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a b s t r a c t 

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

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

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

change over stationary MEG systems, naturalistic head movement is likely to exceed these limits, particularly 

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 

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

Magnetoencephalography (MEG) is a non-invasive neuroimaging

echnique that measures small magnetic fields outside of the head orig-

nating from current flows throughout the brain (Cohen, 1968). MEG

ata have very high temporal resolution, allowing the characterisation

f evoked responses and neuronal oscillations at the sub-millisecond

imescale ( Baillet, 2017 ). Unlike the electrical potentials measured with

lectroencephalography, magnetic fields are largely unaffected by sig-

al distortions from the conductivity profiles of scalp tissue. Until re-

ently, the only sensors routinely used for MEG were superconducting

uantum interference devices (SQUIDs). However, these sensors require

ryogenic cooling using liquid helium, rendering MEG systems station-

ry and expensive. 

A new generation of wearable MEG sensors called optically pumped

agnetometers (OPMs) have been developed ( Boto et al., 2018 ), that

easure small magnetic fields (see Tierney et al., 2019 for a review)

nd have a similar sensitivity to SQUID systems (7–15 ft/Hz from 1 to

00 Hz) but, crucially, do not require cryogenic cooling. This means

hat the sensors can be placed closer to the scalp, resulting in up to

ve-fold signal magnitude increases over conventional SQUID systems
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 Boto et al., 2016 ; Iivanainen et al., 2017 ). Another advantage of OPMs

ver SQUIDs is that sensors can be placed independently on the scalp

urface rather than held in rigid arrays. The exact location of the sen-

ors can, therefore, be customised on a participant-by-participant basis,

ather than being fixed for one specific head shape and size. Further-

ore, because sensors can move with the head, data can be collected

uring participant movement, and with minimal constraints on record-

ng time, which will significantly improve the utility of MEG both as

 clinical tool ( Vivekananda et al., 2020 ) and for basic neuroscientific

esearch (e.g. Barry et al., 2019 ; Boto et al., 2021 ; Roberts et al., 2019 ).

his is because cohorts who find the head immobilisation associated

ith SQUID-MEG and magnetic resonance imaging (MRI) challenging

e.g. children) can be scanned more easily, and naturalistic paradigms

hat involve participant movement can be more readily deployed. 

OPMs have been used to successfully measure a variety of neuromag-

etic fields while participants were seated, including: beta-band (13–

0 Hz) oscillations in motor cortex during movement ( Boto et al., 2018 ),

heta-band (4–8 Hz) oscillations from the hippocampus while the partic-

pant was unconstrained ( Barry et al., 2019 ; Tierney et al., 2021a ), and

isual gamma (40–80 Hz) oscillations ( Iivanainen et al., 2020 ), auditory

voked fields (AEFs) ( Borna et al., 2017 ), somatosensory evoked fields
.A. Maguire). 
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 Boto et al., 2017 ) and median nerve evoked fields ( Iivanainen et al.,

019 ) while participants were stationary. Further miniaturisation of

PMs has facilitated the construction of more lightweight, whole-head

ensor arrays ( Hill et al., 2020 ), capable of measuring resting-state con-

ectivity comparable to that of a 275-channel SQUID system while using

0 OPM sensors ( Boto et al., 2021 ). 

Despite the promise of OPM-based MEG (OP-MEG), recording neu-

omagnetic fields during participant movement comes with substantial

hallenges. In a typical magnetically shielded room (MSR) that com-

rises multiple layers of mu-metal, there remains a static field compo-

ent (due to both the room itself and the external static field) of the

rder of nano-Tesla. Any small sensor translations or rotations relative

o this background magnetic field within the MSR will cause large sig-

al change in the recorded data. Without correction, the magnitude of

hese artefacts easily exceeds any neural signals of interest and can even

xceed the dynamic range of current OPM sensors ( ± 5.56 nT for QZFM

econd generation sensors; this limit is applied by the manufacturer,

uSpin, to avoid gain errors due to non-linearity in the OPM response

s the magnetic field increases - see Tierney et al., 2019 ), resulting in

eriods of unusable data. 

Recent work has focussed on minimising background fields through

 variety of complementary techniques. First, on-board coils allow the

ancellation of static fields inside an OPM sensor’s cell ( Osborne et al.,

018 ); this works well for stationary OPM arrays. Second, all of the ini-

ial OPM measures showing robustness to participant motion used ex-

ernal biplanar coils and reference magnetometers to dynamically null

he background fields around a participant’s head to just ∼0.5 nT ( Boto

t al., 2018 ; Hill et al., 2020 ; Holmes et al., 2018 , 2019 ). This technique

orks well and is essential for OPMs to function in the majority of MSRs

hat were originally designed for conventional SQUID-MEG. However,

he biplanar coils arrangement reduces the amount of possible effective

ovement to 40 cm x 40 cm x 40 cm with current designs. Finally, the

assive shielding requirements of OPM systems, unlike SQUID systems,

xtend down to 0 Hz. More recent MSRs designed specifically for OPMs

nd equipped with degaussing coils ( Altarev et al., 2015 ) can reduce

hese static magnetic fields to just ∼1.5 nT at the room centre ( Hill et al.,

020 ). It is also worth noting that despite the progress made in reducing

tatic background fields within MSR environments, movement artefacts

n modern OP-MEG systems can still be similar in magnitude to the neu-

omagnetic fields of interest ( Boto et al., 2018 ; Holmes et al., 2018 ).

