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Abstract—Background: Optically pumped magnetometers 

(OPMs) have made moving, wearable magnetoencephalography 

(MEG) possible. The OPMs typically used for MEG require a low 

background magnetic field to operate, which is achieved using 

both passive and active magnetic shielding. However, the 

background magnetic field is never truly zero Tesla, and so the 

field at each of the OPMs changes as the participant moves. This 

leads to position and orientation dependent changes in the 

measurements, which manifest as low frequency artefacts in MEG 

data. Objective: We modelled the spatial variation in the magnetic 

field and used the model to predict the movement artefact found 

in a dataset. Methods: We demonstrate a method for modelling this 

field with a triaxial magnetometer, then showed that we can use 

the same technique to predict the movement artefact in a real 

OPM-based MEG (OP-MEG) dataset. Results: Using an 86-

channel OP-MEG system, we found that this modelling method 

maximally reduced the power spectral density of the data by 27.8 

± 0.6 dB at 0 Hz, when applied over 5 s non-overlapping windows. 

Conclusion: The magnetic field inside our state-of-the art 

magnetically shielded room can be well described by low-order 

spherical harmonic functions. We achieved a large reduction in 

movement noise when we applied this model to OP-MEG data. 

Significance: Real-time implementation of this method could 

reduce passive shielding requirements for OP-MEG recording and 

allow the measurement of low-frequency brain activity during 

natural participant movement. 

 
Index Terms—Magnetic Field Mapping, MEG, OPM, wearable 

MEG 

I. INTRODUCTION 

AGNETOENCEPHALOGRAPHY (MEG) is a non-

invasive functional neuroimaging technique, which can 

be used to localize neuronal current flow with high spatial 

and temporal resolution. In MEG, the magnetic field due to 

current flow across active neuronal populations is recorded 

outside of the head. At the scalp, this magnetic field is in the 

range of femto- to pico-Tesla [1]. These fields have typically 

been measured using superconducting quantum interference 

devices (SQUIDs). SQUID-based MEG systems consist of a 

large vacuum flask with a helmet shaped recess for the head that 

is surrounded by superconducting coils. These systems are very 

sensitive and have excellent dynamic range, but are stationary, 

expensive and require participants to remain still during the 

recording. Recently, compact optically pumped magnetometers 

(OPMs) have been developed [2]–[8]. These devices can be 

worn directly on the scalp and so enable participant movement 

during scanning [9]. Neuroscientific paradigms for MEG 

typically avoid any subject movement, while OPM-based MEG 

(OP-MEG) makes it possible to perform more naturalistic tasks 

[10]. Similarly, participants who struggle to remain still, such 

as children or people with movement disorders [11], can be 

more easily studied with OP-MEG.  

Many varieties of OPM sensor now exist. In this work, we 

focus on OPMs that operate in the Spin Exchange Relaxation 

Free (SERF) regime, but the methods outlined below would be 

common to many magnetometers. One practical problem that 

impacts OPMs is how to maintain a fixed operating point as the 

participant moves. The field gradient within the OPM-

dedicated Magnetically Shielded Room (MSR) at UCL is 

around 1000 pT/m [12]; we wish to measure fields in the femto-

Tesla range (typically 0.01-1 pT). This means that any small 

movements of any magnetic field sensor present a considerable 

source of interference: 1 mm of head movement could produce 

a field change equivalent to a large (1 pT) brain signal. 

Rotations within the field cause additional artefacts.  

This leads to direct and indirect artefacts from movement in 

OP-MEG: a direct increase or decrease in the recorded value - 

as described above - and a consequential change in the gain of 

the OPMs, which is dependent on the ambient field of the sensor 

[13]. The relationship between the ambient field and OPM gain 
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means that these sensors operate optimally at magnetic fields 

close to zero (~± 1 nT) [14]. Movement is one common reason 

why the field at an OPM would step outside of this range during 

an OP-MEG recording. These effects usually occur at low 

frequency (below 4 Hz), as the movements themselves are 

typically low frequency (see Supplementary Fig. 1). It is 

partially for this reason that alpha (8–15 Hz), beta (15–30 Hz) 

and gamma (>30 Hz) activity has successfully been recorded 

with OP-MEG during movement [9], [10], [15], theta (4–8 Hz) 

has been recorded while the participant was unconstrained [16], 

but delta and infra-slow waves (<4 Hz) remain a topic of future 

research.  

A number of methods have been suggested for minimizing 

changes in the background magnetic field during an OP-MEG 

experiment, with the most successful involving the placement 

of electromagnetic coils around the participant [13], [17]–[19]. 

The currents in these coils can be adjusted to minimize the 

magnetic field within the volume around the head, meaning that 

when the participant moves, the change in field is minimal [9], 

[17]. The currents in the coils can be continually updated to 

keep the background field close to zero, minimizing temporal 

changes in the background field which are introduced by 

external sources of interference [13], [18]. The electromagnetic 

coils presented in [18] have been shown to be capable of 

keeping the magnetic field to below 2 nT within a 

40 cm × 40 cm × 40 cm box around the participant’s head, 

allowing the participant to move within this region. This has 

opened up a number of new areas of research within MEG [10], 

[15].  

However, even when these field nulling coils are used, the 

magnetic field around the head is not zero. This makes rotations 

during OP-MEG challenging [13]. Additionally, the volume 

that is nulled is limited to a 40 cm box at the center of the coil 

system. If it were possible to record OP-MEG outside of this 

region, it would allow experiments that could not previously be 

considered; for example, recording as people walk about an 

MSR. This could be achieved by locally nulling the magnetic 

field at each sensor (using the internal coils that each sensor 

incorporates), as is done in some novel OPM designs that 

include closed-loop operating modes [20]–[24]. Here we work 

towards selectively controlling for movement-related field 

changes by creating a model of the background field. Previous 

simulation studies have shown how a generative model, 

comprised of current dipole sources located on a shell around 

the room, could be used to null this interference [25]. 

