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Summary 

Imaging human brain function with techniques such as magnetoencephalography1 (MEG) 

typically requires a subject to perform tasks whilst their head remains still within a restrictive 

scanner. This artificial environment makes the technique inaccessible to many people, and 

limits the experimental questions that can be addressed. For example, it has been difficult to 

apply neuroimaging to investigation of the neural substrates of cognitive development in babies 

and children, or in adult studies that require unconstrained head movement (e.g. spatial 

navigation). Here, we develop a new type of MEG system that can be worn like a helmet, 

allowing free and natural movement during scanning. This is possible due to the integration of 

new quantum sensors2,3 that do not rely on superconducting technology, with a novel system 

for nulling background magnetic fields. We demonstrate human electrophysiological 

measurement at millisecond resolution whilst subjects make natural movements, including 

head nodding, stretching, drinking and playing a ball game. Results compare well to the current 

state-of-the-art, even when subjects make large head movements. The system opens up new 

possibilities for scanning any subject or patient group, with myriad applications such as 

characterisation of the neurodevelopmental connectome, imaging subjects moving naturally in 

a virtual environment, and understanding the pathophysiology of movement disorders. 
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Section 6) or only provide indirect access to brain function via metabolic processes (e.g. fMRI). 

However, current MEG systems exclude many subject cohorts and experimental paradigms. Our 

system represents a step change for functional imaging. A wearable instrument with scalp-mounted 

sensors means that subjects can be scanned across the lifespan, from babies to elderly patients, 

allowing imaging during key stages of cognitive development and decline. For example, it is well 

known that efficient communication between spatially separate cortical regions is key to healthy brain 

function, and that neural oscillations help mediate such connectivity28,29. However, little is known 

about how electrophysiological brain networks emerge in the early years of life. Our system can 

characterise those networks, and the spectro-temporal profile of the connectivities that underlie them 

(see Extended Data Figure 6 and SI section 7). This highlights the potential utility of OPM-MEG for 

characterising the developmental connectome. Our wearable system also opens doors to myriad 

neuroscientific investigations in which subjects can move naturally and interact with the real world. 

An example is given in Figure 4 which shows brain activity elicited when the subject played a ball 

game (Figure 4a). This naturalistic paradigm requires free, rapid and unpredictable head and arm 

movement; nevertheless we were able to localise changes in beta oscillations to the arm/wrist area of 

motor cortex (Figure 4b) and track the dynamics of oscillatory modulation (Figure 4c). This shows 

the unique potential of wearable MEG to assess visuomotor coordination, adding a new dimension to 

previous work30. In sum, this new technology has transformative potential across a range of 

neuroscientific and clinical applications, where knowledge of brain electrophysiology is informative. 
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Supplementary Information 
 

3) TRIAL-BY-TRIAL ANALYSIS 

We present an additional analysis of the data from the 6 finger-abduction experiments, where the 

subject was asked to make naturalistic movements of their head during data acquisition. Here, data 

from the Xbox Kinect camera and OPM MEG channels were combined to examine the effect of 

subject movement on beta band response magnitude, on a trial-by-trial basis. Initially, all data 

(movement, trigger, and OPM-MEG) were concatenated across all six experiments. Kinect data were 

divided into trials and the maximum movement within every trial computed as the largest difference 

between measured fiducial marker coordinates (we took the maximum movement of the three 

different fiducials in any of the three Cartesian axes). For each trial, the mean beta amplitude during 

the window containing the power-decrease (0.4 < t < 0.9 s), and the rebound (1.05 s < t < 4.0 s) was 

also computed. The difference between these two metrics was taken as the peak-to-peak response 

magnitude. We then tested for any significant correlation between response magnitude and 

movement. 

 

Extended Data Figure 1a shows beta envelopes (for both the finger abduction and the rest trials) in 

the presence of large (50 % of trials with highest movement) and small (50 % of trials with smallest 

movement) motion. Here, the red trace shows the beta band amplitude in finger abduction trials in 

the presence of (on average) a 4.3 cm within-trial head movement; the blue trace shows a similar plot 

for data recorded in the presence of a 1.7 cm movement. The green and black traces show the case 

for resting trials with 4.4 cm and 1.7 cm movements, respectively. Interestingly, there was a 

significant increase in baseline beta band oscillatory amplitude for the larger head movement, in both 

the resting and finger abduction trials. This was thought to relate to an increase in artifact due to 

electrophysiological activity in the muscles in the neck. However, despite a more than doubling of 

the head movement, the actual beta response magnitude to finger abduction remains similar. To 

quantify this, Extended Data Figure 1b shows the measured peak-to-peak response amplitude plotted 

against motion for all trials. No measurable relationship between movement and beta response 

magnitude was observed, showing that data quality was unaffected by movement. (If data quality was 

degraded we would expect a negative relationship.)  