ortunately, these artefacts typically have spatiotemporal properties dis-

inct from neuromagnetic fields. Signal processing techniques based on

patial and temporal filtering, such as beamforming ( Brookes et al.,

008 ; Hillebrand and Barnes, 2005 ; Van Veen et al., 1997 ), can there-

ore be used for interference suppression during participant movement

 Tierney et al., 2021b ). 

Neuroscientific work has demonstrated the ability of OP-MEG to de-

ect neuromagnetic fields at the same time as naturalistic head move-

ent while seated. For example, Boto et al. (2018) showed beta-band

ower modulations during a finger abduction paradigm while making

atural head movements, including drinking tea, accompanied by a

aximum head displacement of ± 10 cm. Holmes et al. (2018) detected

ateralised visual evoked fields during head translation of ± 9.7 cm and

otation of ± 34° Similar visual evoked results were reported using a

irtual reality set-up ( Roberts et al., 2019 ). In addition, the first paedi-

tric OP-MEG study showed beta-band motor responses associated with

ead 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

QUID-MEG systems in which movements over 0.5 cm can severely de-

rade data quality ( Gross et al., 2013 ). While movement compensation

lgorithms (e.g. based on signal space separation, Medvedovsky et al.,

007 ) are available for head movements on the order of 0.5–6 cm dur-

ng 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-

EG even further to determine whether it is technically possible to
2 
easure neuromagnetic fields while participants are standing up and

eliberately making very large continuous rotations and translations of

he head. Collecting OP-MEG data from participants standing up com-

ared to sitting down is technically challenging because the sensors are

ypically located away from the centre of the room (where shielding

s optimal), where remnant field gradients are much steeper, thereby

xacerbating movement related artefacts. If OP-MEG is feasible in situ-

tions where participants are standing up and making continuous head

ovements, it would open up opportunities for a range of naturalistic

EG paradigms. This could include studies involving interactions with

bjects or touch-screens ( Jungnickel and Gramann, 2016 ), or using om-

idirectional treadmills to simulate exploration of virtual environments

 Schiza et al., 2019 ). 

As a proof-of-principle, the experimental paradigm was simple for

his study: auditory tones were used to elicit AEFs. These arise in

upratemporal auditory cortex, and typically comprise a small 50 ms re-

ponse (M50), and larger 100 ms (M100) and 200 ms (M200) responses

for a review see Hari, 1990 ). Due to their reliability, AEFs are often used

n the context of MEG for benchmarking purposes (e.g. Sekihara et al.,

002 a; Taulu and Hari, 2009 ; Tierney et al., 2021b ). AEFs are also a

ow-frequency phenomenon (1–40 Hz), that overlap in the frequency

omain with movement artefacts ( < 10 Hz). Therefore, in this study, the

easurement of AEFs while participants were standing and moving rep-

esented an ideal test case for spatiotemporal interference suppression

echniques. 

OP-MEG data were acquired while head motion was tracked using a

ix-camera motion capture system. We show that with appropriate pre-

rocessing and artefact rejection steps, and in combination with beam-

orming, it is possible to measure AEFs while participants are standing

nd making very large, continuous translations (maximum = 120 cm)

nd rotations (maximum = 198°) across the course of an experiment in-

luding, on average, ∼5 cm of movement during individual 0.5 second

rials. 

. Methods 

.1. Participants 

Two healthy, right-handed males, aged 26 and 29, participated in the

tudy. They both provided written informed consent and the study was

pproved by the University College London Research Ethics Committee.

.2. OP-MEG data acquisition 

OP-MEG data were acquired in an MSR (Magnetic Shields Ltd) lo-

ated at University College London. The room has internal dimensions

f 438 cm x 338 cm x 218 cm and is constructed from two inner layers

f 1 mm mu-metal, a 6 mm copper layer, and then two external layers

f 1.5 mm mu-metal. 