Additionally, it has been shown that  modelling the background 

field as a spatially homogeneous mean field can offer 

significant improvement [26]. We explore an alternative model 

in which we express the low-frequency background field in the 

room as the sum of a real-valued spherical harmonic series [27]. 

Due to the wearability of OP-MEG, here we build a model of 

the spatial distribution of the noise from the participant’s 

movements. The advantage of the spherical harmonic approach 

is that we expect the field models to be computationally simpler 

to estimate and update in real-time. In this work, we establish 

proof-of-principle and use this information to minimize the 

movement-related changes in our OP-MEG recordings post-

hoc.  

The paper proceeds as follows. We start by mapping the 

magnetic field in our MSR using a triaxial magnetometer. We 

show how it is possible to model these field variations using 

relatively low-order spherical harmonic models. We then 

consider a typical OP-MEG experiment using the participant’s 

natural movements. We examine the dependence of these 

methods on the time-window used to construct the model. We 

finish by discussing the suitability of these models for 

correcting for movement noise in real-time. 

II. METHODS 

A. Theory 

A point on notation; vectors and matrices have been 

emboldened. Vectors are additionally italicized to differentiate 

the two.  

For a singular OPM on the scalp, at position 𝒓 ∈ ℝ{3×1} and 

time 𝑡, the recording (𝐵{𝑂𝑃𝑀}(𝒓, 𝑡)) is the sum of the magnetic 

field (𝑩(𝒓, 𝑡) ∈ ℝ{3×1}) along the recording axis of the sensor 

(𝝆{𝑂𝑃𝑀} ∈ ℝ
{3×1}), multiplied by the sensor gain (𝐺), plus any 

sensor error terms (𝑒{𝑂𝑃𝑀}):  

 𝐵{𝑂𝑃𝑀}(𝒓, 𝑡) = 𝐺(𝑩(𝒓, 𝑡) ∙ 𝝆{𝑂𝑃𝑀} + 𝑒{𝑂𝑃𝑀}) (1) 

The dot indicates the dot product between the magnetic field at 

the sensor’s location and the orientation of its sensitive axis. 

𝑩(𝒓, 𝑡) has contributions from both the environment 

(background noise) and the brain (the signal of interest). Here 

we seek to model the background noise component of 𝑩(𝒓, 𝑡).  
We make the assumption that 𝐺 = 1. We also assume that 

the sensitive axis of the sensor remains aligned with its exterior 

shell and that the error term, 𝑒{𝑂𝑃𝑀}, consists of a random, 

Gaussian error and a static offset term. There are multiple 

causes of this offset, the largest being an intentionally applied 

field to null the initial magnetic field at the start of any 

experiment, described in section II.B. Additional sources of this 

offset include slight magnetization of the internal OPM 

components, effective DC fields from the cell heater, internal 

magnetic field gradients, and light shift (a fictitious magnetic 

field created from the interaction of Rubidium atoms and the 

laser) [28].  

 Equation (1) simplifies to 

𝐵{𝑂𝑃𝑀}(𝒓, 𝑡) = 𝑩(𝒓, 𝑡) ∙ 𝝆{𝑂𝑃𝑀} + 𝑒𝑜𝑓𝑓𝑠𝑒𝑡 + 𝑒𝐺𝑎𝑢𝑠𝑠𝑖𝑎𝑛   (2) 

We also assume that the MSR can be approximated as a static, 

source-free space. The magnetic field can then be described by 

 

𝑩(𝒓) =  −𝜇0∑ ∑ 𝛽𝑙𝑚∇(𝑟
𝑙𝑌𝑙𝑚(𝜃, 𝜙))

𝑙

𝑚= −𝑙

∞

𝑙=1

 (3) 

as shown by [29]–[31]. 𝑙 = 0 has not been included here since 

the derivative of 𝑌00 is 0 and so this term has no impact on the 

observed magnetic field. In equation (3), (𝑟, 𝜃, 𝜙) are spherical 

coordinates, such that 𝑥 = 𝑟 sin 𝜃 cos𝜙, 𝑦 = 𝑟 sin 𝜃 sin𝜙, 𝑧 =
𝑟 cos 𝜃, where 𝑥, 𝑦 and 𝑧 are the Cartesian coordinates. 𝛽𝑙𝑚 are 

coefficients to be modelled. 𝑌𝑙𝑚(𝜃, 𝜙) are the spherical 

harmonic functions, as defined in equation (4). As the magnetic 

field being modelled is real, we used the real-valued – also 

known as solid – spherical harmonics (𝑆𝑙𝑚), defined in [32] and 

given here in equation (5), in place of 𝑌𝑙𝑚 to ensure this 

condition. The first 6 orders are listed in Supplementary Table 

1.  
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𝑌𝑙𝑚(𝜃, 𝜙) = (−1)
𝑚√

2𝑙 + 1

4𝜋

(𝑙 − 𝑚)!

(𝑙 + 𝑚)!
𝑃𝑙
𝑚(cos θ)𝑒𝑖𝑚𝜙 (4) 

𝑆𝑙𝑚(𝜃, 𝜙) =  

{
 
 

 
 
𝑖

√2
(𝑌𝑙−|𝑚| − (−1)

𝑚𝑌𝑙|𝑚|), 𝑚 < 0

𝑌𝑙0, 𝑚 = 0
1

√2
(𝑌𝑙−𝑚 + (−1)

𝑚𝑌𝑙𝑚), 𝑚 > 0

 (5) 

𝑃𝑙
𝑚 represents the associated Legendre polynomials. In 

equation (5), the function dependencies on 𝜃 and 𝜙 have been 

removed to keep the equation concise. Due to the nature of the 

associated Legendre polynomials, equation (5) can be 

equivalently expressed as: 

𝑆𝑙𝑚(𝜃, 𝜙) =  

{
 
 

 
 

𝑇𝑙𝑚(𝜃)sin (|𝑚|𝜙), 𝑚 < 0

√
2𝑙 + 1

4𝜋
𝑃𝑙
0(cos(𝜃)), 𝑚 = 0

𝑇𝑙𝑚(𝜃) cos(|𝑚|𝜙) , 𝑚 > 0

 

𝑇𝑙𝑚(𝜃) =  √
2𝑙 + 1

2𝜋

(𝑙 − |𝑚|)!