 

4) SPATIOTEMPORAL RESOLUTION AND ORIENTATION ROBUSTNESS 

To further characterise our OPM-MEG system we undertook three separate analyses of the finger 

abduction data, the first was to quantify spatial resolution, the second to better understand the scan-

to-scan repeatability, and the third to assess temporal resolution. 
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in separate experiments. Notice that, for OPM-MEG, although a muscle artifact is observed, the beta 

response is still clearly visible. However, in the EEG channels, the beta response is completely 

obscured by the muscle artifact (this was the case in all channels). The bar chart in Extended Data 

Figure 5aiii shows the size of the muscle artifact (averaged across 13 sensors covering the 

sensorimotor strip as indicated by the black circles in Extended Data Figure 5ai) relative to baseline. 

Note that the size of the artifact in EEG is ~10 times larger than the equivalent artifact in OPM-MEG. 

For completeness we also measured the size of the artifact relative to the beta rebound (the only phase 

of the beta response still visible in the EEG data). This was done for the three (MEG and EEG) 

channels shown in Extended Data Figure 5aii. In EEG, the artifact was 31 ± 4 times larger than the 

rebound. In MEG this value dropped to 2 ± 1. 
 

Extended Data Figure 5b shows a direct comparison of EEG and OPM-MEG data recorded during 

the finger abduction task. For both modalities, data from a single sensor with the largest beta band 

fluctuation (for data recorded in the static case) has been chosen for visualisation. Movement data, 

recorded using the X-box Kinect camera, are also shown. The left-most two time-frequency spectra 

show data averaged over all six experiments (300 trials), whereas the right-most two time-frequency 

spectra show a single representative experiment (50 trials). Both finger abduction and resting trials 

are shown. With the head static, OPM-MEG and EEG offer similar results at the channel level; the 

expected beta modulation is shown clearly whilst higher frequencies, and resting trials show no 

obvious fluctuations. However, with the head freely moving, whilst OPM-MEG data show a clear 

response, EEG data suffer from significant artifact generated by muscle activity (as well as, 

potentially, movement degrading the contact of the electrode with the scalp). Whilst averaging over 

more trials (300 compared to 60) reduces the contribution of muscle artifact to the processed EEG 

signal, it does not eliminate it. Results therefore show clearly that EEG data, acquired in a freely 

moving subject, does not produce the same quality of neuronal responses as that afforded by OPM-

MEG. 

 

Discussion: The advantages of OPM-MEG over EEG 

The advantages of OPM-MEG over EEG can be broken down into three areas, 1) sensitivity to muscle 

artifact; 2) spatial resolution and 3) practical issues. These are discussed below. 

 

Muscle artifacts 

The results above show that muscle artifacts in EEG and MEG begin in the low beta band  (~15-20 

Hz) and extend into the higher (gamma) frequency range. This result is in good agreement with 

previous findings: for example, Whitham et al.12 recorded EEG data with and without neuromuscular 
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blockade, with results showing that EEG data are contaminated at frequencies above ~20 Hz. Our 

data also show that EEG is markedly more sensitive to such artifacts than MEG. Again this is not a 

new finding8-10, and it occurs because the magnetic field falls off rapidly as distance to the primary 

dipole generator increases, whereas volume conduction in EEG facilitates greater (and less 

predictable) spatial spread of the measured electrical potential. 

  

Muscle artifacts are clearly an issue in a wearable neuroimaging system, particularly during 

paradigms (such as those employed in the present paper) where head and face movement is either 

expected or task related. Given its lower sensitivity to muscle artifacts, MEG offers significant 

advantages in this area. Crucially however, in standard MEG systems this benefit has not been 

realised due to the fixed nature of cryogenic equipment and thus EEG is the current go-to modality 

for wearable monitoring of neuronal activity13. The primary neuroscientific applications of wearable 

neuroimaging include scanning babies and toddlers; elderly patients with movement disorders; 

paradigms with free head movement (e.g. spatial navigation) and 3D virtual reality. In all of these 

cases, muscle artifact would be a big concern. Further, clinically, a useful application of wearable 

neuroimaging is in epilepsy: it is widely acknowledged that the ictal discharge initiates an epileptic 

seizure and that the site of this discharge is an appropriate target for surgical resection, however such 

events are often obscured in EEG by associated muscle artifact14. It therefore follows that OPM-MEG 

technology, with its reduced artifact sensitivity, offers a distinct advantage over EEG for clinical and 

neuroscience-focused studies. 