A total of 45 dual-axis OPMs (QuSpin Inc., QZFM second generation)

ere used in the study, which have a sensitivity of ∼15 fT/ 
√

Hz be-

ween 1 and 100 Hz. Forty three sensors (i.e. 86 channels) were placed

n a participant-specific 3D-printed “scanner-cast ” ( Boto et al., 2017 ),

hich was designed using the participant’s structural MRI scan (Chalk

tudios), see Fig. 1 A. The scanner-cast was designed to keep the sensors

n slots fixed in relation to the brain during participant movement, and

o minimise co-registration errors ( Meyer et al., 2017 ). As each scanner-

ast was printed by first creating a 3D image in the same coordinate

pace as the participant’s structural MRI brain scan, a sensor’s position

nd orientation could be calculated offline relative to the slot in which it

as placed. Sensor position was set as the centre of the cell of the OPM

ensor, which was slightly offset from the physical centre. As shown in

ig. 1 A, custom plastic clips were used to arrange the OPM sensor rib-

on cables for effective cable management. In addition, the larger cables

ere organised into bundles and fixed to a wearable backpack, to facil-

tate 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. 
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T  

t  

F

o evenly cover the whole head ( Fig. 1 B), with an approximately sym-

etrical layout across each hemisphere of the brain. An additional two

ensors were placed away from the participant to provide reference sig-

als, however they were not used for interference suppression in this

tudy. 

Before the start of the experiment, the MSR was degaussed to min-

mise the residual magnetic field in the MSR. Before the start of each ex-

erimental run, the OPM sensors were calibrated using a manufacturer-

pecific procedure. This involves energising coils within an OPM to pro-

uce a known field, and the output of the sensor is then measured

nd calibrated to this known field. These calibration values, deter-

ined at the start of the experiment, may become suboptimal as sen-

ors move during the course of the experiment. However, we did not

nd any evidence that this impacted the quality of our data in this

tudy. 

Data were recorded using a 16-bit precision analogue-to-digital con-

erter (National Instruments) with a sample rate of 6000 Hz. For our

etup, the two sensitive OPM axes were orientated both radial and tan-

ential to the head, and had the effect of increasing the dimensional-

ty of the data and facilitating spatial interference suppression methods

 Brookes et al., 2021 ; Tierney et al., 2021b ). This resulted in 90 channels

f OPM data. 

.3. Paradigm 

An auditory evoked response paradigm, adapted from

arrido et al. (2008) , was used. The auditory tones had a dura-

ion of 70 ms (5 ms rise and fall times) and frequency of 500–800 Hz in

teps of 50 Hz. An auditory tone of the same frequency was presented

–8 times before randomly switching to an auditory tone of a different

requency. We collapsed our analysis across auditory tones of all

requencies. The inter-stimulus interval was 0.5 s (no stimulus jitter

as included). Stimuli were presented via PsychoPy ( Peirce, 2009 ),

hrough MEG-compatible ear tubes with Etymotic transducers, and

he volume was adjusted to a comfortable level as specified by the

articipant. 

In the first run of data acquisition, the participant was seated on a

lastic chair in the centre of the MSR and was instructed to keep as still

s possible. In the second run, the participant stood upright in the middle

f the MSR, again keeping as still as possible. This run was included

ecause the gradient in the background magnetic fields is steeper when

 participant stands up and positions their head away from the centre-

oint (at ∼1.35 m height) of the MSR. In the third run, the participant

as instructed to stand in the middle of the MSR and continually move

nd rotate their head in any direction they wished. In each run, ∼570
3 
ndividual auditory tones were presented, resulting in 275–300 s worth

f OP-MEG data. 

.4. Head position tracking 

For head position tracking, an array of six OptiTrack Flex13 (Natu-

alPoint Inc.) motion capture cameras were used. These cameras were

laced in three corners of the room, with two in each (one high up,

ne low down), to allow for complete coverage of the tracking area.

ix retro-reflective markers were attached to the scanner-cast in multi-

le fixed positions to form a “rigid body ”. These were tracked passively

sing the OptiTrack cameras at 120 Hz throughout the experiment. By

easuring the joint translation of markers on the rigid body, the motion

apture system could calculate the position and orientation of the rigid

ody while the participant moved within the MSR. Note that the phys-

cal occlusion of one or multiple markers due to participant movement

roduced gaps in the data where no information about the position of

 marker was known. These gaps were interpolated to produce unin-

errupted motion capture data using two methods. First, for any gap,

f three or more of the six markers on the rigid body were visible, this

ermitted “pattern based ” interpolation to determine the only possible

osition of the occluded marker(s). After pattern based interpolation,

ome gaps remained - in runs 1 and 2, the still conditions (sitting and

tanding), 0.86% of the data remained as gaps (maximum duration 1.2 s;

ean duration 26 ms). In run 3, the moving condition, there were more

aps, 8.94%, but of similar duration (1.24 s maximum; 29 ms mean).

emaining gaps, up to 0.83 s in duration (100 samples at 120 Hz), were

nterpolated using a second method, cubic spline fit to the data either

ide of the gap. Pattern based interpolation was then applied again, re-

oving all remaining gaps. To remove high frequency noise caused by

arker vibrations, the trajectory data were low-pass filtered at 2 Hz

sing a 4th order Butterworth filter applied bidirectionally to achieve

ero-phase shift. The rigid body was then solved based on the continu-

us trajectory data of the six markers. Both the marker trajectory data

nd the solved rigid body data were visually inspected for errors that can

ccur during processing (e.g. mislabelling of markers, jumps in the data)

nd corrections were made where necessary. Finally, the motion capture

osition and orientation data were up-sampled and synchronised with

he OP-MEG data. 

