pre-processing, AEF t-values were lower when participants were stand-
ing and moving their heads, compared with the other two runs (see
Supplementary Fig. S4).

3.3. Source-level OP-MEG data

The NAI was averaged for data between 0.08 s to 0.12 s post-stimulus
onset, corresponding to the classic M100 AEF (Hari, 1990), and plotted
on the SPM canonical brain. Results showed that the evoked magnetic
field localised to bilateral auditory cortex, with similar NAI values across
all three runs (Fig. 5).

Next, a spatial filter was derived for an auditory cortex ROI and
multiplied by the sensor-level data. The resulting virtual channel Al
data were averaged and plotted for each run (Fig. 6). The auditory
ERF waveforms from this ROI were remarkably consistent across all
three runs, with latency peaks corresponding to the M100 and M200
(Hari, 1990; Taulu and Hari, 2009). In participant 1 there was also
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an earlier peak, potentially corresponding to the M50 (Hari, 1990;
Taulu and Hari, 2009).

3.4. Interference suppression

The use of interference suppression techniques were crucial to obtain
the results presented above, especially when participants were standing
up and moving their head. The raw data from run 3 contained mean
trial-by-trial field changes of over 650 pT (see Supplementary Fig. S1),
whereas AEFs are generally on the order of 50-150 fT. These large field
changes are caused by the OPM sensors moving through field gradi-
ents in the MSR, which are particularly steep away from the centre of
the room. However, it is worth noting that the relationship between
the overall extent of movement and field change is often nonlinear (see
Supplementary Fig. S5).

To characterise this interference and its removal, we calculated the
power spectral density (PSD) between 2 and 10 Hz (below 2 Hz the data
were cleaned using a high-pass filter). For the raw sensor-level data, the
standing and standing and moving runs had higher PSD values below
6 Hz, compared to the sitting run (Fig. 7A). This demonstrates how
low frequency artefacts are increased when participants are standing
up, and especially when moving their head. The artefacts are partic-
ularly troublesome in this case because they overlap in the frequency
domain with the neural signal of interest, namely the AEF (Hari, 1990).
After pre-processing, the low-frequency artefacts are reduced but not
eliminated for the standing and moving run (Fig. 7B). However, after
beamforming, all three runs had equivalent PSD values from 2 to 10 Hz
(Fig. 7C). Overall, we can see how movement-related artefacts below
~6 Hz were progressively removed, first through the sensor-level pre-
processing pipeline, and then through beamforming.

To demonstrate the effectiveness of the LCMV beamformer for low-
frequency interference suppression, we re-ran the analysis using varying
levels of regularisation. This has the effect of making the beamformer
less spatially-specific and therefore the spatial filtering properties will
be reduced as regularisation increases. As expected, slowly increasing
the regularisation from 0% to 1000% produced progressively less focal
whole-brain localisation results (see Supplementary Fig. S6). In addi-
tion, the PSD values from the auditory cortex ROI showed that making
the beamformer less spatially specific led to decreased suppression of
low frequency movement artefacts (Supplementary Fig. S7).

Finally, to examine the impact of the movement data regression and
homogenous field correction (Tierney et al., 2021b) steps in greater de-
tail, we re-ran our analysis pipeline for run 3 (standing and moving)
using: (i) no movement data regression or homogenous field correction;
(ii) only movement data regression; (iii) only homogenous field correc-
tion; and (iv) both movement data regression and homogenous field
correction. All other steps were the same across the analyses. PSD was
calculated at the sensor-level using the channel with the largest M100
response (see Fig. 8, left). Results showed that the movement data re-
gression step mainly reduced interference under ~0.5 Hz and had min-
imal impact at higher frequencies. In contrast, homogenous field cor-
rection reduced interference across the spectrum from 0 to 10 Hz. At
the source level (Fig. 8, right), results showed that following beamform-
ing, when data were processed with movement data regression and/or
homogenous field correction, they had very similar PSD values. Inter-
estingly, processing without movement data regression or homogenous
field correction gave rise to slightly higher interference below 6 Hz.
In terms of the impact on AEFs, homogenous field correction had the
most impact at the sensor-level, increasing t-values when used alone
and in combination with movement data regression (see Supplementary
Fig. S8). Following beamforming, all data showed remarkably similar
evoked waveforms, irrespective of whether movement data regression
and/or homogenous field correction was applied (see Supplementary
Fig. S9), further highlighting the interference suppression quality of the
beamformer.
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4. Discussion

We set out to demonstrate, as a proof-of-principle, that neuromag-
netic fields can be successfully recorded with OP-MEG while participants
are standing up and making natural and continuous head movements.
To do this, we measured AEFs across three scanning runs while two par-
ticipants were: (i) sitting down with their heads stationary, (ii) standing
up with their heads stationary, and (iii) standing up and deliberately
moving their heads continuously, with large translations and rotations,
tracked using a six-camera motion capture system. Across all three runs
we found reliable AEFs (M100) at the source level localised to primary
auditory cortex.