 

Spatial Resolution 

Beyond muscle artifacts, there are other significant advantages to the use of OPM-MEG over EEG, 

with perhaps the most obvious being the increased spatial specificity. Indeed, this was eloquently 

highlighted in a recent review15 which explained that EEG signals are strongly affected by the 

substantial difference in electrical conductivity between the scalp, skull, brain, and other biological 

tissues. The extra-cranial magnetic fields are much less sensitive to these variations in tissue 

conductivity. Consequently, the spatial topography of MEG sensor data is less smeared and distorted 

than that of EEG electrical potentials produced by the same physiological sources. This contributes 

to a clearer interpretation of MEG sensor topography. Further MEG has more accurate forward 

models (due to the low complexity of these models relative to EEG), which, in turn, improves the 

accuracy of inverse modelling resulting in a better spatial resolution of MEG compared to EEG.  

 

 

 







http://www.developingconnectome.org/
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It is noteworthy that the ratio is a periodic function, with respect to rotation of the perturbing sensor 

about its radial axis (i.e. rotation marked by the green arrow in Extended Data Figure 8a). For this 

reason both the minimum and maximum values of this function were computed and plotted as two 

separate crosstalk matrices. Simulation results are given in Extended Data Figure 8b, which shows 

the minimum sensor interaction and Figure 8c which shows the maximum sensor interaction. 

Crosstalk, as would be expected, is largely a function of sensor proximity, with adjacent sensors 

demonstrating the largest effects. In the present array, the maximum crosstalk between sensors is 

around 3 %. 

 

Experimental verification 

We set up the scanner-cast with 13 sensors as in Figure 1d but with no subject present. Each sensor 

has a continuous calibration setting, which outputs a current through its radially- oriented coil, 

producing a sinusoidal field of amplitude 0.5 nT and frequency from 130-150 Hz. By turning on the 

continuous calibration on each sensor sequentially, and taking a 2 minute recording of magnetic fields 

from all sensors, peaks in the power spectral density of all of the sensors were generated 

corresponding to the strength of the stray field from the perturbing sensor. By dividing the maximum 

height of the stray field peaks by the height of the peak of the sensor producing the varying field we 

enabled estimation of the relative strength of crosstalk, as a measure directly comparable to that in 

Eq. s6.  The experimental results, which are shown in Extended Data Figure 8d, agree with those 

obtained through simulation.  

 

Both simulation and experiment implied that in the worst case, crosstalk between sensors in our 13 

sensor array corresponded to a change in modulation field of approximately 3 %. For the purposes of 

the present demonstration, this small change was deemed acceptable and was therefore ignored in the 

measurements presented in Figures 2 and 4. (In the 26 channel array used in our connectivity 

demonstration, sensor separation is larger and therefore these effects were also assumed to be 

negligible.) However, it is worth noting that with higher density sampling (e.g. for an OPM-MEG 

system with hundreds of channels) where sensors must be sited closer to one another, these effects 

will worsen. In addition, recording tangential, in addition to radial, fields may also cause a worsening 

of crosstalk. For this reason, crosstalk will need to be treated carefully in future work, and for high 

density arrays we expect that such effects will need to be eliminated, e.g. by taking them into account 

in forward field modelling.  
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scaled version of the lead fields, and the beamformer solution becomes analogous to a dipole fit. 

Finally, a single sensor, with the largest beta band response was selected. For all three analyses, we 

constructed time-frequency spectra showing the oscillatory amplitude change averaged across trials. 

 

Results are shown in Extended Data Figure 10. Extended Data Figure 10a shows the montage of 

OPM-MEG channels employed to measure data. Extended Data Figure 10b shows a beamformer 

image, highlighting a location of interest in right sensorimotor cortex. Panel c shows the time-

frequency response for the best OPM-MEG sensor, whilst panel d shows equivalent time-frequency 

spectra, reconstructed at the location of interest identified in panel b. The left hand panel of d shows 

the over-regularised beamformer reconstruction; the right hand panel shows the unregularized 

beamformer reconstruction. Note that a large muscle artifact, overlapping with the beta response to 

finger movement, is clear in the best sensor and over-regularised beamformer data. However, 

following beamforming, the power minimisation ensures that the artifact is effectively reduced in 

magnitude. This example shows that even in a bad case, where high-amplitude, task-correlated 

muscle artifacts contaminate the data, those artifacts are readily controlled. Whilst beamforming is 

not the only solution to this problem, this example, in agreement with previous literature24-26, shows 

it to be a highly effective one. 
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Extended Data Figures 

 

 
Extended Data Figure 1: Response magnitude as a function of subject movement. a) Beta envelopes 

for finger abduction trials (blue/red) and resting trials (black/green) in the presence of large 

movement (red/green) and small movements (blue/black). b) The response size (i.e. the difference 

between the mean amplitude during the desynchronization and rebound periods) shown as a function 

of maximum movement during a trial. Note that no measurable relationship was found. A significant 

(p<0.05) baseline shift was observed in both the finger-abduction and rest trials; this is likely to be 

a consequence of artifacts in the data generated by electrical activity in muscles controlling the 

naturalistic movements.  
