.5. Data analysis 

All analyses were performed in MATLAB 2019a using the Fieldtrip

oolbox ( Oostenveld et al., 2011 ), SPM ( Litvak et al., 2011 ) and cus-

om scripts, which can be found openly online at: https://github.com/

IL-OPMEG/movement _ auditory _ ERF . 

https://github.com/FIL-OPMEG/movement_auditory_ERF
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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 39.5 cm 

Pitch 111.2° 115.8°

Yaw 198.1° 108.3°

Roll 187.9° 175.2°
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.6. OP-MEG pre-processing 

Data were down-sampled to 1000 Hz for computational efficiency.

 multiple linear regression was performed to reduce the magnetic field

rtefacts covarying with head position tracking data ( Holmes et al.,

018 ). The regression included the rigid body position (X, Y, Z) and

otation data (pitch, yaw, roll; Fig. 1 C), and was performed in overlap-

ing 10-second-long windows. 

Next, the data were cleaned using homogenous field correction

hich approximates magnetic interference as a spatially constant field,

n a sample-by-sample basis (see Tierney et al., 2021b for further

etails). This is calculated from the sensors’ orientation information,

ather than position, and is removed from the data via linear re-

ression. To avoid ringing artefacts from notch filters ( de Cheveigné

nd Nelken, 2019 ), we instead used a spectral interpolation procedure

 Leske and Dalal, 2019 ) to remove high amplitude peaks in the fre-

uency spectrum corresponding to: (i) 50 Hz power-line contamination

nd its harmonics, and (ii) 120 Hz and 83 Hz contamination from the

otion capture camera system. Specifically, the 120 Hz originates from

he infrared LEDs on the OptiTrack cameras operating at this frequency,

nd the 83 Hz peak is a result of temporal aliasing when the 120 Hz in-

erference is digitally sampled alongside the 923 Hz OPM modulation

ignal. The OPM data were then high-pass filtered at 2 Hz using a 5th

rder Butterworth filter applied bidirectionally to achieve zero-phase

hift. 

We next performed manual visual artefact detection in 5 s chunks

o remove any remaining sections of data still contaminated by: (i)

eld changes greater than 100 pT (over the course of the 5 s chunk)

rom participant movement and environmental interference not success-

ully removed by the preceding steps, (ii) intermittent high frequency

oise, which may have been due to the OPM cables rubbing against each

ther, and (iii) high amplitude “steps ” in the data present across all chan-

els. For participant 1: 3.1% of trials were lost from run 1, 0.6% of trials

rom run 2, and 4.7% of trials from run 3. For participant 2: 1.4% of trials

ere lost from run 1, 5.3% of trials from run 2, and 7.6% of trials from

un 3. Finally, data were low-pass filtered at 40 Hz using a 6th order But-

erworth filter applied bidirectionally, and then epoched into trials of

.7 s ( − 0.2 s pre-stimulus; 0.5 s post-stimulus onset). Low-pass filtering

as performed after visual data inspection so that high-frequency arte-

acts could be more easily identified. To ensure equitable power across

uns (sitting, standing, standing and moving), comparisons were made

sing 525 of the remaining good trials for each run (randomly selected).

For all runs, the results of the initial pre-processing steps are shown

n Supplementary Fig. S1. For runs 1–2 (sitting and standing), the com-

ination of homogenous field correction and high-pass filtering both

educed the maximum field change from 29.2 pT to 3.4 pT (sitting) and

8.2 pT to 4.5 pT (standing). However, the movement data regression

tep increased the maximum field change present in each trial. This is

otentially due to the movement data containing noise which is intro-

uced into the data via regression when little is actually present. For

his reason, we re-ran the pre-processing for runs 1–2, but not run 3,

voiding the movement data regression step. These data were used to

enerate Figs. 4-6 . 

For the moving condition, see Supplementary Fig. S1 (right), each

re-processing step helped to reduce the low-frequency interference

n the data, including movement data regression. The maximum field

hange in each trial was reduced from an average of 654.7 pT to 242.1

T following movement regression, to 87.8 pT following homogenous

eld correction ( Tierney et al., 2021b ), and to 9.8 pT following the high-

ass filter. 

.7. Sensor-level analysis 

Data were averaged and baseline corrected using the 0.1 s of data

efore stimulus onset. Event-related activity was plotted for each sen-

or, and sensor-level fieldmaps were produced for the evoked magnetic
4 
aveforms orientated radially to the head (the tangential components

eing more difficult to visualise). 

.8. Source-level analysis 

A participant’s T1-weighted structural MRI scan was used to create a

orward model based on a single-shell description of the inner surface of

he skull (Nolte, 2003). Using SPM12, a nonlinear spatial normalisation

rocedure was used to construct a volumetric grid (5 mm resolution)

egistered to the canonical Montreal Neurological Institute brain. 