(𝑙 + |𝑚|)!
𝑃𝑙
|𝑚|(cos(𝜃)) 

(6) 

Whenever we refer to model order in this paper, we are referring 

to the maximum value of 𝑙 used (𝑙𝑚𝑎𝑥).  

We used linear regression to create the model from all 

recorded channels and timepoints. 

 𝒀 = 𝐗𝜷 + 𝒆𝑮𝒂𝒖𝒔𝒔𝒊𝒂𝒏 (7) 

Where 𝒀 is the measured field data and 𝐗, the design matrix, 

contains the spherical harmonic model of magnetic field change 

over space. As such, 

 𝜷 = 𝐗†𝒀 
𝒀𝒑𝒓𝒆𝒅 = 𝐗𝜷 

(8) 

𝐗† is the pseudoinverse of 𝐗.  

The first 𝑀 (where 𝑀 is the number of channels) columns of 

the design matrix are used to account for constant (channel 

specific) offsets.  The remaining columns describe the change 

in the magnetic field over space, such that the expression agrees 

with equations (2) and (3). The number of columns of 𝐗 is 

therefore determined by the number of channels and the model 

complexity and is equal to (𝑀 + 𝑙𝑚𝑎𝑥(𝑙𝑚𝑎𝑥 + 2)). The rows of 

𝐗 correspond to the timepoint and sensor. We chose to list all 

timepoints of sensor 1, then all times of sensor 2 etc. 

Consequently, the data for the regression (𝒀) is given as 

follows: 

𝒀 = [𝐵{1}(𝒓{1}1, 𝑡1), 𝐵{1}(𝒓{2}2, 𝑡2), …, 
(9) 

𝐵{1}(𝒓{1}𝑁 , 𝑡𝑁), 𝐵{2}(𝑟{2}1, 𝑡1), … , 𝐵{𝑀}(𝒓{𝑀}𝑁 , 𝑡𝑁)]
𝑇 

And has length (𝑁𝑀), where 𝑁 is the number of datapoints 

modelled over. 𝐵{𝑚}(𝒓{𝑚}𝑛, 𝑡𝑛) refers to the recording of OPM 

𝑚 at timepoint 𝑛 and position 𝒓{𝑚}(𝑡𝑛).  

As an example, in the simplest case considered here, 𝑙𝑚𝑎𝑥 =
1, and so the background magnetic field is modelled by 𝑩 =
𝛽11𝒙 + 𝛽1−1�̂� + 𝛽10�̂�, where 𝒙, �̂�, �̂� are the standard unit 

vectors in the direction of the 𝑥, 𝑦 and 𝑧 axes. In this scenario, 

the design matrix is as follows,  

 𝐗 = [𝚪, 𝝆𝒙⊙ [𝟎, 𝟎, 𝟎, 𝟏] + 𝝆𝒚⊙ [𝟎, 𝟏, 𝟎, 𝟎]

+ 𝝆𝒛⊙ [𝟎, 𝟎, 𝟏, 𝟎]] 

(10) 

where 𝚪 ∈ ℝ{(𝑁𝑀)×𝑀} represents the matrix for the channel 

offsets. Each column of 𝚪 corresponds to a sensor channel and 

is zero, unless, for column 𝑚, row 𝑘, the data in row 𝑘 of 𝒀 was 

recorded by OPM channel number 𝑚. Apart from 𝚪, all terms 

in equation (10) are column vectors with values corresponding 

to the position and orientation of the channel in the 

corresponding row of 𝒀, e.g. the first element of 𝝆𝒙 is the 

component of the orientation of OPM channel 1 in the 𝑥 

direction at timepoint 0, the second is its orientation in 𝑥 at 

timepoint 1 and so on, until the last element is the component 

of the orientation of OPM channel 𝑀 in the 𝑥 direction at 

timepoint 𝑁. 𝟏 is a column of ones and, similarly, 𝟎 is a column 

of zeros. ⊙ indicates elementwise multiplication. In this case 

where 𝑙𝑚𝑎𝑥 = 1, the estimated parameters would be  

𝜷 = [𝑒𝑜𝑓𝑓𝑠𝑒𝑡,1, 𝑒𝑜𝑓𝑓𝑠𝑒𝑡,2, … , 𝑒𝑜𝑓𝑓𝑠𝑒𝑡,𝑀, 𝛽1−1, 𝛽10, 𝛽11]
𝑇
 

For simplicity, we have only written this out for the simplest 

model. To expand this to include higher order models, the real 

spherical harmonics, as listed in Supplementary Table 1, need 

only be concatenated to the inner arrays. For example, 

considering only the magnetic field in the 𝑥 direction, in going 

from a first order model to second,  
[𝟎, 𝟎, 𝟎, 𝟏] →  [𝟎, 𝟎, 𝟎, 𝟏, 𝒚, 𝟎, 𝒙, 𝒛, 𝒙] 

B. Recording setup 

Two experiments for two different sensor configurations – 

triaxial and whole-head, as described in II.C – were undertaken. 

Fig. 1 shows the setup of the triaxial field mapping experiment. 

In both cases, we used QuSpin QZFM 2nd generation OPMs 

(https://quspin.com/products-qzfm/). The OPMs were moved 

manually, pseudo-randomly, either on the end of stick or on the 

participant’s head, around the central 1-2 cubic meters of a 4-

layer MSR (Magnetic Shields, Ltd.; internal dimensions 3 m 

× 4 m × 2.2 m) for 5 minutes. 

Before the start of the experiments, the inner layer of mu-

metal lining the room was degaussed by passing a low-

frequency decaying sinusoidal current through cables within the 

walls.  

