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Abstract

Functional neuroimaging offers a means to understand brain function and dys-
function. Over decades, different technologies have been developed to provide
a non-invasive measure of brain activity that could help us to better understand
the mechanisms underlying human cognition. Magnetoencephalography (MEG)
is one of these techniques which, over the past 30 years, has been increasingly
contributing to neuroscientific studies giving insights into human brain electro-
physiology, with excellent temporal resolution and surprisingly high spatial reso-
lution. However, MEG hardware has limitations and it has only been in the past
few years that alternative technologies have seen a rapid progress with an intent
to overcome the drawbacks of conventional MEG devices. The main limitation of
MEG systems is that they rely on superconducting quantum interference devices
(SQUIDs) to measure magnetic fields outside the head. This means that they
require cryogenic cooling and as a consequence, sensors are fixed in position in
a one-size-fits-all helmet. A vacuum is maintained between the subject’s head
and the detectors which limits the sensitivity of the measurement, and subjects
must remain still in large cumbersome scanners.

Advances in the field of quantum technologies mean that magnetic field sen-
sors, such as optically-pumped magnetometers (OPMs), operating at room tem-
perature, are now able to achieve sensitivities similar to that of SQUIDs. This
means that room temperature magnetoencephalography (MEG), with a greatly
increased flexibility of sensor placement, can now be considered. Furthermore,
these new sensors can be placed directly on the scalp surface giving, theoreti-
cally, a large increase in the magnitude of the measured signal.

In this thesis, we explore the advantages of multi-channel OPM systems us-
ing both simulations, and experimental measurements made using commercially
available OPMs in combination with a 3D-printed helmet. With the incorpora-
tion of field-nulling technologies, we demonstrate a non-restrictive MEG system
that could benefit many different participant cohorts, for example children. The
results presented highlight the opportunity afforded by OPMs to generate un-
cooled, potentially low-cost, high sensitivity MEG systems which offer a step
change compared to the current generation of cryogenic instrumentation.
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Introduction

Our ability to non-invasively measure human brain function has revolutionised

neuroscience. Unlike structural imaging techniques such as X-ray Computed To-

mography (Hounsfield, 1973) or Magnetic Resonance Imaging (MRI, Lauterbur

(1973); Mansfield and Grannell (1973)) which generate images (with millime-

tre or better spatial resolution) of brain structure, functional imaging techniques

provide a measure of the evolution of human brain activity over time. In this

way, researchers and clinicians are offered a non-invasive window on the work-

ing human brain. This is important to understand how the healthy brain oper-

ates, but also critical in disorders where brain structure looks normal, but brain

function is perturbed (this can be the case in disorders such as epilepsy, or in

some mental health conditions such as schizophrenia).

Functional brain imaging techniques

The late 20th century saw the development of a number of ways to measure

brain function non-invasively, and of these techniques, five (see Table 1 for a

summary) have become prominent and are now used in imaging laboratories

worldwide:

• Functional Magnetic Resonance Imaging (fMRI; Ogawa et al. (1990))

exploits the fact that when an area of brain becomes ‘active’ (i.e. when

neurons begin to fire) it requires more energy. This means that an in-
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WEARABLE MAGNETOENCEPHALOGRAPHY INTRODUCTION

crease in the supply of oxygenated blood is required local to that region.

There is a difference between the magnetic properties of oxy- and deoxy-

haemoglobin, the former being diamagnetic and the latter paramagnetic.

This offers an endogenous contrast agent which allows us to measure

changes in the intensity of rapidly acquired MR images (Mansfield, 1977).

In this way, fMRI offers a useful means to measure brain activity, with high

spatial resolution. However, because it represents an indirect measure-

ment of neural activity (i.e. via blood flow rather than activity in neurons)

its temporal resolution is limited.

• Positron Emission Tomography (PET; Fox et al. (1984)) involves the ad-

ministration of a radioactively labelled isotope to a subject, such as 15O or

18F. These nuclei are unstable, and will emit a positron which, on collision

with an electron, will result in mutual annihilation and consequently, two

gamma rays are emitted at 180° of each other. These are detected by an

array of detectors around the patient and back-projection-reconstruction

enables reconstruction of images showing distribution of the positron emit-

ting isotope in the body. Administration of 15O to a subject enables us to

map, in time and space, oxygen use in the brain and so, in a manner similar

to fMRI, this technique offers an indirect measure of brain activity. How-

ever, the use of PET, particularly in healthy volunteers is limited because

of the risk of ionising radiation.

• Functional Near-InfraRed Spectroscopy (fNIRS; Ferrari and Quaresima

(2012)) also provides an indirect measurement of brain function by de-

tecting changes in haemoglobin concentrations. These can be measured by

means of the characteristic absorption spectra of infrared light by haemo-

globin in the brain. fNIRS is a practical technique since, unlike PET or

fMRI which require subjects to remain still in large and expensive scan-

ners, fNIRS only requires the use of a set of optodes, which are mounted

on the head in a helmet arrangement. So, this means that whilst the indi-

2
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rect nature of the measurement, and the mechanism of fNIRS limits both

temporal and spatial resolution (respectively) it can be deployed in vul-

nerable patient cohorts (in particular fNIRS has found extensive use in

children).

• Electroencephalography (EEG; Berger (1929)) relies on the measure-

ment of electrical potential on the scalp surface, generated by synchro-

nised current flow through neuronal assemblies in the brain. Invented in

the 1920’s, EEG offers extremely high temporal resolution by virtue of the

fact that electrical activity is measured directly. EEG is also extremely prac-

tical, with activity being measured by head-mounted electrodes. However,

EEG also suffers from poor spatial resolution because electrical potentials

need to pass through the skull and be measured at the surface of the scalp.

Because the skull has high electrical resistance, the spatial signature of

those electrical potentials gets distorted, and this limits its utility as an

“imaging” modality.

• Magnetoencephalography (MEG; Cohen (1968)) assesses the changes

in magnetic field outside the head that are generated by the same neu-

ronal currents which produce the electrical potential measured with EEG.

MEG offers the same exquisite temporal resolution as EEG; however un-

like electrical potentials, magnetic fields pass through the skull relatively

unaffected, and this means that MEG offers significantly better spatial res-

olution than EEG. However, at present MEG requires the use of supercon-

ducting sensors which are cryogenically cooled, making systems expensive.

Also, similar to fMRI and PET, systems require subjects to remain still with

their head in a fixed position inside a helmet; this means utility is often

limited by a lack of practicality, particularly in young subject cohorts.

3
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Table 1: Functional neuroimaging techniques.

fMRI PET fNIRS EEG MEG
Temporal
resolution

∼5 s ∼5 s ∼5 s 1 ms 1 ms

Spatial
resolution

1 mm (7T) 4–5 mm <1.5 cm a few cm 3–10 mm

Cost £1M (3T)
∼ £300k
(> £10M1)
1 with cyclotron

∼ £200k £20k ∼ £2M

Invasiveness No Yes No No No
Wearable No No Yes Yes No
Motion
robustness

No No Yes Yes No

Mechanism Indirect Indirect Indirect Direct Direct

Thesis aim

Of all of the methods discussed above, MEG offers the best combination of di-

rect and non-invasive access to electrophysiological activity with sub-millisecond

temporal resolution and high spatial resolution. It is almost uniquely equipped

to bridge the gap between human data (acquired non-invasively), animal data

(acquired using invasive electrodes which measure electrical activity directly)

and computational models of electrophysiology, in both health and disease.

However, severe limitations lie in current MEG sensor technology. Most MEG

systems consist of an array of superconducting detectors placed inside a fixed

dewar. The system tends to be one-size-fits-all, and subject movement rela-

tive to the fixed sensors degrades data quality. The requirement for cryogenic

cooling means that a vacuum must be maintained between the head and the

detectors, which are consequently sited 3–6 cm from the adult brain surface

and this distance is even greater in subjects with smaller heads (e.g. infants).

MEG is therefore limited by a low signal-to-noise ratio (SNR), and this is partic-

ularly important given that the magnetic fields generated by the brain are much

smaller than environmental and biomagnetic interference. In addition, the high

purchase cost and significant running cost (due to cryogenics) have limited clin-

ical take-up of MEG systems, and the worldwide shortage of helium is a constant

4
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threat to the smooth operation of a MEG laboratory. However, recycling systems

are able to reduce this problem.

In principle, many of these limitations could be lifted if body temperature de-

tectors could be used to detect the tiny magnetic fields generated by the brain.

If sensors could be made small and lightweight they could be moved closer to

the head, potentially even on to the scalp surface, and this would generate an

increase in the measurable signal and potentially SNR. Moving sensors towards

the head would also allow for better measurement of the spatial distribution of

extracranial magnetic fields and so consequently potentially better spatial res-

olution. Flexible sensor placement would allow a system to adapt to any head

size, and in principle subjects might even be able to move during scanning.

These latter two points would have the extremely attractive property of combin-

ing the advantages of the high spatial resolution of MEG with the practicality of

EEG. The aim of this thesis is to explore the potential of scalp-mounted sensor

arrays, for detection of the MEG signal.

Thesis overview

The thesis is divided into six chapters:

Chapter 1 describes the theory behind MEG, from the origin of the signal to

the mathematical methods used to exploit the rich information content carried

by neuromagnetic field data. The instrumentation of current systems is also

reviewed and emerging technologies presented.

In Chapter 2 we review the potential of one specific sensor type, the optically-

pumped magnetometer (OPM), for MEG signal detection. The mechanisms be-

hind OPM operation are described, with particular focus in the QuSpin device

which has recently been commercialised and will be used throughout this thesis.

In Chapter 3 a set of simulations is described, with the aim of comparing,

5
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quantitatively, the advantages of a hypothetical whole-head scalp-mounted MEG

device, over current state-of-the-art systems based on cryogenic sensors.

Chapter 4 presents the first experimental measurements made with a single,

lightweight, commercialised, QuSpin OPM. We describe the critical requirement

for interference reduction via a technique known as gradiometry, and we also

exploit the accuracy of 3D printing for sensor mounting. A comparison with

superconducting sensors is also carried out.

Chapter 5 describes the fabrication and implementation of a multi-channel

‘wearable’ MEG device based on 13 OPMs in a scanner-cast. We bring together

this novel device with a field-nulling technique which allows, for the first time,

unrestricted movement during MEG acquisition. We also describe development

and application of a naturalistic paradigm, exploiting the fact that participants

can move.

Chapter 6 provides a comparison between EEG and our newly developed

OPM-MEG device. Specifically in terms of movement and muscle artefacts.

At the end of the thesis, concluding remarks are given, and a perspective on

the future of OPM technology is put forward.

6



Chapter 1

Magnetoencephalography

This chapter will cover the basic theory underlying magnetoencephalograhy
(MEG), from the origins of the signal to the instrumentation used for its de-
tection. The chapter will also cover the mathematical methods used to infer 3D
images of brain activity via reconstruction of magnetic field data.

1.1 The MEG signal

Sitting on our shoulders is perhaps the most complex organised structure in the

universe1: the human brain, which remains poorly understood. The principal

building block of the brain is the neuron: a type of electrical cell which con-

stitutes the most fundamental information processing unit. When information

is being processed, small electrical currents flow within and between neurons

which, like any other electrical currents, produce a magnetic field. Provided

that thousands of neurons act in concert (Murakami and Okada, 2006), then

these tiny fields interfere constructively and a small but measurable magnetic

field signal can be captured non-invasively outside the head, using very sensi-

tive magnetic field detectors. The ability to measure these magnetic fields and

1Adapted from Michio Kaku’s quote: “The human brain has 100 billion neurons, each neuron
connected to 10 thousand other neurons. Sitting on your shoulders is the most complicated
object in the known universe.”

7



1.1. THE MEG SIGNAL MEG

extract the relevant underlying information on neural current flow constitutes

the basis of magnetoencephalography (MEG) (Baillet, 2017).

1.1.1 Neurons and signal origins

Around 100 billion neurons exist in the cortex, the brain’s outermost structure.

A single neuron consists of four parts (see Figure 1.1):

soma

axon

axon
hillock

dendrites Excitatory
synapse

synaptic
cleft

cell
body

Inhibitory
synapse

Figure 1.1: Schematic of a neuron. Partly adapted from Hämäläinen et al. (1993).

• Soma. Also referred to as the cell body, contains the nucleus and much of

the metabolic machinery.