Previous OP-MEG studies have successfully measured neuromag-
netic fields during ~20 cm translations and ~30° rotations, across the
course of an experiment while participants were sitting near the cen-
tre of an MSR (Boto et al., 2018; Hill et al., 2019; Holmes et al., 2018;
Roberts et al., 2019). Extending these findings, we have shown here
that OP-MEG can be used to successfully detect AEFs while two partici-
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pants were standing up and making natural movements of their heads of
a much greater magnitude than those reported previously — maximum
translation >100 cm; maximum rotation >190° — over the course of an
experiment. It is also important to emphasise that head movements in
run 3 of our study were continuous, with the two participants moving
their heads on average ~5 cm during each 0.5s-long trial.

The successful measurement of neural activity in standing, moving
participants is an important technical milestone, given that residual field
gradients inside MSRs are generally steeper away from the centre of
the room, exacerbating low frequency movement related artefacts. In
our study, the raw data contained field changes on the order of ~650
pT per trial when the two participants were standing and moving (see
Supplementary Fig. S3, S5). Several steps were taken to alleviate these
artefacts. The remnant background field was reduced using a custom-
designed MSR with degaussing coils. Second generation OPM sensors
also have on-board coils designed to cancel static fields inside the OPM
cell (Osborne et al., 2018). In addition, a series of offline interference
suppression techniques were used. The motion capture data (transla-
tions and rotations) were included in a linear regression to remove OP-
MEG data covarying with participant movement. This was successful in
removing interference under 0.5 Hz, when the two participants were
standing and moving (run 3). However, when the two participants were
sitting or standing still, the movement data regression step actually in-
troduced noise into the data. Future work should focus on reducing noise
from the motion-tracking recordings. The next pre-processing step in-
volved modelling external interference as a homogenous field and re-
moving this from the data (Tierney et al., 2021b). This step helped to
reduce interference across the frequency spectrum, and increased the
detectability of AEFs at the sensor-level. Future studies could explore
the option of modelling the interfering field gradients from participant
movement and incorporating additional terms into the basis set based on
higher-order spherical harmonic expansions of the data. Alternatively,
field-mapping approaches could be used to remove movement-related
interference (Mellor et al., 2021). Next, a 2 Hz high-pass filter was used
to attenuate low-frequency drifts in the data that are known to overlap
substantially with movement-related artefacts. As a final interference
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Fig. 4. Sensor-level data. For each condition (sitting, standing, standing and moving), evoked waveforms are plotted alongside a 2D fieldmap for data from 0.08 s
to 0.12 s post-stimulus onset. The fieldmap only shows magnetic fields orientated radially to the head.
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participants.

suppression step, we used an LCMV beamformer for source localisation,
which reduces the influence of non-neural signals in the data via spatial
filtering (Boto et al., 2016; Hillebrand and Barnes, 2005). By combining
all of these steps, movement-related artefacts were reduced (see Fig. 7),
and consistent, interpretable AEF waveforms were measured, irrespec-
tive of whether the participant was sitting still, standing still, or standing
and moving their head (Fig. 5, 6).

If the remnant background field within the MSR can be kept as low
as possible, and OPM sensors can be maintained within their dynamic
range, even larger translations or rotations of the head may be possi-
ble in future experiments. It should be noted, however, that the range
of movements possible with current OP-MEG technology is not infinite.
Where translations and rotations of the sensors against a static field pro-
duce changes over ~5 nT (especially common during large and rapid
rotations of the head), the dynamic range of the current second genera-

tion QuSpin sensors will be exceeded. Where more substantial rotations
and/or faster head movements need to be incorporated into experimen-
tal designs, the remnant background field in the MSR could be further
reduced using external nulling coils (e.g. Holmes et al., 2018, 2019). Al-
ternatively, OPMs could be adapted to operate in a ‘closed-loop’ mode,
where the remnant magnetic fields are continuously modelled (for ex-
ample, using a spherical harmonic field model (as in Mellor et al., 2021)
and cancelled (Fourcault et al., 2021; Nardelli et al., 2020).