The position of a rigid array of 4 retroreflective markers, 

which was fixed relative to the OPMs, was recorded using an 

OptiTrack v120:duo motion tracking camera in the triaxial 

experiment or, in the case of the OP-MEG experiment, 6 

OptiTrack Flex 13 cameras spaced around the room.  

Fig. 1.  Field Mapping system set up. In the triaxial experiment, the 

position and orientation of two magnetometers were tracked optically, 

while the field along two of their axes were recorded. These two data-

streams (magnetic field and position/orientation) were synchronously 

recorded. 
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The magnetometer outputs, which are limited to ±5 V, were 

recorded at 6000 Hz using LabView with a National 

Instruments (NI) DAQ (NI-9205, 16-bit, ± 10 V input range), 

using QuSpin’s adapter (https://quspin.com/products-qzfm/ni-

9205-data-acquisition-unit/). The position information was 

recorded on a separate computer using OptiTrack's Motive 

software at 120 Hz. A 5 V voltage pulse was sent to both 

systems for synchronization.  

Occasional occlusion of one or multiple markers led to gaps 

in the position data. In the triaxial recording, these gaps were 

filled in using cubic spline interpolation in Motive. In the OP-

MEG experiment, an initial “pattern-based” interpolation was 

performed prior to spline fitting. In this case, when only one 

marker was missing (i.e. the position of the other three markers 

was known), the trajectory data from the other markers was 

used to determine the position of the occluded marker by the 

constraints of the rigid body. Any remaining gaps were then 

filled with cubic spline interpolation. 

The magnetometer outputs were downsampled to 240 Hz for 

convenience. Linear interpolation was used to upsample the 

OptiTrack data to 240 Hz to match the two recordings.  

The OPMs used here operate optimally in ambient magnetic 

fields close to zero (~ ± 1 nT), so at the start of each 

experiment, electromagnetic coils on board each sensor were 

optimized to produce a magnetic field equal and opposite to the 

ambient field at the time of the calibration. This bias field 

(typically 0.1–2 nT for our OPM-dedicated MSR) was recorded 

and left on throughout each recording. The gain of the OPMs 

was set to allow recordings of up to ± 5.56 nT. This was 

necessary to ensure that all of the data was within range, 

although, as discussed previously, larger magnitude OPM 

recordings have higher gain errors, meaning that there is more 

uncertainty in the larger field values. 

The OptiTrack coordinate system was set using an initial 

Ground Plane recording, where a right-angled triangle frame 

with retroreflective markers at the corners was placed at the 

origin of and aligned along the axes of the desired coordinate 

system. This coordinate system was chosen to be related to the 

geometry of the MSR. The origin was set approximately in the 

center of the room, with the x-axis pointing towards the door, 

y-axis pointing down and z-axis defined so that the coordinate 

system is right-handed. 

To find the position and orientation of the OPMs from the 

position of the markers, we used the Kabsch method [33] to find 

the optimal transformation between the known coordinates of 

the markers relative to the OPMs and the OptiTrack recordings. 

We then applied the same transformation to the known OPM 

coordinates and orientations at each data point.  

C. Experiments 

1) Triaxial Field Mapping 

We created a triaxial magnetometer from two, orthogonally 

oriented OPMs, shown in Fig. 2. Each OPM recorded two 

orthogonal directions of field change, although only three axes 

were selected for modelling (i.e. only one of the two parallel 

axes was used). We recorded for 5 minutes while moving the 

sensor around the room, waited 20 minutes and then repeated 

the recording. 

Three filters were applied to the OPM recordings: a 4th–order 

60 Hz low-pass Butterworth filter and two 5th–order band-stop 

Butterworth filters at 50 Hz (line noise) and 120 Hz (infrared 

interference from the OptiTrack cameras). 

To determine the number of spherical harmonic functions 

required to reasonably describe the magnetic field in our MSR, 

we tested the first six model orders. We performed a 10-fold 

cross-validation test to compare the different models for both 

recordings and evaluated their performance by the variance in 

the data explained by each model, quantified by the Coefficient 

of Determination (𝑅2) across the full dataset.  

 
𝑅2 = 1 −

∑ (Ymeasured,i − Ymodelled,i)
2NM

i=1

∑ (Ymeasured,i − 〈Ymeasured〉)
2NM

i=1

 (11) 

Here the brackets around Ymeasured indicate the mean over all 

channels and times.  

Additionally, we wished to avoid overfitting and also 

establish whether the magnetic field changed with time. 

Therefore, we trained a model on the first 80% of the data and 

tested it on the last 20%. For this purpose, we also trained the 

model on the alternative run, recorded 20 minutes apart.  

 

2) OP-MEG Recording 

We sought to recreate this modelling with OP-MEG data 

based on recordings from multiple scalp-based sensors. To 

create a test dataset, 43 (dual-axis) OPMs were placed evenly 

around a participant’s head in a 3D printed, bespoke, rigid 

scanner-cast. The sensor and OptiTrack marker positions 

relative to the scalp are shown in Fig. 3.  

The participant was standing and was asked to move such that 

their head made large translational and rotational movements 

(shown in Fig. 6). The experimental protocol was approved by 

Fig. 2.  Photographs of the experimental set-up, showing the OPMs 

and retroreflective markers for position tracking, taken from opposite 

directions. 

Fig. 3.  Position of each of the OPMs (black cuboids) and 

retroreflective markers (blue circles) in the auditory experiment. The 

participant’s head is represented by the grey mesh.  
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the UCL Research Ethics Committee and informed consent was 

obtained prior to participation.  

Aiming to compensate for the temporal changes in the 

magnetic field, we performed this modelling on sliding 

windows of the data. Six different window lengths — 5 s, 10 s, 

30 s, 60 s, 120 s and 240 s — were tested. In this work, we have 

consistently set the modelling step size, i.e. how often we 

update the model, to half of the length of the modelling window. 

The impact of changing this value is discussed in the 

supplementary material.  

To evaluate the model’s performance, we looked at the 

shielding factor of the resulting correction, calculated with SPM 

(https://github.com/tierneytim/OPM).  