• Dendrites. Thread-like extensions of the soma which receive electrochem-

ical impulses from other cells.

• Axon. A single long fibre that carries the nerve impulse (called the action

potential) away from the soma to other cells.

• Axon hillock. Part of the cell where the action potential is initiated.

The soma and dendrites form the gray matter (see Figure 1.2a/b), while ax-

ons mainly form the white matter, connecting different (functionally-specialised)

8



1.1. THE MEG SIGNAL MEG

cortical regions as well as deeper structures such as the thalamus and brain stem.

Depending on the distribution of dendrites around the soma, neurons can fall

into two groups: stellate and pyramidal cells. The former have mostly symmet-

ric dendritic configuration while, in contrast, pyramidal neurons have a highly

asymmetric dendritic tree, with dendrites mostly oriented perpendicular to the

cortical surface (Orrison et al., 1995). Since dendrites guide the current flow,

the elongated morphology of pyramidal neurons constrains the current along

the cell, creating a greater magnetic field compared to that from stellate cells,

whose symmetric dendritic configuration tends to cause magnetic fields to can-

cel. In Figure 1.2c these two types of neurons can be observed in one of Ramón

y Cajal’s drawings.

scalp

skull

white

matter

CSF

gray
matter

a b c

Figure 1.2: Cortical surface. a) Coronal slice of a magnetic resonance image. b) Inset
of (a) showing the different tissue types. c) Inset of (b), drawings made by Ramón y
Cajal in 1888 where different types of neurons are represented. Zoomed-in image shows
examples of pyramidal and stellate neurons in purple and orange, respectively. Adapted
from Hämäläinen et al. (1993).

Neurotransmission

The neuron, like any other cell, is surrounded by an insulating membrane which

divides the tissue into intracellular and extracellular compartments, each hav-

ing different ion concentrations (mainly K+ (potassium), Na+ (sodium) and

Cl−(chlorine) ions). In the resting state, there is an imbalance in ion concen-

trations across the membrane, which results in a potential difference of –70 mV

in the intracellular, relative to the extracellular space. However, interaction be-
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tween cells can change this potential and if the potential at the axon hillock

reaches a threshold level, the neuron “fires” an action potential (see below);

this is effectively a small current “pulse” that propagates along the axon. As

mentioned above, interactions between neurons are mediated via electrochemi-

cal processes. These processes initiate in the synapses (or connections) between

neurons and can be excitatory (increase of the intracellular potential, making

the cell more likely to fire) or inhibitory (decrease of the intracellular potential,

making the cell less likely to fire). Most excitatory synapses are on the den-

drites while inhibitory synapses often attach to the soma (see Figure 1.1). For

synaptic transmission to occur, an action potential arrives at the end of the axon

of the pre-synaptic neuron and this stimulates the release of neurotransmitter

molecules into the synaptic cleft (the space between the axon and the dendrite),

which causes the opening of ion channels on the walls of the post-synaptic cell.

These channels allow flow of ions into the cell, therefore changing the poten-

tial difference across the membrane. Consequently, current will flow into the

post-synaptic neuron and along its dendrites. This post-synaptic potential (see

below) makes the post-synaptic cell more or less likely to fire.

Therefore, two major classes of neuronal current can create an extracanial

magnetic signal: currents associated with action potentials and those associated

with post-synaptic potentials:

Action potentials

The action potential is characterised by a leading edge of depolarisation and

a trailing edge of repolarisation as it moves down the axon. It is initiated at

the axon hillock when the intracellular potential reaches the firing threshold of

about –55 mV, allowing voltage-gated Na+ and K+ ion channels to open. The

concentration of ions on both sides of the membrane changes, with Na+ ions

flowing in and K+ ions flowing out of the cell. The conductivity of sodium

10
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suddenly increases, causing a rapid influx of Na+ ions into the neuron. This

depolarises the membrane, raising the potential to 40 mV in ∼1–2 ms. This

rapid change of potential then triggers the adjacent region, causing action po-

tentials down the axon with unattenuated amplitude. The conductivity of the

cell membrane to sodium finally increases enough to cause an efflux of K+ ions,

repolarising the membrane and lowering the potential back to the resting state.

The action potential can be approximated by two oppositely-oriented current

dipoles (Figure 1.3a): the leading edge can be modelled by a current dipole

oriented away from the soma, while the repolarisation edge is modelled as a

current dipole oriented toward the soma. Therefore, the action potential is ap-

proximated by a quadrupolar current.

volume
currents

primary
current

synapse
a b

Figure 1.3: Current patterns. a) Action potential. b) Post-synaptic potential. Adapted
from Orrison et al. (1995) and Vrba (2000).

Post-synaptic potentials

As noted above, termination of an action potential at the end of the axon of a

pre-synaptic cell causes neurotransmitter release. Neurotransmitters cause the

opening of ion channels on the walls of the post-synaptic cell. If these chan-

nels open allowing Na+ ions into the cell, the cell is depolarised and there is

an excitatory post-synaptic potential. If on the other hand, ion channels open

allowing K+ out of the cell or Cl− into the cell, the cell is hyperpolarised and

there is an inhibitory post-synaptic potential. This means that the likelihood of

11
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the cell firing an action potential will be dependent on the sum of these two

events (i.e. neurons act as simple integrators). Post-synaptic events cause cur-

rent to flow along the dendrites and into the soma. This is referred to as the

intracellular or primary current (Figure 1.3b), which can be approximated as a

dipole and has a lifetime of around 10 ms. Following the passage of a primary

current, the resting potential of the neuron must be restored: ions are pumped

back into the extracellular region, resulting in an electric field between the ion

expulsion point and the synaptic junction, originating an extracellular current

in the opposite direction to the primary current. This is called extracellular or

volume current (Figure 1.3b). The signals originated from volume currents are

therefore dependent on the conductivity of the surrounding tissue. Later we will

show that they have little effect on the measurable magnetic field.

A dipolar field, produced by post-synaptic currents, decreases with distance

as 1/r2, more slowly than the 1/r3-dependent quadrupolar field, produced by

action potentials. In addition, the overall duration of post-synaptic currents

(lasting tens of milliseconds) is longer than that of action potentials (which have

a duration of 1 ms only), allowing a greater likelihood of synchronisation and

therefore constructive summation of fields. The greater probability of synchro-

nisation, the dipole nature (1/r2) and the asymmetry of dendrites mean that

the neural origin of the MEG signal is likely to be the synchronisation of tens of

thousand post-synaptic currents in pyramidal neurons.

1.1.2 Measurable neuroelectrical effects

Neuromagnetic fields detected with MEG are very rich in temporal and spectral

information, and depending on the type of recordings made and the way signals

are analysed, different information will be generated. Below three different

categories of MEG-detectable effects are introduced:

12



1.1. THE MEG SIGNAL MEG

Spontaneous activity

Spontaneous rhythms occur naturally in the brain without requiring any ex-

ternal stimulation. They were first discovered in humans by Hans Berger in

1929 (Berger, 1929) using his newly developed electroencephalogram (EEG).

He measured amplitude changes in a rhythm of 8 to 13 Hz at the back of the

subject’s head associated with the opening and closing of the eyes. Since then,

efforts have been made to characterise these oscillations in the brain and de-

pending on their frequency, different types of oscillation have been categorised:

raging from slow rhythms (Delta, <4 Hz and Theta, 4-8 Hz) to faster oscillations

(Alpha, 8-13 Hz; Beta, 13-30 Hz and Gamma >30 Hz). The frequency band of

interest in MEG is thus between 0.5-1,000 Hz, although the vast majority of

studies tend to look in the 1-100 Hz band (Lopes da Silva, 2013).

Evoked responses

An evoked response is a signal that is time- and phase-locked to an external

event. Experiments looking at evoked responses often involve the repetition of a

stimulus over multiple trials. Because an evoked response is phase-locked, aver-

aging it over multiple trials will not change its magnitude or morphology. How-

ever, the magnitude of non phase-locked (e.g. random) signals will decrease

with the square root of the number of averages (trials). Consequently, after

averaging, the random fluctuations are attenuated and the evoked response is

revealed prominently. Studies into evoked responses typically involve the pre-

sentation of a sensory stimulus, e.g. in the visual (Ahlfors et al., 1992), so-

matosensory (Hari et al., 1993) or auditory cortices (Hari et al., 1987).
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Induced effects

The term ‘induced’ is given to a stimulus-related change in spontaneous activ-

ity. It has been shown that amplitude of oscillations can be modulated in the

presence of a stimulus (Pfurtscheller and Lopes Da Silva, 1999). Unlike evoked

responses, whilst time-locked, induced effects are non phase-locked, and there-

fore trial averaging would result in the loss of induced effects from the signal.

To avoid this, neuromagnetic signals are first frequency filtered to the band of

interest and then squared (or the amplitude envelope calculated) in order to

measure stimulus-induced oscillatory power change in that band. Averaging en-

velopes across trials will then result in observable induced effects.

This thesis is predominantly concerned with the development of MEG hard-

ware. Consequently, we restrict ourselves to detection of repeatable and reliable

MEG effects. Specifically, we look to measure the somatosensory evoked re-

sponse and the movement/sensory induced beta response. The somatosensory

evoked response typically comprises an early (20 ms) deflection (the N20) fol-

lowed by a later (∼40 ms) response (P35/P40) and then a (100 ms) response

(the P100). This response, which is commonly evoked via electrical stimulation

of the median nerve, is one of the most reliable MEG signals. The induced beta

response is usually generated by movement, and comprises a reduction of oscil-

latory power in the 13–30 Hz band during movement followed by an increase

above baseline on movement cessation. Again this is one of the most reliable

and robust effects in MEG/EEG signals, nevertheless there is significant interest

in its temporal morphology with e.g. the post-movement “rebound” being re-

lated to the formation of transient long range networks (Tewarie et al., 2018)

and its amplitude being diminished in e.g. schizophrenia (Robson et al., 2016).
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1.2 Data analysis

Having recorded MEG data, the major challenge is to extract the underlying

neuronal currents based only on the extracranial magnetic fields that they gen-

erate. For this, we need to have a model of the magnetic field pattern outside

the head generated by a known current. Generation of this model is referred to

as the Forward Problem, which could be stated as: given a known distribution

of current within the brain, can we determine the resulting magnetic fields? A few

things need to be considered before solving this problem:

• The permeability, µ, of tissues in the head and its different compartments

is approximately the same as that of free space, µ0, so we can treat the

entire medium as homogeneous.

• The extracranial magnetic fields are generated by the primary and volume

currents originated at the dendrites of post-synaptic neurons. The primary

current can be approximated by a dipole.

1.2.1 Forward problem

The magnetic fields generated by a current density J located inside a volume

(e.g. the head) can be derived using Maxwell’s equations:

∇ · E =
ρ

ε
,

∇ · B = 0,

∇× E = −∂B
∂t
,

∇× B = µ0

(
J + ε

∂E
∂t

)
,

(1.1)

where ε is the permittivity of a medium, µ0 is the permeability of free space and

ρ is the charge density. The electromagnetic fields from the brain vary at low

frequencies (1–80 Hz) and therefore we can adopt the quasistatic approximation
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(Hämäläinen et al., 1993), meaning that the last two equations in 1.1 can be

modified as:
∇× E = 0,

∇× B = µ0J.
(1.2)

The solution for the magnetic field is then given by the Ampère-Laplace law:

B(r) =
µ0

4π

∫
G

J(r′)× r− r′

|r− r′|3
dv′, (1.3)

where r is the location where the field is to be measured and r′ a location inside

the volume conductor G.

The total current J can be written as the sum of the primary and volume

currents,

J = Jp + Jv. (1.4)

The volume current is the result of the macroscopic electric field on charge

carriers in the conducting medium, i.e. it is an ohmic current, therefore, assum-

ing uniform conductivity σ, we can write Jv(r) = σE(r). Given that the electric

field is related to the electrical potential in the form of E = −∇V , Equation 1.4

becomes:

J(r) = Jp(r)− σ∇V (r). (1.5)

Substituting Equation 1.5 into Equation 1.3 yields:

B(r) =
µ0

4π

∫
G

Jp(r′)×
r− r′

|r− r′|3
dv′

− µ0

4π

n∑
j=1

σj

∫
Gj

∇V (r′)× r− r′

|r− r′|3
dv′,

(1.6)

where the sum is over different head compartments, Gj, as shown in Figure

1.4a, with conductivity σj. Focussing on the second integral, using the vector

identity ∇a ×∇b = ∇× (a∇b), where a = V (r′) and ∇b = (r− r′)/|r− r′|3 we
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get:

∇V (r′)× r− r′

|r− r′|3
= ∇× V (r′)

r− r′

|r− r′|3
. (1.7)

Now applying the generalised Stokes’ theorem:
∫
G
∇ × X dv′ =

∫
S

n̂ × X ds,

Equation 1.6 becomes:

B(r) =
µ0

4π

∫
G

Jp(r′)×
r− r′

|r− r′|3
dv′

− µ0

4π

n∑
j=1

(σ′j − σ′′j )

∫
Sj

V (r′) · n̂(r′)× r− r′

|r− r′|3
dSj.