Source analysis was conducted using a linearly constrained min-

mum variance (LCMV) beamformer ( Van Veen et al., 1997 ), which

pplies a spatial filter to the MEG data at each point of the 5 mm

rid. Based on recommendations for optimising MEG beamforming

 Brookes et al., 2008 ), for the main analyses a regularisation param-

ter of lambda = 0.1% was used. Beamformer weights were calculated

y combining lead-field information with a sensor-level covariance ma-

rix, computed from the unaveraged single-trial data from 0 to 0.5 s

ost-stimulus onset. To counter the bias towards the centre of the head,

hole-brain power maps were weighted by the beamformer-projected

oise – the neural activity index (NAI) ( Van Veen et al., 1997 ). Due to

he highly correlated, near simultaneous neural activity in bilateral au-

itory regions evoked by auditory stimulation, traditional beamformers

ften yield suboptimal results for auditory data ( Brookes et al., 2007 ;

ekihara et al., 2002b ; Van Veen et al., 1997 ). Consequently, we opted

o construct a dual source model in which the beamformer scans pairs of

ymmetric dipoles across the two hemispheres of the brain ( Popov et al.,

018 ). 

Next, we defined a region of interest (ROI) in primary auditory (A1)

ortex, using a multi-modal parcellation ( Glasser et al., 2016 ). To ob-

ain a time-course of the data within A1, we performed a principal com-

onents analysis on the concatenated filters of each grid-point within

he ROI, multiplied by the sensor-level covariance matrix, and extracted

he first component ( Schoffelen et al., 2017 ). The pre-processed, sensor-

evel data were multiplied by this spatial filter to obtain an A1 “virtual

hannel ”. 

No normalisation (e.g. NAI) was performed for the ROI analysis; in-

tead, a one sample student t -test was conducted at each time point

cross trials to allow for easier comparison with the sensor-level event

elated field (ERF) t-values. 

. Results 

.1. Head-tracking data 

The position (or translation) of the rigid body formed of the head,

canner-cast and OPM sensors can be described via three degrees of free-

om: right-left (X), down-up (Y), back-forward (Z). The range of move-

ent in each direction over the course of run 3 (where participants were

tanding and deliberately moving their head) is shown in Table 1 – these

alues are far larger than the other two runs that involved sitting still

nd standing still (data reported in Supplementary Tables S1, S2). For

ach participant, the continuous position data were plotted as 50-bin
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istograms ( Fig. 2 , top panels). This demonstrated that for both partici-

ants, right-left and back-forward movement was normally distributed,

uggesting that participants were making natural head movements cen-

red on their position at the start of the run. For down-up movement, the

istograms show that both participants moved primarily downwards, as

xpected from a starting standing position. For an alternative view of

he position data continuously plotted linearly over time, see Supple-

entary Fig. S2. 

The rotation of the rigid body can be described as pitch, yaw and

oll ( Fig. 1 C). The range of rotations over the course of the experiment

n each direction are shown in Table 1 . These values from the standing

nd moving run were far larger than the other two runs (data reported

n Supplementary Tables S1, S2). For each participant, the continuous

osition data were plotted as polar histograms ( Fig. 2 , bottom panels for

ach participant). The vast majority of the rotation data were normally

istributed between − 60° to + 60° This suggests that both participants

ade various natural rotations of the head from a forward-facing posi-

ion. For an alternative view of the rotation data plotted linearly over

ime, see Supplementary Fig. S2. By combining the translation and ro-

ation data, and applying the transformations to a 3D model, the move-

ent of the rigid body can be animated and visualised in real-time.

n example movie (Supplementary Movie 1) is provided for illustration

urposes. 

Next, using the motion capture data, Euclidian distance over the

ourse of the experiment was calculated (Supplementary Fig. S3). A

ar graph with individual data points was then produced to show the

aximum Euclidian distance travelled for each 0.5 s-long trial ( Fig. 3 ).

he data clearly show that both participants moved continuously dur-

ng the experiment, with substantial movement on nearly every trial

participant 1 mean distance = 5.1 cm per trial; participant 2 mean dis-

ance = 3.9 cm per trial). 

Overall, these motion capture data demonstrate that both partici-

ants moved their head continuously throughout the experiment, with

arge translations/rotations across all six degrees of freedom, mainly

entred on their start point. 

.2. Sensor-level OP-MEG data 

After applying high-pass (2 Hz) and low-pass (40 Hz) filters, and re-

oving trials containing artefacts, the sensor-level data were averaged.

voked waveforms and fieldmaps are shown in Fig. 4 . For both partic-

pants, the sitting data and the standing data showed clear evidence of

EFs, including M100 and M200 responses, with bilateral sources evi-

ent on the fieldmaps from 0.08 to 0.12 s. There was some evidence of

100 and M200 responses in the standing and moving data also, how-

ver, the data were noisier due to the presence of low-frequency arte-

acts from participant movement. Focussing on the OPM sensor showing

he highest M100 response, the pattern of results is similar - even after

re-processing, AEF t-values were lower when participants were stand-

ng and moving their heads, compared with the other two runs (see

upplementary Fig. S4). 