𝑠ℎ𝑖𝑒𝑙𝑑𝑖𝑛𝑔 𝑓𝑎𝑐𝑡𝑜𝑟 (𝑑𝐵)

= 20 log10 (
𝑌𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝑌𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝑌𝑚𝑜𝑑𝑒𝑙𝑙𝑒𝑑
) 

(12) 

For three windows (5 s, 30 s and 120 s), we also looked at 

the percentage decrease in the RMS value of the OP-MEG 

recording and how that varied between the channels. 

The position data was low-pass filtered at 2 Hz with a 6th–

order Butterworth filter before modelling. The model 

predictions were low pass filtered at 2 Hz with a 5th–order 

Butterworth filter. This filter was necessary because we found 

that above this frequency, the noise from the motion tracking 

camera was larger than the noise from the movement. This is 

consistent with Supplementary Fig. 1, which shows that most 

of the movement here is described by frequency components 

below 2 Hz.  

III. RESULTS 

A. Triaxial recording 

The modelled magnetic field in the OPM–dedicated MSR at 

UCL from the whole of the first triaxial recording using a 3rd 

order model is shown in Fig. 4. The figure shows the trajectory 

of the movement, which begins in the bottom left of the grid 

shown (as the researcher picks the sensor up from a table). The 

range of movement was 1.2 m, 1.4 m, and 0.8 m in 𝑥, 𝑦, and 𝑧 

respectively. The model is spatially smooth, as you would 

expect given the basis functions, with a gradient in the 𝑥 

direction (towards the door). The equivalent figures for the 

second triaxial run and the OP-MEG recording are shown in 

Supplementary Fig. 3.  

Fig. 5 shows the variance in both triaxial recordings for 

spherical harmonic models of different complexity. As one 

Fig. 4.  Background magnetic field in the Magnetic Shields Limited (MSL) MSR at UCL at the mean OPM position during the first run of the 

triaxial experiment, according to a 3rd order real spherical harmonic model. The three columns are the three magnetic field components. In each, 

the direction of the MSR door is indicated. The graphs are oriented to be representative of the room such that down the page is nearer to the 

ground in the room. The two trails coming out of the main space - bottom left and top right - are, respectively, caused by the magnetometer being 

picked up off the table at the start of the experiment and moving it nearer the camera (to see how this affected the field). The equivalent figure 

for the second run of this experiment and for the OP-MEG experiment is shown in Supplementary Fig. 3. 

Fig. 5.  Variance explained (𝑹𝟐) by different order spherical harmonic 

models in three different analyses: 10-fold cross-validation (blue 

circles), training on the first 80% of the data (orange triangles) and 

training on the opposite run (yellow squares). The within-sample 

(testing and training data are the same) variance explained is given by 

complete lines, the out-of-sample (testing and training data are 

different) variance explained is given a dashed line. The two 

recordings are shown on separate graphs. Run 1 (left) was recorded 

first, then run 2 (right) recorded 20 minutes later. Note the different 

scales on the two graphs.  
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would expect, the model error decreases as the complexity of 

the model increases. When a 10-fold cross-validation test was 

performed, the difference between the within-sample variance 

explained and out–of–sample variance explained was within the 

error bars for all the models. This suggests that all the models 

generalize well. However, for both recordings, the same cannot 

be said when training on the first 80% of the data and testing on 

the last 20%. The model explains over 96% of the variance in 

the hold out set and, indeed, the variance explained in the hold 

out set exceeds that in the training set but the fact that they are 

different implies that the magnetic field is changing in time.  

In line with this, there is a notable drop in the variance 

explained when training on the alternative recording, i.e. 

training on data recorded in the same room, without opening or 

closing the door but recorded 20 minutes later or earlier. Unlike 

testing on the same dataset, the variance explained does not 

increase as the model order increases. In this case, the lower 

order models appear to be more stable. Additionally, the 

number of model parameters is 𝑙𝑚𝑎𝑥(𝑙𝑚𝑎𝑥 + 2). As the number 

of parameters increases, so does the size of the design matrix 𝐗 

and the time required to invert it. Therefore, for computational 

efficiency and robustness, a spherical harmonic model of order 

2 is a pragmatic compromise for the space sampled. For the rest 

of the paper, if a model order is not explicitly given, a 2nd order 

real spherical harmonic model was used.    

B. OP-MEG Recording 

Having established that it is possible to describe the field in 

the center of the room using a low-order spherical harmonic 

model, we set out to examine how effective these models and 

estimates might be during a real participant recording. As we 

expect the optimal field model to change depending on the 

room space moved within (i.e. high orders for large spaces or 

spaces close to the walls), we were aiming to use the 

participant’s own movements to define the optimal field model, 

rather than reusing the models from the previous triaxial 

experiments.  

A 100 s segment of the recordings from three randomly 

selected example channels, as well as the movement and 

Fig. 6.  Example OPM recordings (first three rows) and corresponding movement information (last two rows) for the participant experiment. In 

the OPM recordings, the measured data is shown in blue. The model predictions for a second order model with three window lengths is shown: 

5 s (orange), 30 s (yellow) and 120 s (purple). The equivalent measured minus modelled recordings are shown in Supplementary Fig. 6. The 

position information is shown as the movement (position minus starting position, 4th row) and rotation (bottom) of the scanner-cast during the 

field mapping recording. In the movement panel, the x (blue), y (orange) and z (yellow) components of the position of the scanner cast in the 

same room-based coordinate system as the triaxial recording are shown. The bottom panel shows the pitch (blue), roll (orange) and yaw (yellow) 

of the scanner-cast, as recorded by the OptiTrack camera.   
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rotation of the scanner-cast in the OP-MEG experiment, is 

shown in Fig. 6. The movements (approximately 60 cm) here 

are notably larger than the typical movement range for SQUID-

MEG (1 cm) [34]. 

Fig. 6 also shows the predictions from a 2nd order spherical 

harmonic model fit to these data. The predicted field is shown 

for three different sliding window lengths – 5 s, 30 s and 120 s. 