(1.8)

This is called the Geselowitz formula (Geselowitz, 1967): σ′ and σ′′ are the

conductivities in adjacent compartments and n̂(r′) is a unit vector perpendicular

to surface Sj at r′. Note that the first term corresponds to the magnetic fields

due to the primary current, Bp(r), and is invariant to the conductivity profile

of the medium. The second term contains the contribution from the volume

currents to the magnetic field, Bv(r). Note that the volume currents have been

approximated as a set of fictitious currents flowing on a conductive surface Sj.
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Figure 1.4: Forward model set-up. a) Schematic diagram showing three head com-
partments with their respective volumes Gj , surfaces Sj , normal vectors n̂ and conduc-
tivities σj . b) Single sphere model.

Single sphere model

It is common in MEG to approximate the head (brain, skull and scalp) to a

single spherically symmetric conductor (see Figure 1.4b): we assume that the
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volume G is bound to a spherical surface S and has a uniform conductivity σ.

The radial component of the magnetic field, Br(r) outside a sphere (i.e. along

the r direction) can be easily computed: given that B(r) · êr(r) = Br(r). The

detectable field then becomes:

Br(r) =
µ0

4π

∫
G

Jp(r′)×
r− r′

|r− r′|3
· êr dv′

− µ0σ

4π

∫
S

V (r′) · n̂(r′)× r− r′

|r− r′|3
· êr dS.

(1.9)

Focussing on the second integral, specifically on the term: n̂(r′)× (r− r′) · êr:

n̂(r′)× (r− r′) · êr = (n̂(r′)× r− n̂(r′)× r′) · êr. (1.10)

This term equals to zero because:

n̂(r′)× r′ = 0 since n̂(r′) ‖ r′

n̂(r′)× r · êr = 0 since (n̂(r′)× r) ⊥ êr.
(1.11)

Consequently, the second term in Equation 1.9 vanishes leaving an expres-

sion for Br(r) independent of the contribution of volume currents and invariant

to conductivity:

Br(r) =
µ0

4π

∫
G

Jp(r′)×
r− r′

|r− r′|3
· êr dv′. (1.12)

An important point here is that if the dipole source is radial, then the mag-

netic field outside G vanishes. However, this means that MEG remains sensitive

to the vast majority of the cortex (Hillebrand and Barnes, 2002).

Current dipole

As mentioned above, we can approximate the primary current as a current

dipole, Q at location rQ, therefore Jp can be thought of a concentration of current
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to a single point,

Jp(r′) = Qδ(r′ − rQ), (1.13)

where δ(r) is the Dirac delta function. Using this, the expression for Br(r) can be

simplified further:

Br(r) =
µ0

4π

∫
G

Qδ(r′ − rQ)× r− r′

|r− r′|3
· êr dv′

=
µ0

4π

Q× (r− rQ)

|r− rQ|3
· êr.

(1.14)

To obtain the other (non-radial) components of the magnetic field outside G,

we make use of the Maxwell’s equation ∇× B = µ0J which becomes ∇× B = 0

because J = 0 outside G. This allows us to express the total magnetic field in

terms of the magnetic scalar potential U(r),

B(r) = −µ0∇U(r). (1.15)

To find U , we fix r outside G and consider a line integral of ∇U along the

radius (r + têr), where 0 < t <∞. U vanishes at∞. We write:

U(r) = −
∫ ∞
0

∇U(r + têr) · êrdt

=
1

µ0

∫ ∞
0

B(r + têr) · êrdt

=
1

µ0

∫ ∞
0

Br(r + têr)dt

=
1

µ0

∫ ∞
0

Bp(r + têr) · êrdt

=
1

4π
Q× (r− rQ) · êr

∫ ∞
0

dt

|r + têr − rQ|3
.

(1.16)

Solving the integral, which according to Sarvas (1987) is easy to compute,

results in:

U(r) = − 1

4π

Q× rQ · r
F

, (1.17)
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where F = a(ar + r2 − rQ · r), a = r− rQ, a = |a| and r = |r|.

Finally, the expression for the magnetic field outside a spherically symmetric

conductor, G, created by a dipole Q becomes:

B(r) =
µ0

4πF 2
(FQ× rQ −Q× rQ · r∇F ) , (1.18)

where ∇F = (r−1a2 + a−1a · r + 2a+ 2r) r− (a+ 2r + a−1a · r) rQ.

Other head models

The single sphere head model simplifies calculations of the magnetic fields out-

side the head, but represents an oversimplification of the head geometry. Huang

et al. (1999) developed the multiple or local sphere model where an optimal

sphere is selected independently for each detector. This results in a series of

overlapping spheres with a geometry that better approximates the brain and

therefore offers a more accurate, but simple solution. More realistic head mod-

els require the use of boundary element methods (BEM): these are the most

accurate forward solutions used to date (Stenroos et al., 2014), however, they

are computationally expensive. Both the single sphere and local sphere models

will be used throughout this thesis.

1.2.2 Inverse problem

We now have a model of the magnetic fields outside the head given a known cur-

rent dipole distribution in the brain. However in MEG, the fundamental problem

is to compute the current distribution given the (measured) field. This is called

the Inverse Problem and can be formulated as: given a set of magnetic field mea-

surements outside the head, can we reconstruct the underlying current dipole dis-

tribution in the brain? This is mathematically ill-posed (Hadamard, 1902) since

field cancellation means that an infinite number of current distributions can
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generate the same field pattern. Nevertheless, optimisation approaches exist,

allowing us to solve the problem in light of specific assumptions.

Lead fields

If mi(t) is the output of a magnetic field detector i (i = 1, 2, . . . , N ; where N is

the total number of detectors) at a time t, there is a vector field l(r′) satisfying:

mi(t) =

∫
V

li(r′) · q(r′, t) dv′, (1.19)

and is called the lead field and represents the model of the magnetic fields for

a dipole of unit strength at a given position r′. The brain is usually discretised

into a number of voxels, j (j = 1, 2, . . . ,M ; with M being the total number of

voxels). Therefore, assuming that only one dipole exists per voxel, we can write:

mi(t) =
M∑
j=1

li,j · qj(t) (1.20)

and in matrix form we obtain:

m(t) = L · q(t), (1.21)

where q(t) has dimensions M × 1 and L is the lead-field matrix, of dimensions

N ×M containing all the information on how the dipoles map to the detectors.

Equation 1.21 represents the generative model describing the MEG data, m,

in terms of the underlying current dipole distribution, q. Mathematically, the

process of solving the inverse problem is inverting this equation (finding q given

m and L). There are a number of ways to solve this, each involving different

assumptions. In this thesis we concentrate on a method known as beamforming.
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Beamforming

Beamforming is a popular solution to the inverse problem that has been used

extensively for EEG and MEG (Van Veen et al., 1997; Vrba and Robinson, 2001).

It was originally developed for signal processing in fields like radar, geophys-

ical exploration and communications, amongst others (Van Veen and Buckley,

1988). Using a beamformer, an estimate of electrical source strength, q̂θ, at a

given location and orientation θ is given by a weighted sum of sensor measure-

ments (see Figure 1.5) so that:

q̂θ(t) = wT
θ m(t). (1.22)

Note that the ‘hat’ notation is used to represent a beamformer estimate; i.e.

q̂θ is the beamformer estimate of qθ made using only the MEG data, m. wθ is

a vector of weighting parameters (dimension N × 1) tuned to the location and

orientation θ. The coefficients, wθ, have to be selected so that they emphasise

activity at θ while attenuating signals from all other locations, including envi-

ronmental magnetic interference. Therefore, the weights are derived based on

variance minimisation: the overall variance in q̂θ is minimised with the linear

constraint that signals originating from θ remain. Mathematically this can be

expressed as,

min
wθ

|〈q̂2θ(t)〉| subject to wT
θ lθ = 1, (1.23)

where lθ is the forward field for location and orientation θ, i.e. lθ is a model

of the magnetic field measured at the N sensors if a dipole of unit amplitude

existed at θ (lθ is a column of L).

The most commonly employed solution to this equation is

wT
θ =

lTθ C−1

lTθ C−1lθ
, (1.24)
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where C = 〈m(t) m(t)T 〉 and is approximated by the data covariance of dimen-

sions N×N (〈·〉 represents the temporal expectation value). The ijth element of

C is the covariance of the data recorded at channels i and j, respectively, and is

calculated as

Cij =
1

P

P∑
p=1

mi(tp)mj(tp), (1.25)

where P is the total number of time points. In cases where C is close to singular,

this matrix can be regularised, e.g. using: Cr = C + µΣ, where µ is the regulari-

sation parameter and Σ is the noise covariance matrix (usually approximated as

a scaled identity matrix, I).
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Figure 1.5: Schematic of the beamforming method.

It is important to note that an inherent assumption of the beamformer is that

spatially separate sources are not temporally correlated.

An important parameter of source reconstruction is the source orientation: so

far we have assumed that this is known and represented within θ, but in practice

this is not the case. For this reason, the orientation of the reconstructed source is

derived as that which gives the maximal signal-to-noise ratio (SNR) for a given

location. Given that, in the spherical model, radial sources do not contribute to

the signal, the orientation of a dipole is constrained to remain azimuthal to the

brain surface. Consequently, the weights for a dipole at location r are derived at

different azimuthal angles φ, ranging from 0 to π. The maximal SNR is estimated

using the pseudo-Z-statistic, Z-, at each angle φ, where

Z-r,φ =
wT

r,φCwr,φ

wT
r,φΣwT

r,φ
, (1.26)
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Finally, φ is selected from the maximum value of Z-r,φ.

In Chapter 3 we use the beamformer in simulations of a whole-head scalp-

mounted MEG system. In Chapters 5 and 6 we use the beamformer to process

real data from an OPM-MEG instrument.

1.3 Data collection: the MEG system

Neuromagnetic signals are on the order of a few tens to hundreds of femtotesla

(fT), around a billion times smaller than the earth’s magnetic field. A suitable

MEG detector system which is able to detect such fields will also be sensitive to

other magnetic fields present (see Figure 1.6), such as unwanted contributions

from various environmental interfering sources (cars, elevators, power-line sig-

nals, laboratory equipment), from other biomagnetic fields (heart, muscles, eye

movement) or even parts of the brain which are not under investigation. In-

deed, MEG has been referred to as “the art of finding a needle in a haystack”

(Vrba, 2002). For this reason, there are two basic technical requirements for

measuring the tiny magnetic fields from the brain:

• An array of sensitive magnetic field detectors

• Reduction of environmental and biomagnetic interference

1.3.1 Conventional superconducting MEG systems

The first recording of neuromagnetic signals was made in 1968 with a 2-million

turn resistive copper coil (Cohen, 1968). This, for obvious reasons, was im-

practical, and there was a need for more sensitive instruments to detect small

magnetic fields. Highly sensitive detectors of magnetic field based on supercon-

ducting and quantum phenomena were being developed, called superconduct-

ing quantum interference devices (SQUIDs; Jaklevic et al. (1964); Zimmerman
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et al. (1970)) and it was in 1972 when SQUIDs were first used for detection

of MEG signals (Cohen, 1972). Following this pioneering work, MEG systems

have seen a gradual increase in the number of sensors spaced around the head

in order to give whole-head coverage, resulting in the introduction of commer-

cially available devices in the 90’s (Knuutila et al., 1993; Vrba et al., 1999) with

hundreds of channels.

Figure 1.6: Scale of magnetic fields from environmental and biomagnetic sources.
Adapted from Vrba (2000).