In spite of the pre-processing steps, the sensor-level data from the
standing and moving run were contaminated by low-frequency move-
ment artefacts (Fig. 7B, Supplementary Fig. S4). However, upon util-
isation of an LCMV beamformer, the data across the three runs were
remarkably consistent, both in terms of M100 localisation and the ERF
waveforms in primary auditory cortex. The beamformer was even able
to successfully remove most of the interference when the sensor-level
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movement data regression and homogenous field correction steps were
omitted (Supplementary Fig. S9). The use of beamforming for interfer-
ence suppression is well established (Fatima et al., 2013; Hillebrand and
Barnes, 2005). In much the same way as conventional frequency filters
select signals only within a specified temporal range, the beamformer
acts as a spatial filter to select only signals from specified spatial loca-
tions (Adjamian et al., 2009). Signals arising from outside the brain (e.g.
movement artefacts, cardiac activity and other environmental noise) are
removed from the data. In support of this, we showed (Supplementary
Fig. S6, S7) that by making the beamformer less spatially-specific (by

After Beamformer

Fig. 8. Investigating sensor-level pre-
processing steps. (A) Power spectral
density (PSD) was calculated for the OPM
sensor with the greatest M100 response.
PSD was plotted separately for sensor-
level data with/without the movement
data regression step, and with/without
homogenous field correction (HFC). (B)
PSD was calculated in the same way using
the source-level auditory cortex ROI data.
For all plots, PSD spectra were averaged
over the two participants.
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increasing the beamformer regularisation parameter), the suppression
of low-frequency movement artefacts was compromised (Litvak et al.,
2010). Brookes et al. (2021) also recently showed how triaxial OPM sen-
sor arrays can theoretically improve the interference suppression perfor-
mance of beamformers even further.

The reliance of our results on the spatial filtering properties of beam-
formers has several implications for future OP-MEG experiments. Where
OP-MEG data are required to be interpreted by clinicians at the sensor-
level (e.g. for epilepsy pre-surgical evaluation), experimenters could
project the cleaned source-level data back to the sensor-space using lead-
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field information. In situations where the exact neural signals of interest
are unknown, an atlas-based, broadband beamforming approach could
be used in combination with robust statistics to control for multiple com-
parisons over space and time (Maris and Oostenveld, 2007; Nichols and
Holmes, 2002).

Considering next the auditory system, our results show that OP-MEG
can be used to measure AEFs using 70 ms-long tones, replicating several
previous stationary, seated OP-MEG studies (Borna et al., 2017; 2020;
Kowalczyk et al., 2021). Given their reliability (Hari, 1990), AEFs will
continue to be a crucial benchmarking tool for OP-MEG development.
Here we showed that the localisation, latency and amplitude of AEFs can
be measured while participants are standing and moving naturally within
an MSR. The successful measurement of evoked magnetic fields during
standing accompanied by substantial participant movement is a notable
result, given the considerable overlap in the frequency domain between
these evoked responses (2-40 Hz) and movement artefacts (<6 Hz).

More generally, our results show that OP-MEG neuromagnetic mea-
surements are now feasible in participants who are less able to keep
still, such as young children (Hill et al., 2019). This will facilitate ad-
vances in developmental neuroscience and will increase our under-
standing of conditions like Autism Spectrum Disorder (Kessler et al.,
2016), which is associated with a variety of differences in early au-
ditory and language processing (Roberts et al., 2011; Rojas and Wil-
son, 2014; Seymour et al., 2020). Clinically, OP-MEG is well-placed to
assist in the detection and localisation of epileptic spikes for pre-surgical
evaluation (Vivekananda et al., 2020), and the mapping of eloquent
cortex in younger children (Tierney et al., 2018). From a neuroscien-
tific perspective, our results open up exciting avenues for experimenters
wishing to incorporate large natural movements from a standing posi-
tion into neuroimaging paradigms, while also measuring magnetic fields
from the brain with high temporal and spatial resolution. This could in-
clude natural interactions with objects or touch-screens (Jungnickel and
Gramann, 2016), and two-person (e.g. parent-child) social neuroscience
tasks. OP-MEG has also been used with rudimentary virtual reality tech-
nology (Roberts et al., 2019). Combining OP-MEG with more complex
and realistic virtual reality environments, as well as MEG-compatible
treadmills, could provide novel opportunities for cognitive neuroscien-
tists interested in understanding the neural basis of, for example, the
experiencing of real-life events and how such episodes are encoded and
processed by the human brain.

In summary, here we collected neural data using a 45 sensor (90
channel) OPM array. Through a combination of passive magnetic shield-
ing and post-hoc data processing, auditory evoked fields were success-
fully measured while two participants were standing up and making
large, continuous movements of the head.
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