For the three channels shown, it appears from visual inspection 

that the 5 s window fits to the original data most closely. The 

average maximum absolute value in the original data across all 

channels is 1.35 ± 0.03 nT. After subtracting the model from 

the data, this was reduced to 0.60 ± 0.02 nT, 0.86 ± 0.03 nT 

and 1.02 ± 0.03 nT for the 5 s, 30 s and 120 s windows 

respectively. 

The per-sample noise reduction (as defined by the percentage 

decrease in the root mean square of the OPM recording) for 

these three window lengths and all 86 channels is shown as a 

histogram in Fig. 8. There is variation between the 86 channels, 

with noise reduction value  ranging from 51.8 ± 0.3 % to 

81.4 ± 0.1 % for the 5 s window, with an average of 

65.2 ± 0.9 %. This corresponds to an average (over channels) 

reduction in the RMS OPM recording of 215.6 ± 5.4 pT. 

The level of noise reduction was found to be dependent on the 

length of the window used. As the window length increases, the 

average noise reduction decreases while the variation between 

channels increases. Consequently, for a 120 s window, we saw 

a reduction between 13.1 ± 0.5 % and 57.9 ± 0.3 % with an 

average of 36.7 ± 1.1 %. 

To look at the dependence of performance on frequency, the 

shielding factor for different window lengths is examined in 

Fig. 7. The impact of the correction is largest at 0 Hz for all 

window lengths, with maxima at 7.7 ± 0.5 dB, 13.9 ± 0.5 dB  

and 27.8 ± 0.6 dB for 120 s, 30 s and 5 s windows respectively. 

However, above 1 Hz, particularly for the 5 s and 10 s 

windows, the algorithm can have a detrimental effect, with 

shielding factors below 0 dB suggesting that the additional 

noise from the OptiTrack introduced by applying the correction 

is higher than the original movement noise in this region.  

When longer (60 s, 120 s and 240 s) windows are used, the 

algorithm is less detrimental; the noise in the position 

recordings has less of an impact by simply having more 

datapoints from which to create the model. This is also the case 

for the out-of-sample shielding factor, shown in Supplementary 

Fig. 5. However, in this scenario, the field modelling also has 

limited benefit, with a maximum shielding factor of 7.7 ± 

0.5 dB for the 120 s window. Along with model complexity, 

modelling window length will be an important factor to be 

considered when using this method to reduce movement noise 

in OP-MEG.    

IV. DISCUSSION 

We tested a method to compensate for sensor movement 

within the central portion of a magnetically shielded room using 

a spherical harmonic field model. We created models from 

recordings made while moving a triaxial sensor and a whole-

head sensor array. We showed that low-order spherical 

harmonics could explain (and predict) over 80 % of the 

variance in the data.  

We used the same spherical harmonic models with an on-

scalp array but we note the performance gains were much less 

striking. Although large noise reduction was achieved for short 

time windows (65.2 ± 0.9 % at 5 s) with the on-scalp array, the 

performance for longer windows was relatively modest. This is 

likely due to a number of factors. First, the magnetic field in the 

room was changing temporally as well as spatially, due, for 

example, to passing traffic. Second, there was additional noise 

due to movement of the sensor cabling. These cables pull on 

and consequently move the magnetically sensitive cell within 

the OPM housing, creating field changes due to internal device 

movement. The cables also interact as they move across one 

another, creating movement-related but unpredictable artefacts. 

These issues are currently being resolved with improved cable 

fastening and layout. These factors may help to explain the 

poorer performance at long window lengths and why, when we 

repeated the 10-fold cross-validation used in the triaxial 

experiment on the OP-MEG data, the variance explained was 

notably lower (see Supplementary Fig. 4). One future 

improvement to the method could be to add regularization, in 

particular on the OPM offsets which should change far more 

slowly than the background magnetic field. A Bayesian update 

method for example would allow some parameters to be 

updated more slowly than others. 

This method draws inspiration from the signal space 

separation method (SSS) [30], [35], [36] and mean field 

Fig. 8.  The RMS noise reduction for 120 s, 30 s and 5 s sliding 

modelling windows as a histogram of the values for different channels. 

Fig. 7.  Shielding factor for a 2nd order spherical harmonic model on 

the OP-MEG recording for different window lengths. The values 

shown are the mean over all channels, with the width of the line given 

by the standard error of the mean. 
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modelling of the background magnetic field in an MSR [26]. 

SSS makes use of the spherical harmonic description of the 

magnetic field to separate fields arising from within and outside 

of the head. Here we make use of the fact that the head is 

moving and assume that brain activity is negligible compared 

to the movement induced artefacts. The assumption in mean 

field modelling is that the background magnetic field across the 

head is spatially constant and can therefore be removed. This 

takes place time-point by time-point without any knowledge of 

head-position. It is therefore well-suited to temporally non-

stationary interference. In contrast, here we assume that the 

background magnetic field varies spatially and only changes 

slowly in time. This makes the model slower to compute but, 

critically, means that the magnetic field at a new position, 

orientation, and time can be predicted. This may have 

advantages in situations in which movements are fast or where 

field gradients are high, and field changes would have 

otherwise moved the OPMs outside of their optimal operating 

range (see next section). There is clearly scope for further work 

in which all three approaches are combined. 

Here we discussed the change in the OPM recordings from 

movement while the OPMs are operating within their dynamic 

range of ±5.56 nT [19]. We are fortunate that the central part 

of our room meets these specifications after degaussing the 

inner mu-metal layer, but for other rooms or different ranges of 

movement, we envisage that real-time field correction may be 

required to keep the OPMs within their operating range. If the 

sensors can continuously be kept close to their optimal (0 T) 

operating point this also mitigates the gain errors (~1 % per nT 

[9], [13], [14], [37]) which are incurred as a result of operating 

at an offset field during movement. Practical constraints to be 

considered in the future would be the cross-talk from these 

compensating fields between the coils on the different OPMs 

[38].  The space the participant moves through will also likely 

be important in the choice of model parameters, in particular 

the window length and model order. Here we looked at 

continuous, large movements; arguably the worst-case-scenario 

for OP-MEG recordings. However, typical neuroimaging 

experiments are likely to contain less frequent and smaller 

movements. A longer modelling window and a lower order 

model may be preferable in these situations. 