SQUIDs

The SQUID consists of a ring of superconducting material interrupted by two

insulating oxide layers called Josephson junctions (JJ). Superconductivity was

discovered in 1911 by H. K. Onnes, following speculation that the resistance

of metals falls to zero at low temperatures, allowing them to form a perfect

conductor (Onnes, 1911). Onnes showed that for some materials, an abrupt

transition occurred at a critical transition temperature, Tc.

A theory of superconductivity was proposed by Bardeen, Cooper and Schri-

effer in 1957, today known as the BCS theory (Bardeen et al., 1957). They

postulated that the superconducting electrons are bound together forming pairs

(referred to as Cooper pairs) and act like a boson (rather than two fermions),

which means that many are allowed to exist in the same quantum state. In 1962,
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B. D. Josephson postulated that, at temperatures T < Tc, Cooper pairs should

be able to tunnel through the insulating gap (JJ) between two superconductors

(Josephson, 1962). This tunnelling process allows the passage of small currents

through the SQUID and, if the current becomes greater than a critical value, a

drop in potential difference occurs. This voltage modulation is a sinusoidal func-

tion of magnetic flux, Φ, through the SQUID loop, and it is this that is used for

the detection of the neuromagnetic fields.

Figure 1.7a shows a diagram of a SQUID circuit. A superconducting pick-

up coil is connected to a SQUID via mutual inductance. When the bias current

through the SQUID exceeds the critical value, the potential difference across

the SQUID follows the behaviour shown in Figure 1.7b, when modulated by

changing flux through the ring. The SQUID is always made to operate at the

steepest part of the curve, represented as the lock point, where dV/dΦ is at its

steepest. Feedback circuitry and a second coil ensures the SQUID remains at this

lock point. In short, a dc SQUID operates as follows:

1. Neuromagnetic fields induce current in the pick-up coil, which in turn,

causes current flow in the signal coil.

2. This current generates a magnetic field that influences the SQUID by in-

duction, causing a change in flux through the ring.

3. Assuming that the critical current is exceeded, a detectable voltage change

occurs.

4. SQUID electronics in turn apply a feedback current to counterbalance the

induced current, thus balancing the flux through the ring.

5. Magnitude of the required feedback current, measured as a voltage pro-

duced across a resistor, is the output of the system and reflects a quantita-

tive measure of magnetic field.
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Figure 1.7: SQUID. a) Schematic diagram. b) The flux-to-voltage transfer function.

SQUIDs operated in this way offer a sensitive measure of magnetic fields with

a typical noise floor of <10 fT/
√

Hz, a bandwidth of several kHz and a dynamic

range in the nanotesla (nT) range.

Interference reduction

• Magnetically-shielded room

The most straightforward and reliable way of reducing environmental mag-

netic disturbances is to house the MEG device inside a magnetically-shielded

room (MSR). Different methods exist to make such an enclosure, but the

most common is to build the room out of materials with very high per-

meability (µ-metal). Magnetic fields take the path of highest permeability,

meaning that they travel around the walls of the MSR and away from

the MEG detectors. Aluminium layers are usually sandwiched between µ-

metal walls to shield the MEG by eddy currents from AC sources. MSRs

are most effective at shielding high-frequency fields. The MSR installed at

the Sir Peter Mansfield Imaging Centre consists of two layers of µ-metal

and one layer of aluminium (Vacuumschmelze®), and the remnant static

field inside is around 25 nT.

• Hardwired gradiometers

Another effective way of reducing the effect of external magnetic fields is

via the use of gradiometric coil configurations. The pick-up coil in Figure
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1.7a can have a geometry designed to reduce unwanted signals. Two ex-

amples of these pick-up coils are shown in Figure 1.8a. Magnetometers

(i) consist of a single loop of wire. A first-order axial gradiometer (ii) has

a second loop wound in opposition, which results in the cancellation of a

component of the field that passes through both coils (i.e. in a uniform

field it reads zero). Figure 1.7b shows how this type of gradiometer re-

duces external interference from distal sources: the inhomogeneous field

produced by nearby sources are effectively measured, whereas the more

homogeneous fields of distant sources are cancelled.
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Figure 1.8: Hardwired gradiometers. a) Example of two pick-up coils: (i) magne-
tometer and (ii) axial gradiometer. b) Graph showing the effect of axial gradiometers at
cancelling the magnetic field from far sources. Adapted from Hämäläinen et al. (1993)
and Vrba (2000).

• Synthetic gradiometers

Hardwired gradiometers are mostly first-order gradiometers, and these,

in combination with the shielding afforded by the MSR are sufficient but

could benefit from the incorporation of higher-order gradiometric config-

urations. In principle, it is possible to build hardwired second- and third-

order gradiometers, but they are bulky and impractical. An alternative is

to “synthesise” a gradiometer (Vrba et al., 1991) by using a combination of

reference gradiometers located distal to the head. The CTFTM MEG system
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in Nottingham can synthesise third-order gradiometers using an array of

29 reference sensors located distal to the head but within the cryogenic

dewar (see Figure 1.9b).
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Figure 1.9: SQUID-based MEG system. a) CTFTM MEG system at the Sir Peter Mans-
field Imaging Centre. b) Inset of (a) showing the inside of the dewar. c) Overview of
the experimental set-up. Adapted from (Vrba and Robinson, 2001).

Experimental procedure

Figure 1.9 shows the MEG system at the Sir Peter Mansfield Imaging Centre in

Nottingham (a,b), along with a schematic diagram of the experimental instru-

mentation (c). A subject would be either seated or supine with their head rest-

ing inside the dome of the dewar. To minimise head movement, extra padding

is usually provided to fit between the head and the surface of the dewar. Three

head position coils (at the nasion, left and right pre-auricular points) are at-

tached to the subject to allow for co-registration of the head with the sensor

locations and also for tracking movement. It is common to have a 5-mm head
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movement tolerance to ensure good co-registration (Gross et al., 2013). Mea-

surements from the SQUIDs are digitised by an electronics rack located outside

the MSR, and sent to an acquisition computer that saves the data. A stimu-

lus computer is usually used to provide sensory stimulation, along with other

equipment such as projectors, button boxes, earphones, etc. The acquisition

and stimulus computers are linked so that markers can indicate the timing of

the specific stimuli with respect to the MEG data. Given that the MEG dewar

contains liquid helium, safety precautions must be taken: an oxygen monitor is

placed inside the MSR, an intercom allows communication between the subject

and MEG operator and a video camera gives visual assessment inside the MSR.

1.3.2 Emerging technologies

At the time of writing, all the delivered commercially available MEG devices are

based on SQUIDs. They have been the only practical solution to detect the very

low amplitude magnetic fields generated by the brain, and indeed they have

a number of desirable properties including high sensitivity (<10 fT/
√

Hz), high

bandwidth (0-12,000 Hz in a CTF system) and (assuming that the feedback elec-

tronics can cope adequately with the sinusoidal flux-to-voltage transfer function)

a reasonable dynamic range. However, SQUIDs also have significant limitations,

principally brought about by the requirement for cryogenic cooling. This means

that SQUIDs must be kept at a reasonable distance from the head, and in fixed

locations, limiting both sensitivity and practicality. Further, the purchase and

running costs of a SQUID system are high. This means the introduction of new

sensor types could have the potential to revolutionise MEG scanning.

The development of alternative magnetic field detectors which overcome

some of the disadvantages of SQUIDs has been rapid in recent years. Here,

some of these technologies are briefly summarised.
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High-temperature SQUIDs (High-Tc SQUIDs)

High-Tc SQUIDs use a superconducting material with a higher transition tem-

perature, allowing the SQUID to operate at liquid nitrogen (77 K), rather than

liquid helium temperatures (4 K). Insulation requirements are thus less severe

which means that sensor-to-scalp distance could be reduced from a few centime-

tres to less than 1 millimetre (Andersen et al., 2017), although for multi-channel

arrays this may not be feasible. High-Tc SQUIDs have the potential to be more

flexible (Riaz et al., 2017), but the improvements on their manufacture are part

of an ongoing process. Typically, materials for high-Tc superconductors are diffi-

cult to work with, meaning this technology is still not ready for direct translation

to MEG technology.

Hybrid SQUIDs (HyQUIDs)

A new variant of a SQUID, the HyQUIDTM was developed by Royal Holloway Uni-

versity in 2016 (Shelly et al., 2016) which provides better overall performance

and simpler fabrication compared to a SQUID. The HyQUID consists of a super-

conducting loop, like in a SQUID, with the difference that the weak link is made

of a normal conductor (Petrashov et al., 1995). Field detection is based upon

a process known as Andreev reflections at a superconductor/metal boundary. A

MEG scanner based on HyQUIDs (MEGSCANr) has been developed by York In-

struments Ltd. which has an exclusive license to use the technology. The system

is cryogen-free, even though the HyQUIDs are operated in a superconducting

environment. This is achieved using recent advances in cryogenics provided by

Oxford Instruments, which maintain the superconducting state by pulse tube re-

frigeration technology. The MEGSCAN dewar is similar in shape to conventional

SQUID-based MEG devices, meaning that the sensors are in a fixed array and a

gap is maintained between the sensors and the subject’s head.
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Nitrogen-vacancy (NV) centres

NV centres exploit the isolated electronic spin system of the NV centre in dia-

mond to offer a sensitive measure of very weak magnetic fields (Rondin et al.,

2014). They operate at room temperature and have recently been miniaturised,

potentially offering a route to scalp-based MEG (Dale and Morley, 2017). How-

ever, at the time of writing their sensitivity is significantly lower than that of

a SQUID (few hundred picotesla) which means the technology is not ready for

application in MEG.

Optically-pumped magnetometers (OPMs)

OPMs exploit the spin properties of alkali atoms, and a technique known as op-

tical pumping, to prepare a gas of atoms such that its opacity to laser light is a

sensitive marker of local magnetic field. Their theoretical sensitivity surpasses

even that of the SQUID (Dang et al., 2010), and OPMs operate without cryo-

genic cooling. They have recently been miniaturised (Sander et al., 2012) and

commercialised (Shah and Wakai, 2013) and their main advantage is that they

can be placed directly on the scalp. Their bandwidth is suited to MEG acquisition

(0-150 Hz) and their dynamic range (±5 nT), though limited, is acceptable.

Of all of the emerging technologies listed above, the one that is closest to

application for MEG is the OPM. Indeed, there have been a number of examples

of OPMs being used to capture biomagnetic signals from the brain (Xia et al.,

2006; Johnson et al., 2010, 2013; Kamada et al., 2015; Colombo et al., 2016;

Kim et al., 2014). For these reasons, the next chapter, and the rest of this thesis,

will now concentrate on the theory and application of OPMs for MEG measure-

ment.
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Chapter 2

Optically-pumped magnetometers

This chapter describes the operation of the optically-pumped magnetometers
(OPMs) used throughout this thesis. Following a brief literature review on the
use of OPMs for biomagnetic measurement, we move on to the mode of op-
eration of commercially available OPMs made by QuSpin Inc.1(CO, USA). The
fundamental underlying quantum mechanical principles are described and fol-
lowing this, a semi-classical framework is introduced which allows a platform
for quantitative assessment of the sensors, which is followed up in Chapter 5.

2.1 Introduction

As introduced in the previous chapter, optical interrogation of alkali atoms con-

tained in a vapour cell constitutes one of the most sensitive ways to measure

magnetic fields. Alkali OPMs implement this technique, and have been proved to

reach sensitivities comparable (Allred et al., 2002) or in some cases even better

than SQUIDs (Kominis et al., 2003; Dang et al., 2010). The set-up required for

achieving such sensitivity, however, is often bulky and laboratory-based. Never-

theless the first ever MEG recording using a laboratory OPM set-up was reported

in 2006 (Xia et al., 2006) inside a human-sized shield during auditory stimula-

tion. Results showed clearly that the auditory evoked response was measurable

with a high SNR.

1http://quspin.com/
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The last two decades have seen rapid advances in the miniaturisation of

OPMs. Methods originally developed for chip-scale atomic clocks were used to

build the first microfabricated OPMs (Schwindt et al., 2017, 2007). This initial

work, whilst still far from reaching the sensitivity similar to that of a SQUID (sen-

sitivities were of the order of a few picoteslas), showed the potential of the tech-

nology to be scaled down in size and weight and leave the laboratory bench. A

few years later, table-top set-ups showed sensitivities of a few tens of femtoteslas

(Shah et al., 2007) and even reached below 10 fT (Griffith et al., 2010; Shah and

Romalis, 2009), which had been the target sensitivity for SQUIDs used in MEG.