.3. Source-level OP-MEG data 

The NAI was averaged for data between 0.08 s to 0.12 s post-stimulus

nset, corresponding to the classic M100 AEF ( Hari, 1990 ), and plotted

n the SPM canonical brain. Results showed that the evoked magnetic

eld localised to bilateral auditory cortex, with similar NAI values across

ll three runs ( Fig. 5 ). 

Next, a spatial filter was derived for an auditory cortex ROI and

ultiplied by the sensor-level data. The resulting virtual channel A1

ata were averaged and plotted for each run ( Fig. 6 ). The auditory

RF waveforms from this ROI were remarkably consistent across all

hree runs, with latency peaks corresponding to the M100 and M200

 Hari, 1990 ; Taulu and Hari, 2009 ). In participant 1 there was also
5 
n earlier peak, potentially corresponding to the M50 ( Hari, 1990 ;

aulu and Hari, 2009 ). 

.4. Interference suppression 

The use of interference suppression techniques were crucial to obtain

he results presented above, especially when participants were standing

p and moving their head. The raw data from run 3 contained mean

rial-by-trial field changes of over 650 pT (see Supplementary Fig. S1),

hereas AEFs are generally on the order of 50–150 fT. These large field

hanges are caused by the OPM sensors moving through field gradi-

nts in the MSR, which are particularly steep away from the centre of

he room. However, it is worth noting that the relationship between

he overall extent of movement and field change is often nonlinear (see

upplementary Fig. S5). 

To characterise this interference and its removal, we calculated the

ower spectral density (PSD) between 2 and 10 Hz (below 2 Hz the data

ere cleaned using a high-pass filter). For the raw sensor-level data, the

tanding and standing and moving runs had higher PSD values below

 Hz, compared to the sitting run ( Fig. 7 A). This demonstrates how

ow frequency artefacts are increased when participants are standing

p, and especially when moving their head. The artefacts are partic-

larly troublesome in this case because they overlap in the frequency

omain with the neural signal of interest, namely the AEF ( Hari, 1990 ).

fter pre-processing, the low-frequency artefacts are reduced but not

liminated for the standing and moving run ( Fig. 7 B). However, after

eamforming, all three runs had equivalent PSD values from 2 to 10 Hz

 Fig. 7 C). Overall, we can see how movement-related artefacts below

6 Hz were progressively removed, first through the sensor-level pre-

rocessing pipeline, and then through beamforming. 

To demonstrate the effectiveness of the LCMV beamformer for low-

requency interference suppression, we re-ran the analysis using varying

evels of regularisation. This has the effect of making the beamformer

ess spatially-specific and therefore the spatial filtering properties will

e reduced as regularisation increases. As expected, slowly increasing

he regularisation from 0% to 1000% produced progressively less focal

hole-brain localisation results (see Supplementary Fig. S6). In addi-

ion, the PSD values from the auditory cortex ROI showed that making

he beamformer less spatially specific led to decreased suppression of

ow frequency movement artefacts (Supplementary Fig. S7). 

Finally, to examine the impact of the movement data regression and

omogenous field correction ( Tierney et al., 2021b ) steps in greater de-

ail, we re-ran our analysis pipeline for run 3 (standing and moving)

sing: (i) no movement data regression or homogenous field correction;

ii) only movement data regression; (iii) only homogenous field correc-

ion; and (iv) both movement data regression and homogenous field

orrection. All other steps were the same across the analyses. PSD was

alculated at the sensor-level using the channel with the largest M100

esponse (see Fig. 8 , left). Results showed that the movement data re-

ression step mainly reduced interference under ∼0.5 Hz and had min-

mal impact at higher frequencies. In contrast, homogenous field cor-

ection reduced interference across the spectrum from 0 to 10 Hz. At

he source level ( Fig. 8 , right), results showed that following beamform-

ng, when data were processed with movement data regression and/or

omogenous field correction, they had very similar PSD values. Inter-

stingly, processing without movement data regression or homogenous

eld correction gave rise to slightly higher interference below 6 Hz.

n terms of the impact on AEFs, homogenous field correction had the

ost impact at the sensor-level, increasing t-values when used alone

nd in combination with movement data regression (see Supplementary

ig. S8). Following beamforming, all data showed remarkably similar

voked waveforms, irrespective of whether movement data regression

nd/or homogenous field correction was applied (see Supplementary

ig. S9), further highlighting the interference suppression quality of the

eamformer. 
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Fig. 2. Histograms showing the range of movement across each degree of freedom of the continuous rigid body data. For reference, colours match the transformations 

shown in Fig. 1 C. 