The timing of the applied field will also likely be important. 

In the way we have used field modelling in this paper, time is 

not a significant limitation, since the modelling is done offline 

after an experiment. However, in this real-time scenario, 

computation time will be critical and should not be more than 

the time between recalculating the model. This recalculation 

time will depend to some extent on the stationarity of the 

environment. It is encouraging, therefore, that in Fig. 5, over 

80% of the field variation in the room can be predicted from 

measurements taken 20 minutes apart. The computation time is 

dependent on the size of the design matrix, itself determined by 

the number of OPM channels, number of datapoints in a 

modelling window, and model complexity. The time between 

recalculating the model, equivalent to the step size for the 

sliding window, should be chosen to be small enough to account 

for the changes in magnetic field with time, but larger than the 

computation time. In this paper, we have consistently used a 

step size of half the sliding window length. The relationship 

between this step size and the model accuracy, computation 

time, and noise reduction is discussed in the supplementary 

material. One of the advantages of a spherical harmonic model 

as we have used here, is the relative simplicity by comparison 

with a more complicated source model [25]. Further work will 

be needed to increase the speed of this modelling, in order to 

selectively correct for movement-related field changes in real-

time. 

We have focused on mapping signal modulations due to 

movements through static fields; we are currently exploring 

how this method could be applied to predict spatial variations 

in other interfering fields. For example, the mains (50 Hz) noise 

within our shielded room has a clear spatial structure. Other 

fields, such as those due to the vibration of the room walls may 

also have a deterministic structure. Typically, one might use an 

adaptive filter and reference noise measurements to minimize 

such signals; however, updating the correlation between the 

reference sensor and signal recordings over time as the 

participant moves introduces high pass filtering effects. Using 

a method based purely on measurement of spatial position 

would incur no sacrifice in recording bandwidth as the optimal 

weighting of the reference signal(s) would be given by the 

location and orientation of each sensor.  

V. CONCLUSION 

In summary, we have explored a method to model the spatial 

variation of background magnetic fields within a magnetically 

shielded room and the interference they cause during an OP-

MEG recording. We used a spherical harmonic field model and 

found that for the central portion of our shielded room, effective 

field cancellation could be achieved for low model orders. This 

is consistent with prior work and encouraging for future use of 

external field nulling coils typically used in OP-MEG, which 

are generally capable of producing 1st order magnetic field 

gradients [13], [17], [18]. 

This demonstrates the potential for real-time correction based 

on these models in the future. These preliminary steps hold 

promise for OP-MEG systems with greater movement tolerance 

requiring less passive shielding. 

REFERENCES 

[1] M. Hämäläinen et al., “Magnetoencephalography 

theory, instrumentation, and applications to 

noninvasive studies of the working human brain,” Rev. 

Mod. Phys., vol. 65, no. 2, pp. 413–497, Apr. 1993. 

[2] T. H. Sander, J. Preusser, R. Mhaskar, J. Kitching, L. 

Trahms, and S. Knappe, “Magnetoencephalography 

with a chip-scale atomic magnetometer,” Biomed. Opt. 

Express, vol. 3, no. 5, p. 981, May 2012. 

[3] S. Knappe, O. Alem, D. Sheng, and J. Kitching, 

“Microfabricated Optically-Pumped Magnetometers 

for Biomagnetic Applications,” in Journal of Physics: 

Conference Series, 2016. 

[4] O. Alem, A. M. Benison, D. S. Barth, J. Kitching, and 

S. Knappe, “Magnetoencephalography of Epilepsy 

with a Microfabricated Atomic Magnetrode,” J. 

Authorized licensed use limited to: University College London. Downloaded on August 16,2021 at 15:43:30 UTC from IEEE Xplore.  Restrictions apply. 



0018-9294 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TBME.2021.3100770, IEEE
Transactions on Biomedical Engineering

Neurosci., vol. 34, no. 43, pp. 14324–14327, Oct. 

2014. 

[5] H. Xia, A. Ben-Amar Baranga, D. Hoffman, and M. V 

Romalis, “Magnetoencephalography with an atomic 

magnetometer,” Appl. Phys. Lett., vol. 89, no. 21, p. 

211104, Nov. 2006. 

[6] C. Johnson, P. D. D. Schwindt, and M. Weisend, 

“Magnetoencephalography with a two-color pump-

probe, fiber-coupled atomic magnetometer,” Appl. 

Phys. Lett., vol. 97, no. 24, p. 243703, Dec. 2010. 

[7] C. N. Johnson, P. D. D. Schwindt, and M. Weisend, 

“Multi-sensor magnetoencephalography with atomic 

magnetometers,” Phys. Med. Biol., vol. 58, no. 17, pp. 

6065–6077, Sep. 2013. 

[8] V. K. Shah and R. T. Wakai, “A compact, high 

performance atomic magnetometer for biomedical 

applications,” Phys. Med. Biol., vol. 58, no. 22, pp. 

8153–8161, 2013. 

[9] E. Boto et al., “Moving magnetoencephalography 

towards real-world applications with a wearable 

system,” Nature, vol. 555, no. 7698, pp. 657–661, 

2018. 

[10] R. M. Hill et al., “A tool for functional brain imaging 

with lifespan compliance,” Nat. Commun., vol. 10, no. 

1, Dec. 2019. 

[11] D. T. Wehner, M. S. Hämäläinen, M. Mody, and S. P. 

Ahlfors, “Head movements of children in MEG: 

quantification, effects on source estimation, and 

compensation.,” Neuroimage, vol. 40, no. 2, pp. 541–

550, Apr. 2008. 

[12] I. Altarev et al., “Minimizing magnetic fields for 

precision experiments,” J. Appl. Phys, vol. 117, no. 