The introduction of techniques used in manufacturing microelectromechanical

systems (MEMS) added to the excitement of having compact magnetometers for

biomedical applications, and led to the first “packaged” microfabricated OPMs.

Some examples of compactly packaged OPMs are shown in Figure 2.1: sensors

in panels (a), (b) and (f) were developed at the National Institute of Standards

and Technology (NIST); the sensor in (c) at Sandia National Laboratories; the

sensor in (d) was developed at Kyoto University and the sensor in (e) at QuSpin

Inc.

a b c d

e

f

6 cm

19
 c

m

1 cm

Figure 2.1: The first compact OPMs. a) Sander et al. (2012). b) Mhaskar et al.
(2012). c) Johnson et al. (2013). d) Kamada et al. (2015). e) Shah and Wakai (2013).
f) Sheng et al. (2017).

Some of these sensors have been used to measure MEG signals: for example,

recent papers have described the successful detection of phase-locked evoked

responses generated by auditory (Johnson et al., 2010, 2013) or somatosensory
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(Sander et al., 2012) stimulation. Other groups have shown how sensors po-

sitioned over the occipital lobe enable detection of the induced changes in the

alpha (8–13 Hz) rhythm generated by opening and closing the eyes (Sander

et al., 2012; Kamada et al., 2015). In addition, multi-channel measurements

have been demonstrated (Kim et al., 2014; Colombo et al., 2016), showing the

potential of OPMs to become the fundamental building block for a new genera-

tion of whole-head MEG systems.

2.1.1 Principle of operation

The OPMs used in the studies outlined above differ on many aspects, such as

the materials used to build them, optical configuration, sensitivities and even

the strategy used to read out the field. However, their working principle can

be outlined with a single description. Most optical magnetometers rely on a

measurement of the evolution of an atomic spin ensemble in a magnetic field.

The working principle can therefore be described in three steps (see Figure 2.2):

b - Preparation c - Interaction d - Detection

B0

a

Figure 2.2: Principle of operation. a) An ensemble of atomic spins are initially ran-
domly oriented. b) Atomic spins are spin polarised. c) Interaction with the magnetic
field B0 causes precession of spins about the field at a rate proportional to its magnitude.
d) Detection of the evolution of spins provides an indirect measurement of the magnetic
field.

1. Atoms are prepared in a well-defined spin state e.g. a specific hyperfine

state (or specific orientation with respect to an external magnetic field).

The atomic ensemble therefore becomes spin polarised.

2. Atomic spins interact with the magnetic field in their environment, causing
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precession at the Larmor frequency:

ωL = γ |B0| (2.1)

where γ is the gyromagnetic ratio of the atoms. I.e. precession rate is

proportional to the magnitude of the field B0.

3. The altered state of the atoms is measured via assessment of the change in

magnetisation and the effects of the magnetic field are deduced.

The most common technique used to spin polarise the atomic ensemble is

optical pumping (Happer, 1972) (hence the name optically-pumped magnetome-

ters). Through this mechanism, the angular momentum of atoms can be reori-

ented by illuminating them with circularly polarised light, which is resonant

with an optical transition of the atoms. This produces a coherent alignment of

the spins in the atomic spin ensemble. The light used to polarise the atoms can

also be used to read out the spin state of the atoms, and along with it, the effect

of the external magnetic field on the spins (thus forming a magnetometer).

Having now introduced the basic scheme by which OPMs function, we now

focus down on the principles underlying the QuSpin OPM.

2.1.2 The QuSpin sensor

Commercialisation of OPMs (QuSpin, Osborne et al. (2018)) and scalability of

their manufacturing process have made it possible to envisage MEG systems

based on these devices. Figure 2.3a shows a photograph of a Gen-1 QuSpin Zero-

Field Magnetometer (QZFM), which has dimensions of 13 mm×19 mm×110

mm. Panel (b) shows a schematic representation of the sensor head, along with

its internal optical components. These are labelled in panel (c). A 3×3×3-

mm3 vapour cell filled with a gas of rubidium-87 (87Rb) sits at the centre of

the sensor head, and its centre point is 6.5 mm from the external surface of
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the unit. A laser diode emitting 795-nm light is used for optical pumping. The

laser light is collimated by a plano-convex lens and reflected through 90 degrees

using a prism before passing through the cell. The light transmitted is reflected

again and directed towards a photo-detector, which monitors its intensity. Also,

electric heaters and on-board electromagnetic coils are placed around the cell.

All the components inside the sensor are non-magnetic (to the greatest extent

possible).

x z

y
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Figure 2.3: The QuSpin OPM device. a) Photograph of a QZFM QuSpin sensor. b)
Schematics of the inside of the sensor. c) Basic operation and optics.

2.2 Atomic energy levels

In order to understand precisely how the QuSpin sensor works, first, the basic

principles underlying the atomic energy levels in 87Rb are reviewed. Alkali met-

als, like 87Rb, are useful in many different applications because their outer shell

contains a single unpaired electron, which can be easily manipulated. In addi-

tion, rubidium atoms have a low melting temperature and their optical energy

levels are easily accessible using commercial infrared laser diodes. OPMs exploit

the energy structure of the ground and excited states to polarise 87Rb atoms, so

it is useful to review the energy levels of the atom.

The wavefunction of an atomic electron can be described by four quantum

numbers:

• The principal quantum number, n
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• The azimuthal quantum number, l, which describes the orbital angular

momentum of the electron. l can take integer values between 0 and n–1,

and different states are denoted by letters: e.g. l = 0 corresponds to the s

state, l = 1 to p, l = 2 to d, l = 3 to f , ...

• The magnetic quantum number, ml, which takes integer values between

−l and +l and (loosely) represents the z-projection of the orbital angular

momentum

• The spin quantum number, s, describes the electronic spin

In 87Rb, the ground state is an s shell with orbital angular momentum L = 0

and the first excited state is a p shell with L = 1. The valence electron has spin

S = 1/2 and a total angular momentum J which is the sum of its orbital angular

momentum and spin:

J = L+ S. (2.2)

Energy level transitions between ground and excited states (or vice versa)

can occur via absorption (or emission) of light, causing changes in the total

angular momentum of the valence electron.

Furthermore, the total angular momentum of the atom, F , is given by the

sum of the total electron angular momentum, J , and nuclear spin, I:

F = J + I. (2.3)

The nuclear spin of an atom is an intrinsic property and in 87Rb is I = 3/2.

The total angular momentum of the atom dictates its magnetic moment, µF , so

that

µF = γF, (2.4)

where γ is again the gyromagnetic ratio, which for 87Rb is approximately 7

Hz/nT (4.6 Hz/nT in SERF regime, to be discussed later).
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2.2.1 Fine structure
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Figure 2.4: Fine structure. Energy splitting due to fine structure of the ground and
excited states for an alkali atom. Light with photon energy E = hν causes transitions
between states.

Interaction between the electron’s spin S and orbital angular momentum L

causes a splitting of energy levels (see Figure 2.4), and this is referred to as the

fine structure of the atom. These energy levels are found by taking integer steps

in the form:

|L− S| 6 J 6 L+ S. (2.5)

Therefore, in the ground state there is only one possible value J = 1/2,

while in the first excited state, the fine structure splits this state into two levels:

J = 1/2 and J = 3/2. The energy transitions between the ground state (L =

0, J = 1/2) and the excited states (L = 1, J = 1/2) and (L = 1, J = 3/2) levels

are referred to as the D1 and D2 transitions, respectively. These transitions can

be selectively chosen by specifying the appropriate frequency, ν, of the incident

light, given that the photon energy

E = hν, (2.6)

where h is Planck’s constant. For 87Rb, the D1 transition corresponds to the

energy of a 795-nm wavelength photon.
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2.2.2 Hyperfine structure

The hyperfine structure is the result of the interaction between the electron and

nuclear spins, resulting in a further splitting of the atomic levels into states of

total atomic spin F = I + J (see Figure 2.5). The ground (L = 0, J = 1/2) and

excited (L = 1, J = 1/2) states are split into levels with F = I ± 1/2, i.e. F = 1,

2, separated by the hyperfine energy splitting.

L=1, J=1/2

L=0, J=1/2

D1

Fine

structure

Hyperfine

structure

F=2

F=2

F=1

F=1

Figure 2.5: Hyperfine structure. Energy splitting due to hyperfine structure of the
ground and excited states involved in the D1 transition.

2.2.3 Zeeman splitting

Finally, interaction with an external magnetic field further splits the hyperfine

structure into different Zeeman sublevels with projection mF = {−F,−F +

1, . . . , F − 1, F} of the atomic angular momentum F along some quantization

axis (in absence of magnetic field, defined by the direction of the laser propa-

gation through the atoms). The ground-state Zeeman sublevels are shown in

Figure 2.6. The energy splitting depends on the magnetic field strength.

2.3 Optical pumping

As mentioned above, optical pumping involves using laser light to drive a large

population of atoms into a specific energy level. The valence electron of 87Rb
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Figure 2.6: Zeeman sublevels. Energy splitting of the hyperfine levels of the ground
state due to an external magnetic field, resulting in different mF sublevels.

atoms will change sublevels (i.e. orbital angular momentum – D1 transition)

when the atomic sample is irradiated with 795-nm laser light, as shown in Figure

2.5. Usually circularly polarised light is used, which means that all photons have

the same spin projection along the beam’s propagation (e.g. ẑ). For left circularly

polarised light, all photons have angular momentum of +1 along this axis which

will add angular momentum to the atom. Therefore, only transitions causing a

change of ∆mF = |mF (final)−mF (initial)| = +1 will occur. At the same time,

atoms may spontaneously emit light, decaying back to the ground state. They do

so by emitting a randomly polarised resonant photon that can depolarise another

atom if reabsorbed. These two effects (D1 transition pumping and spontaneous

emission) will eventually force the atom into the level with the lowest orbital

angular momentum (L = 0), i.e. the ground state, and highest atomic angular

momentum (F = 2,mF = +2) as shown in Figure 2.7. Once the atom is in

this state, called the dark state, it becomes unaffected by the laser light, because

of the unavailability of a level with mF > +2: the atomic ensemble becomes

transparent to the laser light, which passes through the vapour cell unaffected.

As the laser optically pumps the atoms into this transparent steady state, a

strong net magnetisation aligned along the laser axis, is produced in the gas.

The gas is said to be spin polarised and becomes magnetically sensitive. Un-

fortunately, this polarisation is eliminated by collisions between polarised and
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Figure 2.7: Schematics of the optical pumping mechanism. Circularly polarised
light causes atomic transitions with ∆mF = +1.

unpolarised atomic species, since the atoms can exchange their spin via colli-

sions. This process is known as spin-exchange (SE) relaxation, and counters the

effect of optical pumping, returning the gas to its initial state of poor magnetic

sensitivity. However, it is possible to minimise the SE effect by working in a very

low magnetic field environment and at high atomic density.

2.4 Zero field and spin-exchange suppression

At high atomic densities, spin-exchange collisions will occur frequently. In such

a collision between two atoms, the electron spin orientation in both atoms can

be reversed, causing a redistribution among the Zeeman sublevels, leading to

relaxation because atoms in the two hyperfine levels precess in opposite direc-

tions:

ω+ = γ |B0| = −ω− (2.7)

where the subscripts denote the hyperfine levels F = I ± 1/2. The sensitivity of

a magnetometer generally improves as the number of atoms increases, but this
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improvement is negated by the spin-exchange collisions that limit the polarisa-

tion lifetime. However, Happer and Tang (1973) discovered that at extremely

high atomic densities, and near zero fields, the spin-exchange rate (RSE) will be

larger than the precession frequency, and an individual atom will precess by only

a small angle between SE collisions. Each atom samples the different sublevels

in a short period of time, and the entire atomic ensemble precesses coherently.

This is referred to as the Spin-Exchange Relaxation-Free (SERF) regime (Allred

et al., 2002), and OPMs are often described as zero-field or SERF magnetome-

ters. This is shown in Figure 2.8, with the RSE increasing by a factor of 10

between each plot (top to bottom, left to right). If RSE is small compared to the

Larmor frequency, then an individual atom spends a longer period of time in one

hyperfine level. The coherence time of the entire ensemble is limited. As RSE

increases, atoms spend shorter times in a particular state between collisions, and

a single precession frequency is observed.