6 
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Fig. 3. Bar graph showing, for each participant, Euclidian distance of the rigid 

body travelled during each 0.5 s trial. Error bars correspond to 95% confidence 

intervals and individual trial data points are shown in grey. 
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. Discussion 

We set out to demonstrate, as a proof-of-principle, that neuromag-

etic fields can be successfully recorded with OP-MEG while participants

re standing up and making natural and continuous head movements.

o do this, we measured AEFs across three scanning runs while two par-

icipants were: (i) sitting down with their heads stationary, (ii) standing

p with their heads stationary, and (iii) standing up and deliberately

oving their heads continuously, with large translations and rotations,

racked using a six-camera motion capture system. Across all three runs

e found reliable AEFs (M100) at the source level localised to primary

uditory cortex. 

Previous OP-MEG studies have successfully measured neuromag-

etic fields during ∼20 cm translations and ∼30° rotations, across the

ourse of an experiment while participants were sitting near the cen-

re of an MSR ( Boto et al., 2018 ; Hill et al., 2019 ; Holmes et al., 2018 ;

oberts et al., 2019 ). Extending these findings, we have shown here

hat OP-MEG can be used to successfully detect AEFs while two partici-
ig. 4. Sensor-level data. For each condition (sitting, standing, standing and moving

o 0.12 s post-stimulus onset. The fieldmap only shows magnetic fields orientated rad

7 
ants were standing up and making natural movements of their heads of

 much greater magnitude than those reported previously – maximum

ranslation > 100 cm; maximum rotation > 190° – over the course of an

xperiment. It is also important to emphasise that head movements in

un 3 of our study were continuous, with the two participants moving

heir heads on average ∼5 cm during each 0.5s-long trial. 

The successful measurement of neural activity in standing, moving

articipants is an important technical milestone, given that residual field

radients inside MSRs are generally steeper away from the centre of

he room, exacerbating low frequency movement related artefacts. In

ur study, the raw data contained field changes on the order of ∼650

T per trial when the two participants were standing and moving (see

upplementary Fig. S3, S5). Several steps were taken to alleviate these

rtefacts. The remnant background field was reduced using a custom-

esigned MSR with degaussing coils. Second generation OPM sensors

lso have on-board coils designed to cancel static fields inside the OPM

ell ( Osborne et al., 2018 ). In addition, a series of offline interference

uppression techniques were used. The motion capture data (transla-

ions and rotations) were included in a linear regression to remove OP-

EG data covarying with participant movement. This was successful in

emoving interference under 0.5 Hz, when the two participants were

tanding and moving (run 3). However, when the two participants were

itting or standing still, the movement data regression step actually in-

roduced noise into the data. Future work should focus on reducing noise

rom the motion-tracking recordings. The next pre-processing step in-

olved modelling external interference as a homogenous field and re-

oving this from the data ( Tierney et al., 2021b ). This step helped to

educe interference across the frequency spectrum, and increased the

etectability of AEFs at the sensor-level. Future studies could explore

he option of modelling the interfering field gradients from participant

ovement and incorporating additional terms into the basis set based on

igher-order spherical harmonic expansions of the data. Alternatively,

eld-mapping approaches could be used to remove movement-related

nterference ( Mellor et al., 2021 ). Next, a 2 Hz high-pass filter was used

o attenuate low-frequency drifts in the data that are known to overlap

ubstantially with movement-related artefacts. As a final interference
), evoked waveforms are plotted alongside a 2D fieldmap for data from 0.08 s 

ially to the head. 
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Fig. 5. Whole-brain M100 source localisation results. The Neural Activity Index (NAI) was calculated for each run between 0.08–0.12 s post-stimulus onset, cor- 

responding to the M100 auditory evoked field, and plotted on a canonical MRI using FSL. Maps were thresholded at 75% of their maximum value, for illustrative 

purposes. 

Fig. 6. Evoked waveforms plotted from the auditory cortex ROI. Note the similarity in t-values across the sitting, standing, standing and moving runs for both 

participants. 
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uppression step, we used an LCMV beamformer for source localisation,

hich reduces the influence of non-neural signals in the data via spatial

ltering ( Boto et al., 2016 ; Hillebrand and Barnes, 2005 ). By combining

ll of these steps, movement-related artefacts were reduced (see Fig. 7 ),

nd consistent, interpretable AEF waveforms were measured, irrespec-

ive of whether the participant was sitting still, standing still, or standing

nd moving their head ( Fig. 5 , 6 ). 

If the remnant background field within the MSR can be kept as low

s possible, and OPM sensors can be maintained within their dynamic

ange, even larger translations or rotations of the head may be possi-

le in future experiments. It should be noted, however, that the range

f movements possible with current OP-MEG technology is not infinite.

here translations and rotations of the sensors against a static field pro-

uce changes over ∼5 nT (especially common during large and rapid

otations of the head), the dynamic range of the current second genera-
8 
ion QuSpin sensors will be exceeded. Where more substantial rotations

nd/or faster head movements need to be incorporated into experimen-

al designs, the remnant background field in the MSR could be further

educed using external nulling coils (e.g. Holmes et al., 2018 , 2019 ). Al-

ernatively, OPMs could be adapted to operate in a ‘closed-loop’ mode,

here the remnant magnetic fields are continuously modelled (for ex-

mple, using a spherical harmonic field model (as in Mellor et al., 2021 )

nd cancelled ( Fourcault et al., 2021 ; Nardelli et al., 2020 ). 