23, p. 233903, 2015. 

[13] J. Iivanainen, R. Zetter, M. Grön, K. Hakkarainen, and 

L. Parkkonen, “On-scalp MEG system utilizing an 

actively shielded array of optically-pumped 

magnetometers,” Neuroimage, vol. 194, pp. 244–258, 

Jul. 2019. 

[14] T. M. Tierney et al., “Optically pumped 

magnetometers: From quantum origins to multi-

channel magnetoencephalography,” NeuroImage, vol. 

199. Academic Press Inc., pp. 598–608, 01-Oct-2019. 

[15] G. Roberts et al., “Towards OPM-MEG in a virtual 

reality environment,” Neuroimage, vol. 199, pp. 408–

417, Oct. 2019. 

[16] D. N. Barry et al., “Imaging the human hippocampus 

with optically-pumped magnetoencephalography,” 

Neuroimage, 2019. 

[17] N. Holmes et al., “A bi-planar coil system for nulling 

background magnetic fields in scalp mounted 

magnetoencephalography,” Neuroimage, vol. 181, pp. 

760–774, Nov. 2018. 

[18] N. Holmes et al., “Balanced, bi-planar magnetic field 

and field gradient coils for field compensation in 

wearable magnetoencephalography,” Sci. Rep., vol. 9, 

no. 1, 2019. 

[19] A. Jodko-Władzińska, K. Wildner, T. Pałko, and M. 

Władziński, “Compensation system for biomagnetic 

measurements with optically pumped magnetometers 

inside a magnetically shielded room,” Sensors 

(Switzerland), vol. 20, no. 16. MDPI AG, pp. 1–14, 

02-Aug-2020. 

[20] D. Sheng, A. R. Perry, S. P. Krzyzewski, S. Geller, J. 

Kitching, and S. Knappe, “A microfabricated 

optically-pumped magnetic gradiometer,” Appl. Phys. 

Lett., vol. 110, no. 3, p. 031106, Jan. 2017. 

[21] H. Yang, K. Zhang, Y. Wang, and N. Zhao, “High 

bandwidth three-axis magnetometer based on optically 

polarized 85Rb under unshielded environment,” J. 

Phys. D. Appl. Phys., vol. 53, no. 6, p. 065002, Dec. 

2019. 

[22] G. Oelsner et al., “Integrated optically pumped 

magnetometer for measurements within Earth’s 

magnetic field,” arXiv (preprint), 2020. 

[23] W. Fourcault et al., “Helium-4 magnetometers for 

room-temperature biomedical imaging: toward 

collective operation and photon-noise limited 

sensitivity,” Opt. Express, vol. 29, no. 10, p. 14467, 

2021. 

[24] E. J. Pratt et al., “Kernel Flux: a whole-head 432-

magnetometer optically-pumped 

magnetoencephalography (OP-MEG) system for brain 

activity imaging during natural human experiences,” 

in Proc. SPIE, Optical and Quantum Sensing and 

Precision Metrology, 2021, vol. 11700, no. 5, p. 101. 

[25] J. D. Lopez et al., “Updating dynamic noise models 

with moving magnetoencephalographic (MEG) 

systems,” IEEE Access, vol. 7, pp. 10093–10102, 

2019. 

[26] T. M. Tierney et al., “Modelling optically pumped 

magnetometer interference as a mean (magnetic) 

field,” bioRxiv (preprint), 2020. 

[27] B. E. Dietrich, “Field Cameras for Magnetic 

Resonance Systems,” ETH Zürich, 2015. 

Authorized licensed use limited to: University College London. Downloaded on August 16,2021 at 15:43:30 UTC from IEEE Xplore.  Restrictions apply. 



0018-9294 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TBME.2021.3100770, IEEE
Transactions on Biomedical Engineering

[28] V. Shah and M. V. Romalis, “Spin-exchange 

relaxation-free magnetometry using elliptically 

polarized light,” Phys. Rev. A, vol. 80, no. 1, p. 

013416, Jul. 2009. 

[29] K. Whaler and D. Gubbins, “Spherical harmonic 

analysis of the geomagnetic field: an example of a 

linear inverse problem,” Geophys. J. Int., vol. 65, no. 

3, pp. 645–693, 1981. 

[30] S. Taulu and M. Kajola, “Presentation of 

electromagnetic multichannel data: The signal space 

separation method,” J. Appl. Phys., vol. 97, no. 12, p. 

124905, Jun. 2005. 

[31] G. Wyszyński et al., “Active compensation of 

magnetic field distortions based on vector spherical 

harmonics field description,” AIP Adv., vol. 7, no. 3, 

p. 35216, 2017. 

[32] C. D. H. Chisholm, Group Theoretical Techniques in 

Quantum Chemistry. Academic Press Inc., 1976. 

[33] W. Kabsch, “A solution for the best rotation to relate 

two sets of vectors,” Acta Crystallogr. Sect. A, vol. 32, 

no. 5, pp. 922–923, Sep. 1976. 

[34] J. Gross et al., “Good practice for conducting and 

reporting MEG research,” Neuroimage, vol. 65, pp. 

349–363, Jan. 2013. 

[35] S. Taulu, M. Kajola, and J. Simola, “The Signal Space 

Separation method,” arXiv (preprint), Jan. 2004. 

[36] S. Taulu, J. Simola, and M. Kajola, “Applications of 

the signal space separation method,” IEEE Trans. 

Signal Process., vol. 53, no. 9, pp. 3359–3372, Sep. 

2005. 

[37] S. S. Meyer, “Source Modelling of the Human 

Hippocampus for MEG,” UCL, 2016. 

[38] N. V Nardelli, S. P. Krzyzewski, and S. A. Knappe, 

“Reducing crosstalk in optically-pumped 

magnetometer arrays,” Phys. Med. Biol., vol. 64, no. 

21, Nov. 2019. 

 

 

Authorized licensed use limited to: University College London. Downloaded on August 16,2021 at 15:43:30 UTC from IEEE Xplore.  Restrictions apply. 