Figure 2.8: SERF. Spin-exchange rate (RSE) increasing by a factor of 10 between plots.
ω0 represents the Larmor frequency. When RSE is sufficiently fast, the atomic ensemble
precess coherently at a net frequency slower than ω0. Adapted from Seltzer (2008).

To optimise rubidium density in the vapour cell of the QZFM sensor, the

resistive heaters around the cell are used to electrically heat the gas to around

150 °C to increase the density such that RSE exceeds the Larmor precession
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frequency, and the spins are in the SERF regime. The cell is inside an oven to

minimise heat loss and provide a reasonable surface temperature of the sensor

housing.

2.5 Signal equations

After optical pumping and spin-exchange suppression, a large steady-state po-

larisation, P, exists within the vapour cell, along the direction of the laser (ẑ).

This polarisation can be described using Bloch equations (Bloch, 1946):

dP
dt

= P× γB− 1

τ
(P− P ′0ẑ) , (2.8)

where B is the field within the cell, τ = (R+1/T2)
−1 is the atomic spin coherence

time, which is a function of both the optical pumping rate, R, and the relaxation

time T2 and P ′0 is related to the equilibrium polarisation (P ′0 = P0Rτ with P0

being the equilibrium polarisation).

In the steady state, dP/dt = 0, and the solution to Equation 2.8 becomes:

Px =
By/(γτ) +BxBz

(1/γτ)2 +B2
x +B2

y +B2
z

P ′0

Py =
−Bx/(γτ) +ByBz

(1/γτ)2 +B2
x +B2

y +B2
z

P ′0

Pz =
(1/γτ)2 +B2

z

(1/γτ)2 +B2
x +B2

y +B2
z

P ′0

(2.9)

The photo-detector detects changes in Pz, and we are assuming the field

we measure is Bx, along the x̂ axis, perpendicular to the laser. In zero-field

conditions, the sensor on-board coils minimise the field inside the cell to provide
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By = 0 and Bz = 0; therefore, the previous equations can be simplified further:

Px = 0

Py =
−γτBx

1 + (γτBx)2
P ′0

Pz =
1

1 + (γτBx)2
P ′0

(2.10)

These curves are plotted as a function of Bx in Figure 2.9, showing the sensi-

tivity to changes in the magnetic field along x̂. The change in polarisation along

the direction of the laser (Pz) has a Lorentzian line shape, and this is referred

to as the zero-field or Hanle resonance (Hanle, 1925). The full width at half

maximum (FWHM) of this zero-field resonance equals to 1/γτ and is around 30

nT in a QZFM sensor.

-100 -50 0 50 100

B
x

field (nT)

-0.5

0

0.5

1

P
ol

ar
is

at
io

n

P
y

P
z

Figure 2.9: Solutions to Bloch equations in zero field. Polarisation Pz along the axis
of the laser ẑ, in orange, showing an absorption profile. Polarisation Py along the other
axis ŷ, in blue, shows a dispersion profile. Value of 1/γτ in Equation 2.10 was set to 30
nT.

There are two difficulties associated with measuring the fields in this way.

The first one is that this set-up is sensitive to noise (Kastler, 1973) and the second

is that, given the symmetric nature of the Lorentzian shape, it will give the same

output for positive and negative changes in field of the same amplitude. This

can be overcome by performing an amplitude modulation of the polarisation:

the on-board coil generates an oscillating magnetic field of magnitude bx in the

form δBx = bx cosωt where ω is the modulation frequency, much higher than the
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Larmor frequency (the QZFM uses ω = 923 rad·Hz). Equation 2.8 then becomes:

dP
dt

= P× γ [B + (bx cosωt)x̂]− 1

τ
(P− P ′0ẑ) . (2.11)

The simple steady-state solution is no longer valid, however, a solution was

obtained by Cohen-Tannoudji et al. (1970); when By = Bz = 0, the component

Pz oscillating at the modulation frequency ω is given by:

Pz =
γτBx

1 + (γτBx)2
J0

(
γbx
ω

)
J1

(
γbx
ω

)
P ′0 sinωt, (2.12)

where Jn are Bessel functions of the first kind. While the inclusion of these

functions complicates the signal equation, they evaluate to a constant term and

thus we can write:

Pz ∝
γτBx

1 + (γτBx)2
P ′0 sinωt. (2.13)

Now, after demodulation via lock-in detection, the output signal is a disper-

sion curve (see Figure 2.10) which means that positive and negative amplitude

changes can be discriminated.
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Figure 2.10: Magnetometer response. The voltage output is a function of the mag-
netic field along the sensor’s sensitive axis (x̂) and has a dispersion shape, with maxi-
mum slope at zero field. The response is linear near zero field, as shown in the inset.
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It should be noted that the response of the sensor is approximately linear

around zero field, as shown in the inset of Figure 2.10.

2.6 Summary

In summary this chapter has provided a theoretical overview of the physics be-

hind OPMs, focussing on the QuSpin device in particular. A quantitative assess-

ment of its operation has been described, and it will be followed up in Chapter

5.
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Chapter 3

Potential advantages of OPMs for

MEG

In this chapter a set of simulations is described. A hypothetical MEG system
based on OPMs is compared to the current state-of-the-art SQUID-based system.
Forward modelling was used to assess potential advantages in SNR (afforded by
OPMs being closer to the head) and inverse modelling (beamforming) was used
to assess improvements in source reconstruction accuracy and spatial resolution.
Results show that OPM-based MEG could potentially offer a step change in the
utility of MEG. However that potential is critically dependent on accurate mod-
elling as well as practical OPM array construction.
The work presented here was published in PLoS One in 2016 (Boto et al., 2016).

3.1 Introduction

Despite its excellent potential, MEG is limited by a low SNR and restricted spa-

tial resolution. This is mainly due to the low amplitude of the biomagnetic fields

being measured. Extremely sensitive magnetic field detectors are used, and until

recently, superconducting quantum interference devices (SQUIDs) have been the

only sensors with sufficient sensitivity to record neuromagnetic signals. How-

ever, SQUIDs themselves impose a number of limitations: they require the use

of cryogenics, making MEG systems bulky and expensive to maintain. This also

48



3.1. INTRODUCTION POTENTIAL ADVANTAGES OF OPMS FOR MEG

means that a vacuum must be maintained between the pick-up coils and the

head, thus limiting the minimum separation between the brain and detectors to

3–6 cm for an adult’s head. Sensors are held in a fixed position within a one-

size-fits-all helmet, meaning that the brain-to-sensor distance will be greater for

subjects with smaller heads, e.g. children. In addition, the inflexibility of the

sensor placement means that some brain regions have poorer coverage than

others (e.g. temporal lobe).

Recently, alternative magnetic field detectors like the OPMs (Kominis et al.,

2003) described in Chapter 2 and high-Tc SQUIDs (Öisjöen et al., 2012) have

reached the sensitivities required for MEG recordings. In particular OPMs, which

do not require cryogenics, have been developed such that they have a small foot-

print (Sander et al., 2012) meaning that a large number of sensors can be placed

flexibly and directly on someone’s head, and whole-head coverage is feasible. In

principle, the advantages afforded by an OPM-based MEG system are obvious:

bringing sensors closer to the head will increase the measured signal (assum-

ing noise floors of OPMs and SQUIDs are comparable) and consequently SNR.

Although this result is expected, many critical questions remain unanswered:

What quantitative improvement in SNR might be expected and how does it change

with cortical location? How would this SNR gain affect source reconstruction ac-

curacy (following inverse modelling)? How would an OPM system be impacted by

the accuracy of modelling algorithms? What would the gain in spatial resolution

be compared to current systems? In addition, the number of sensors required

remains an open question.

In this chapter, forward field simulations are used in order to quantify the

improvement in sensitivity of an OPM system compared to a current state-of-

the-art SQUID-based MEG system. Following this, a beamformer spatial filter-

ing approach is used to quantify the advantages of an OPM system for source

reconstruction. We examined reconstruction accuracy of beamforming for sin-

gle dipoles. In addition, by combining dipolar sources of interest with interfer-
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ence generators, we examined the efficacy of interference rejection in OPM and

SQUID systems. We investigated how the accuracy of magnetic field modelling

(i.e. accuracy of the forward model) impacts the OPM and SQUID system results.

Finally, we examined the spatial resolution of OPM and SQUID systems, its re-

liance on the number of MEG channels, and how this might impact connectivity

metrics.

3.2 Methods

3.2.1 Simulated systems

Simulated SQUID (sSQUID) system

For all simulated SQUID-based measures, we employed the third-order, syn-

thetic gradiometer configuration of a 275-channel CTF whole-head MEG system

(MISL, Canada). This system contains 275 radially-oriented, axial gradiometers

with a 5-cm baseline, along with a 29-channel reference array that is used to con-

struct third-order synthetic gradiometers (Vrba and Robinson, 2002). The posi-

tion of the head within the MEG helmet was based on an experimental recording,

and was determined by using three head position indicator coils attached to the

subject’s head (nasion, left pre-auricular and right pre-auricular fiducial mark-

ers). In this system, the minimum distance from the scalp surface to the closest

detector coil is 1.7 cm; this would assume that the scalp is touching the sur-

face of the MEG helmet (which of course is not simultaneously achievable for all

scalp locations). In the simulations used here, the subject was positioned with

the back of their head touching the back of the helmet, meaning that the largest

scalp-to-sensor distance was at the front of the head for the sSQUID system. A

high resolution anatomical MRI (1-mm3 resolution), including fiducial markers,

was available for this subject allowing complete registration of the MEG sensor
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geometry to the brain anatomy.

Simulated OPM (sOPM) system

In the simulated OPM system, measurement locations were 4 mm from the scalp

surface, a distance which is realistic for available SERF OPMs (Sander et al.,

2012). The arrangement of sensors was determined by the projection of the 275

sensor locations from the sSQUID system onto the scalp of the same individual

used for the sSQUID simulations. Given the size of current micro-fabricated

OPM devices (∼1 cm2 footprint) such a 275-channel system is conceivable. The

scalp surface was extracted from the anatomical MRI using Iso2Mesh1 (Fang

and Boas, 2009). To ensure equivalence of the sSQUID and sOPM systems for

sensitivity comparison, the sOPM system was also configured with its sensors

forming radially-oriented axial gradiometers (5-cm baseline). Note however that

for beamformer measurements (see later) we consider OPM magnetometers.

Both simulated set-ups are plotted in Figure 3.1.

sSQUID sOPM
Figure 3.1: Simulated systems.
The left panel shows the coil arrange-
ment for the sSQUID system, based
on the axial gradiometer configura-
tion of the 275-channel CTF MEG in-
strument. The right panel shows the
sOPM system.

In both the sOPM and sSQUID simulations, simulated dipoles were located

on the cortical surface, which was extracted as a mesh from the anatomical MRI

using Freesurfer2 (Fischl et al., 2001). This meant that 21,401 individual dipoles

could be located at the vertices of the triangular cortical mesh, with each dipole

oriented perpendicular to the cortical surface. In order to simulate magnetic

fields at the individual sensor locations, a multiple local sphere head model

was used (Huang et al., 1999) in conjunction with the forward model derived
1http://iso2mesh.sourceforge.net/
2http://surfer.nmr.mgh.harvard.edu/
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by Sarvas (1987). Gradiometers were formed via a subtraction of the radial

field components through each gradiometer loop (in the case of the sSQUID)

or through two OPMs in the case of the sOPM. Third-order gradiometers for

the sSQUID were constructed using weighting coefficients from the real MEG

recording.