In spite of the pre-processing steps, the sensor-level data from the

tanding and moving run were contaminated by low-frequency move-

ent artefacts ( Fig. 7 B, Supplementary Fig. S4). However, upon util-

sation of an LCMV beamformer, the data across the three runs were

emarkably consistent, both in terms of M100 localisation and the ERF

aveforms in primary auditory cortex. The beamformer was even able

o successfully remove most of the interference when the sensor-level
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Fig. 7. Removal of movement-related artefacts. (A-B) Power spectral density (PSD) was calculated for the OPM sensor with the greatest M100 response using both 

raw data and after pre-processing. (C) PSD was also calculated using the source-level auditory cortex ROI data. For all plots, PSD spectra are plotted between 2 and 

10 Hz, and were averaged over the two participants. 

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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ovement data regression and homogenous field correction steps were

mitted (Supplementary Fig. S9). The use of beamforming for interfer-

nce suppression is well established ( Fatima et al., 2013 ; Hillebrand and

arnes, 2005 ). In much the same way as conventional frequency filters

elect signals only within a specified temporal range, the beamformer

cts as a spatial filter to select only signals from specified spatial loca-

ions ( Adjamian et al., 2009 ). Signals arising from outside the brain (e.g.

ovement artefacts, cardiac activity and other environmental noise) are

emoved from the data. In support of this, we showed (Supplementary

ig. S6, S7) that by making the beamformer less spatially-specific (by
9 
ncreasing the beamformer regularisation parameter), the suppression

f low-frequency movement artefacts was compromised ( Litvak et al.,

010 ). Brookes et al. (2021) also recently showed how triaxial OPM sen-

or arrays can theoretically improve the interference suppression perfor-

ance of beamformers even further. 

The reliance of our results on the spatial filtering properties of beam-

ormers has several implications for future OP-MEG experiments. Where

P-MEG data are required to be interpreted by clinicians at the sensor-

evel (e.g. for epilepsy pre-surgical evaluation), experimenters could

roject the cleaned source-level data back to the sensor-space using lead-
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eld information. In situations where the exact neural signals of interest

re unknown, an atlas-based, broadband beamforming approach could

e used in combination with robust statistics to control for multiple com-

arisons over space and time ( Maris and Oostenveld, 2007 ; Nichols and

olmes, 2002 ). 

Considering next the auditory system, our results show that OP-MEG

an be used to measure AEFs using 70 ms-long tones, replicating several

revious stationary, seated OP-MEG studies ( Borna et al., 2017 ; 2020 ;

owalczyk et al., 2021 ). Given their reliability ( Hari, 1990 ), AEFs will

ontinue to be a crucial benchmarking tool for OP-MEG development.

ere we showed that the localisation, latency and amplitude of AEFs can

e measured while participants are standing and moving naturally within

n MSR. The successful measurement of evoked magnetic fields during

tanding accompanied by substantial participant movement is a notable

esult, given the considerable overlap in the frequency domain between

hese evoked responses (2–40 Hz) and movement artefacts ( < 6 Hz). 

More generally, our results show that OP-MEG neuromagnetic mea-

urements are now feasible in participants who are less able to keep

till, such as young children ( Hill et al., 2019 ). This will facilitate ad-

ances in developmental neuroscience and will increase our under-

tanding of conditions like Autism Spectrum Disorder ( Kessler et al.,

016 ), which is associated with a variety of differences in early au-

itory and language processing ( Roberts et al., 2011 ; Rojas and Wil-

on, 2014 ; Seymour et al., 2020 ). Clinically, OP-MEG is well-placed to

ssist in the detection and localisation of epileptic spikes for pre-surgical

valuation ( Vivekananda et al., 2020 ), and the mapping of eloquent

ortex in younger children ( Tierney et al., 2018 ). From a neuroscien-

ific perspective, our results open up exciting avenues for experimenters

ishing to incorporate large natural movements from a standing posi-

ion into neuroimaging paradigms, while also measuring magnetic fields

rom the brain with high temporal and spatial resolution. This could in-

lude natural interactions with objects or touch-screens ( Jungnickel and

ramann, 2016 ), and two-person (e.g. parent-child) social neuroscience

asks. OP-MEG has also been used with rudimentary virtual reality tech-

ology ( Roberts et al., 2019 ). Combining OP-MEG with more complex

nd realistic virtual reality environments, as well as MEG-compatible

readmills, could provide novel opportunities for cognitive neuroscien-

ists interested in understanding the neural basis of, for example, the

xperiencing of real-life events and how such episodes are encoded and

rocessed by the human brain. 

In summary, here we collected neural data using a 45 sensor (90

hannel) OPM array. Through a combination of passive magnetic shield-

ng and post-hoc data processing, auditory evoked fields were success-

ully measured while two participants were standing up and making

arge, continuous movements of the head. 
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