3.2.2 Comparison of SNR

Assuming an equivalent noise floor (.10 fT rms/
√

Hz) for the sSQUID (Vrba,

2002) and the sOPM systems (both in magnetometer (Allred et al., 2002) and

gradiometer configurations), the difference in field magnitudes at the sensors

can be used to calculate the gain in SNR afforded by the sOPM system (thus, in

the remainder of this chapter, all SNR calculations assume equivalent noise floors

for the sSQUID and sOPM). Measured fields at each sensor were simulated for

each possible dipole location in the cortex, assuming a dipole moment, |q| = 1

nAm. For every cortical location, j, we calculated the expected output (i.e. the

forward field) lj for all 275 MEG channels for both systems (therefore lj has

dimensions of Nch×1, being Nch the number of channels). The Frobenius norm,

fj, of the forward field vector lj was then computed as,

fj = |lj|F =

√√√√Nch∑
j=1

|lj|2, (3.1)

and the comparison of the sSQUID and sOPM systems was derived as,

ratioj =
fj,OPM

fj,SQ
. (3.2)

This ratio, which effectively represents the change in measured signal (and

SNR) afforded by moving from the sSQUID to the sOPM system, was calculated

at each source location on the cortical surface.
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3.2.3 Beamformer reconstruction accuracy

Single dipoles

To examine the accuracy of source reconstruction for our two systems, we first

simulated a number of sets of MEG data. A source time course qj, at corti-

cal location j, containing a total of N time points was simulated as Gaussian-

distributed random data with a standard deviation of 5 nAm. Note here that

N = f ·∆, where f is sampling frequency and ∆ represents the duration of the

simulated recording. This dipole signal was projected through the forward field

vector for location j, lj, and simulated MEG data were generated as

m = ljqj + e, (3.3)

with dimensions of Nch × N . Here, e represents noise which was generated as

normally-distributed random data with a standard deviation of 50 fT. A single

set of MEG data, ∆ = 600 s (N = 360, 000) in duration, was simulated for each of

the 21,401 possible dipole locations on the cortical mesh. This was done twice

using forward fields computed for the sSQUID and sOPM systems. The SNR of

these data was dependent on the cortical location, and varied from 0 to 3 for the

sSQUID system and 0 to 24 for the sOPM system (note here SNR is computed as

the standard deviation of the signal at the maximally affected channel divided

by the mean noise). The difference in SNR between systems was purely a result

of the proximity of the sensors to the scalp.

To compare the accuracy of source reconstruction in the two systems, a beam-

former spatial filter was implemented. As introduced in Chapter 2, the beam-

former reconstruction is given by

q̂j = wT
j m. (3.4)
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Note this is equivalent to Equation 1.22, but rather than the source being

indexed by θ, which represents location and orientation, the orientation was as-

sumed to be known (and perpendicular to the extracted cortical surface). Con-

sequently, j only indexes dipole position.

The beamformer equation thus becomes

min
wj

|〈q2
j〉| subject to wT

j lj = 1, (3.5)

and the regularised solution

wT
j =

lTj {C + µΣ}−1

lTj {C + µΣ}−1 lj
. (3.6)

Recall that C is the data covariance matrix, Σ represents the noise at each

of the MEG channels and µ (the regularisation parameter) was set to 0.001

in order to maximise spatial resolution. Beamforming was applied in this way

for all of the 21,401 simulated MEG datasets. In order to determine temporal

reconstruction accuracy, the Pearson correlation coefficient was measured be-

tween the original simulated dipole time course data, qj, and the beamformer-

reconstructed time course data, q̂j. These correlation coefficients were com-

puted for the sSQUID and sOPM systems and are denoted as rSQ(qj, q̂j) and

rOPM(qj, q̂j), respectively.

To examine the spatial performance of the beamformer, four dipoles were

chosen at random in the frontal, parietal and occipital regions. MEG data

were generated separately for each dipole and beamformer-reconstructed time

courses were generated at the source location and its 44 nearest neighbours,

corresponding to distances of between 0–3 cm from the simulated source. The

magnitude of temporal correlation between the simulated source time course

and the beamformer reconstructions was then plotted as a function of distance

from the source.
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“Brain noise”

Although highly illustrative, beamformer reconstruction of single dipoles, as de-

scribed in Section 3.2.3 - Single dipoles, is not necessarily representative of real

life situations in which the beamformer must reconstruct the source of inter-

est whilst simultaneously removing sources of interference. In order to inves-

tigate this, multiple dipole simulations were employed. Here, a single source

of interest, qj, was simulated on the cortical surface as previously. However,

in addition, five further sources, denoted by qIntk , where k = 1, 2, . . . , 5, were

also simulated as interference generators (brain noise). For both qj and qIntk ,

source time courses were simulated as Gaussian-distributed random data with a

standard deviation of 5 nAm. The MEG data were then simulated as

m = ljqj +
5∑

k=1

lIntkqIntk + e, (3.7)

where lIntk represents the forward field vector for interference source k. Two

separate cases of interference generators were simulated:

• Case 1 – Interference in close proximity: All 5 interference sources were

dipolar, located on the cortical mesh, oriented perpendicular to the cortical

surface and defined between 0–3 cm (Euclidean distance) from the source

of interest. Actual interference locations were random, but in all cases

were set such that qInt1 was located at a distance of 0–6 mm from j; qInt2

was between 6–12 mm from j; qInt3 was between 12–18 mm from j; qInt4

was between 18–24 mm from j and finally qInt5 was between 24–30 mm

from j. The location j, of the source of interest was allowed to vary across

10,400 possible dipole locations within a single hemisphere on the cortical

mesh. See Figure 3.2a.

• Case 2 – Deep sources: Here, all 5 interference sources were again dipo-

lar, oriented perpendicular to the cortical surface and located on the cor-
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tical mesh at distances less than 4 cm from the closest sOPM sensor. The

source of interest, however, was limited to cortical locations between 4 cm

and 6 cm from the closest sOPM sensor. This therefore simulated the situ-

ation where the source of interest was located deeper than the sources of

interference. The location, j, of the source of interest was allowed to vary

across 4,901 possible dipole locations (see Figure 3.2b).

a b

qj
qint1

qint3

qint2

qint5

qint4

qj

qj

qint5

qint5

qint4

qint4

qint1

qint1

qint2

qint2

qint3

qint3

Figure 3.2: Sources of interest and interference. Schematic showing a single ex-
ample of the relative locations of the source of interest (black) and the interference
generators (green) for a) Case 1 (Interference in close proximity) and b) Case 2 (Deep
sources).

In all cases, each MEG dataset was simulated as being 360,000 data samples

(600 s) in length. In order to measure reconstruction accuracy we derived corre-

lation coefficients rSQ(qj, q̂j) and rOPM(qj, q̂j) as previously. In order to quantify

interference rejection, we also measured correlation between the beamformer-

reconstructed estimate, q̂j, and all five interference source time courses, qIntk;

i.e. we measured rSQ(qIntk , q̂j) and rOPM(qIntk , q̂j) for the sSQUID and sOPM sys-

tems, respectively. Obviously, for perfect beamformer performance we would

expect r(qj, q̂j) to be close to one, whilst r(qIntk , q̂j) should be close to zero.
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Forward field error

The simulations described in Sections 3.2.3 - Single dipoles and “Brain noise”

assume that the forward model used for beamforming is accurate (i.e. lj in

Equations 3.3 and 3.7 which defines the simulated data, and lj in Equation 3.6

which describes beamforming, were the same). However, in reality, some error

in deriving the forward model might be expected due to, for example, inaccurate

knowledge of sensor locations or poor physical models of the fields generated.

For this reason, it is important to define how forward field accuracy impacts upon

beamformer source reconstruction for both sSQUID and sOPM instrumentation.

In order to investigate this, we first altered the beamformer weights in Equation

3.6 such that:

wT
j =

l̂
T

j {C + µΣ}−1

l̂
T

j {C + µΣ}−1 l̂j
, (3.8)

where

l̂j = lj + ∆lj (3.9)

represents the forward field with added error ∆lj. In order to simulate error

on the forward model, we employed a geometrical approach depicted in Figure

3.3a. We first treated the genuine forward field, lj, as a Nch × 1 element vector,

and defined a hyperplane in Nch-dimensional space that is perpendicular to lj.

In order to perturb lj, we defined the error ∆lj as a Nch × 1 element vector

that is confined to the hyperplane. The vector sum of lj and ∆lj then gave us

the modified forward field as in Equation 3.9. The value ||∆lj||/||lj|| represents

a quantitative measure of the fractional error imposed upon the forward field

model. (Note also that the angle α between l̂j and lj (see Figure 3.3a) relates to

the similarity between the accurate and perturbed forward field patterns).

∆lj was constructed by first defining a Nch × 1 vector of random numbers, r,

as shown (for the simple 2D case) in Figure 3.3b. Projecting this random vector

57



3.2. METHODS POTENTIAL ADVANTAGES OF OPMS FOR MEG

onto the hyperplane gives:

∆lj = ξ

{
r−

(
lj
||lj||
||r|| cos β

)}
, (3.10)

where

cos β =
lTj r

||lj|| ||r||
. (3.11)

And so

∆lj = ξ

{
r−

(
lj
(

lTj lj
)−1

lTj r
)}

. (3.12)

The magnitude of ∆lj is controlled by the parameter ξ which can be used to

manipulate the amount by which the forward field is modified.

 

 

β

r
||r||·cos(β)
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Figure 3.3: Schematic dia-
gram of forward field error
simulation. The perfect for-
ward field, lj is perturbed via
addition of ∆lj to give l̂j .

The single-source simulations, described in Section 3.2.3 - Single dipoles,

were repeated, but this time, sources were reconstructed using beamforming

(Equation 3.8) with added error on the forward field vector. The elements of r

were defined as Gaussian-distributed random numbers and ξ was varied through

20 iterations such that ||∆lj||/||lj|| spanned approximately the range from 0 to

0.5. For each value of ξ the simulation was repeated 5 times (with 5 realisa-

tions of r) and results averaged. This whole process was repeated for 100 dipole

locations randomly selected from one cortical hemisphere (performing this cal-

culation for all dipole locations proved too computationally intensive). Results

were averaged across shallow and deep dipoles.
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3.2.4 Spatial resolution and channel count

To examine the spatial resolution of source-reconstructed MEG data from the

sSQUID and sOPM systems, a final set of simulations was employed. Two sources

were simulated at separate locations on the cortical surface, k and n. Two source

time courses, qk and qn were simulated, both contained a total of N time points

and comprised different Gaussian-distributed random data with a standard de-

viation of 5 nAm, meaning that the sources were temporally orthogonal. MEG

data were then generated as

m = lkqk + lnqn + e, (3.13)

where lk and ln are the forward field vectors for cortical locations k and n respec-

tively, and e represents noise (normally-distributed random data with a standard

deviation of 35 fT). This simulation was run multiple times with the source loca-

tions (k and n) selected randomly. The Euclidean distance between sources was

measured for each source pair.

As previously, data were reconstructed using the beamformer spatial filter

such that q̂k = wT
km and q̂n = wT

nm. In a connectivity measurement in real MEG

data, we would look to quantify a relationship between the two reconstructed

dipole time courses, q̂k and q̂n; any statistical interdependency between these

quantities would be used to indicate a functional connection between brain re-

gions k and n (see O’Neill et al. (2015a) for a review). However, such a mea-

surement necessarily requires that there is no spurious correlation between q̂k

and q̂n caused by the limited spatial resolution. In the present simulation, the

underlying time courses qk and qn used to generate the data are orthogonal, so

that the correlation coefficient r(qk,qn) = 0. In order to test for the effects of

spurious correlations in the beamformer reconstruction, we therefore measured

correlation between source reconstructions, r(q̂k, q̂n): if the dipoles simulated at

k and n are resolvable, then this quantity should be close to zero. Note that in
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much of the functional connectivity literature, r(q̂k, q̂n) would be referred to as

leakage between sources (Brookes et al., 2012). This simulation was run 3,000

times with N = 360,000. The measured Euclidean distances were categorised

into 30 different bins of 2-mm width, the smallest being 0–2 mm, the largest

being 58–60 mm. The simulation was designed such that 100 repeats were run

for each bin. The spatial resolutions of the sSQUID and sOPM systems were then

measured via assessment of the quantity r(q̂k, q̂n) plotted against distance. Two

sources were considered resolved if r(q̂k, q̂n) < 1/
√

2 (i.e. less than 50% shared

variance between sources).

We also investigated the effect of different channel counts on the sOPM sys-

tem’s spatial resolution. In order to do this, three additional sensor configura-

tions were simulated according to: 1) the international 10-10 EEG system; 2)

the 10-5 EEG system (Oostenveld and Praamstra, 2001) and 3) a theoretical 10-

2.5 system (see Figure 3.4). The application of these sensor configurations onto

the scalp surface (Giacometti et al., 2014) resulted in systems with 81, 329 and

1,293 sensors respectively. A separate measurement of r(q̂k, q̂n) versus source

separation was made for each of these three systems.

Figure 3.4: Simulated systems for channel count comparison. Simulation set-up
comparing four different sOPM systems (from left to right): 81 sensors (10-10 EEG sys-
tem), 275 sensors (equivalent to that shown in Figure 3.1a), 329 sensors (10-5 system)
and 1293 sensors (hypothetical 10-2.5 system).

Finally, a simulation was employed to quantify the spatial resolution of both

systems as a function of cortical location. Simulated MEG data were generated

for pairs of dipoles as before (Equation 3.13), with the only difference that k ran

for all dipole locations within one cortical hemisphere and n corresponded ini-

tially to k’s nearest neighbour on the cortical mesh. In cases where r(q̂k, q̂n) was
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larger than 1/
√

2, the simulation was repeated for k’s next nearest neighbour,

and so on, until the value of r(q̂k, q̂n) fell below 1/
√

2. Here, spatial resolu-

tion was assessed as the minimum distance between the dipole seed (k) and its

neighbour (n) for which both sources can be considered separable. Both this

spatial resolution value and the correlation between reconstructed time courses

were assessed.

3.3 Results

Figure 3.5a shows an example of simulated magnetic fields (i.e. the forward

field) for a single dipole located in the parietal lobe. Note that, for this particu-

lar dipole, the magnitude of the maximum measured magnetic fields is approx-

imately a tenfold higher for the sOPM system than for the sSQUID set-up. As

would be expected, the topographic pattern of the magnetic field is also more

focal in the sOPM compared to the sSQUID system. Figure 3.5b shows the ratio

of the Frobenius norms of the forward field vectors for the two systems, plotted

as a function of dipole location on the cortex. The colours represent the ratio

(fj,OPM/fj,SQ) such that a ratio of 5 would indicate a fivefold improvement in

SNR of the sOPM compared to the sSQUID system. The figure shows clearly

that the sOPM system offers an improvement in SNR for all dipole locations on

the cortex; this improvement is approximately a factor of five (yellow) across

most of the cortex, increasing to close to ten (red) for some areas of the frontal

lobe. The improvement is less dramatic in deeper cortical areas (a consequence

of the inverse square law), but the sOPM system still offers twice the SNR of

the sSQUID system (blue). Note that the spatial variation of this improvement

in SNR depends on the position of the subject’s head in the CTF MEG helmet.

As stated above, in the simulations the subject was positioned with the back of

their head touching the back of the CTF helmet, thus the largest improvements

in SNR are observed in the frontal lobes. Note also that these measurements

61



3.3. RESULTS POTENTIAL ADVANTAGES OF OPMS FOR MEG

were based on an adult male, with a head size of 21.3 cm anterior to posterior

and 14.6 cm left to right, meaning that this individual’s head was well fitted to

the size of the CTF helmet: in a subject with a small head, the improvements

provided by the sOPM system would be more pronounced.

a bsSQUID

fT

sOPM

fT

Figure 3.5: SNR simulation results. a) Simulated magnetic field from a single dipole
located in the parietal lobe. b) The ratio of the Frobenius norms of the forward fields,
plotted as a function of dipole location on the cortex. The colours represent the quantity
fj,OPM/fj,SQ. The top and bottom panels show different aspects of the same data.

Figure 3.6a shows beamformer reconstruction accuracy in the single-dipole

simulations (see Section 3.2.3 - Single dipoles). The left panel shows the

sSQUID system and right panel shows the sOPM system. In both cases the

colour bar indicates temporal correlation between the simulated and recon-

structed dipole time courses; i.e. the left and right plots show rSQ(qj, q̂j) and

rOPM(qj, q̂j) respectively, plotted against dipole location j on the cortical surface.

A value of 1 would indicate perfect reconstruction. Here, the sSQUID system

exhibits reasonably good performance with correlation greater than 0.8 across

the vast majority of the cortex. However reconstruction accuracy is highest for

the occipital lobe and drops in the frontal lobes – most likely due to the posi-

tion of the subject’s head in the MEG helmet. Reconstruction accuracy is lowest

in the temporal lobes and this is likely due to lower sensor coverage for these
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brain regions. In contrast, for the sOPM system we see excellent reconstruction

accuracy across the entire cortex, with correlation greater than 0.9 everywhere

on the cortical surface. Note particularly the improvements in reconstruction

accuracy in the temporal lobe compared with the sSQUID system. Figure 3.6b

shows spatial reconstruction accuracy for four different locations (shown over-

laid in black on the central figure). Correlation coefficients between the original

and reconstructed time courses for the simulated dipole location and 44 of its

nearest neighbours, are plotted against the relative distance to the simulated

dipole location. Results show that both systems generate an accurate spatial re-

construction of the source with maximum correlation at zero distance. However,

temporal correlation falls off faster with distance for the sOPM system indicating

a sharper (more focal) reconstruction.

Figure 3.7, shows beamformer reconstruction accuracy with “brain noise”

(see Section 3.2.3 - “Brain noise”). Panel (a) shows results for Case 1 (In-

terference in close proximity) whilst panel (b) shows results for Case 2 (Deep

sources). In both cases, the left-hand panel shows average temporal correlation

between the simulated and the beamformer-reconstructed source of interest at

j (i.e. graphs show the quantity r(qj, q̂j)). For comparison, the case with and

without the interference sources are both shown. Right-hand plots represent av-

erage correlation between each of the 5 simulated interference sources and the

beamformer estimate of the source of interest at j (i.e. the quantity r(qIntk , q̂j)).

In Figure 3.7a (left), it is clear that switching on the interference degrades the

quality of the source estimate for both systems, as would be expected; how-

ever this degradation is more pronounced for the sSQUID system compared to

the sOPM system. Regarding Figure 3.7a (right), first recall that interference

sources were located progressively further away (in terms of Euclidean distance)

from the source of interest with increasing index, k; this explains the decreasing

temporal correlation with increasing k. Importantly, the beamformer’s ability to

reject interference (even in very close proximity) is improved markedly for the
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Figure 3.6: Reconstruction accuracy. a) The left (right) hand panel shows beam-
former reconstruction accuracy for the sSQUID (sOPM) system. Colours represent the
quantities rSQ(qj , q̂j) and rOPM(qj , q̂j) for left and right panels, respectively. b) Spatial
reconstruction accuracy around four cortical locations (in black). The four inset graphs
show correlation coefficients between the original simulated time course and recon-
structed dipole time courses at the simulated source location and its nearest neighbours
(shown in green on the central image). Correlation is plotted as a function of Euclidean
distance to the simulated dipole.

sOPM system compared to the sSQUID system. Note that the temporal corre-

lation between the beamformer-estimated source of interest and all interfering

sources is lower for sOPM than for sSQUID; this is the case for interference in

close proximity, and for deep sources.

Figure 3.8 shows how reconstruction accuracy is affected by errors in the

forward field model (see Section 3.2.3 - Forward field error). In order to visu-

alise results, dipole locations on the cortical surface were divided according to

depth: those whose distance to the closest sOPM sensor, dj, was less than 4 cm

(shallow sources – shown in black in panel (a)) and those whose distance, dj, to

the closest sOPM sensor was between 4 cm and 6 cm (deep sources – shown in

grey). To show the influence of forward field accuracy on beamforming, corre-
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Figure 3.7: Reconstruction accuracy with “brain noise”. a) Case 1 (Interference in
close proximity). b) Case 2 (Deep sources). In both panels, the left hand graph shows
the average of correlation coefficients between simulated and reconstructed dipole time
courses, r(qj , q̂j), with and without interference. The right-hand graph shows the aver-
age of correlation coefficients between each of the interference sources and the recon-
structed main dipole time course, r(qIntk , q̂j). sOPM is represented in blue and sSQUID
in red.

lation coefficients between simulated and reconstructed time courses, r(qj, q̂j),

were measured and plotted as a function of fractional error on the forward field

||∆lj||/||lj|| (Figure 3.8b). The left graph shows results for deep sources whilst

the right graph shows results for shallow sources. In both cases note that, with

no forward field error, sOPM outperforms sSQUID. This is in agreement with

the results given in Figures 3.6 and 3.7. However, as forward field error is

increased, the reconstruction accuracy of both systems falls, with the sOPM sys-

tem being more sensitive. This means that for dipoles close to the scalp surface

(shallow dipoles) even an error of less than 5% in the forward field can negate

the significant advantages afforded by the sOPM system. For deeper dipoles,

this is less dramatic but a 25% error on the forward field would again mean

that sSQUID and sOPM systems perform approximately equally well, with er-

rors greater than this meaning the sSQUID system more accurately reconstructs

dipole time courses. These results highlight a critical point: although the intro-
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duction of an OPM system has the potential to generate a step change in the

utility of MEG, the realisation of this potential depends not only on our ability to

engineer such a system, but also critically on our ability to model accurately the

forward field. This key point will be addressed further in the discussion below.
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Figure 3.8: Dependency of reconstruction accuracy on forward field error. a)
Dipole locations with deep sources shown in grey and shallower sources shown in black.
b) Temporal correlation between the simulated and beamformer-reconstructed sources
(i.e. r(qj , q̂j)) plotted as a function of fractional error on forward field (||∆lj ||/||lj ||).
The two separate plots show the case for deep (left) and shallow (right) dipoles. The
sOPM system is shown in blue and the sSQUID system in red.

Figures 3.9 and 3.10 show the results of the spatial resolution measurements.

Figure 3.9a shows how the correlation, between two reconstructed sources,

r(q̂k, q̂n) (also termed source leakage in connectivity literature – see Section

3.2.4 - Spatial resolution and channel count) varies with source separation for

the sOPM (blue curve) and sSQUID systems (red curve). The simulated source

time courses were orthogonal, so any non-zero value of r(q̂k, q̂n) is purely an

artefact of the limited spatial resolution of the beamformer. Two sources are

deemed separable if r(q̂k, q̂n) < 1/
√

2. Note that no forward field error was sim-

ulated for results in Figure 3.9. It is clear that the 275-channel sOPM system of-

fers much improved spatial resolution compared to the sSQUID system. Sources
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become separable for the sSQUID system when the Euclidean separation is ap-

proximately 5 mm. Indeed this value is in approximate agreement with findings

from real data (Barratt et al., 2018). However for the sOPM system, sources are

separable at smaller separations, with temporal correlation never reaching more

than 0.4 (16% shared variance). This finding shows clearly the significant ad-

vantages of an OPM system, particularly in the study of functional connectivity;

this will be addressed further in the discussion below. In the inset figure, the

correlation coefficients between simulated and reconstructed time courses for

each dipole source (r(qk, q̂k) and r(qn, q̂n)) are also plotted for both systems, as

a function of distance between sources. This reflects the reconstruction accuracy

for each dipole, showing that each dipole time course is better reconstructed as

distance between them is increased. Note again improved performance of the

sOPM system. The four simulated systems in Figure 3.4 were used to assess the

advantages of increased channel counts for spatial resolution. Figure 3.9b shows

results of this measurement: again r(q̂k, q̂n) is plotted as a function of distance

between sources for the 81-channel (orange), 275-channel (blue), 329-channel

(green) and 1293-channel (purple) OPM systems. The sSQUID system is plot-

ted for comparison. A marked improvement in spatial resolution is observed as

channel count is increased.

Finally, Figure 3.10 shows spatial resolution plotted as a function of location

on the cortical surface. Figure 3.10a shows the minimum spatial separation for

which two dipoles become resolvable (i.e. the temporal correlation between

time courses falls below 1/
√

2). This in itself does not constitute a measure of

spatial resolution because the discrete nature of the cortical mesh means that

a dipole separation corresponding to a temporal correlation of precisely 1/
√

2

is not possible. For this reason, the spatial separations in Figure 3.10a must

be given alongside a corresponding value of temporal correlation at the derived

minimum separation. These values are given in Figure 3.10b. Note that not

only is the minimum spatial separation between dipoles reduced from an aver-
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Figure 3.9: Spatial resolution and channel count measurements. a) Correlation
coefficient between two simulated dipole sources after beamforming reconstruction,
r(q̂k, q̂n) plotted against Euclidean distance between the sources. The red and blue
traces show the results for the sSQUID system and sOPM systems, respectively. The in-
set shows correlation coefficients between simulated and reconstructed time courses for
the two sources separately, i.e. r(qk, q̂k) and r(qn, q̂n). b) Comparison of spatial resolu-
tion for the 81, 275, 329 and 1,293 sensor sOPM systems shown in Figure 3.4. Again,
the graphs show correlation between reconstructed time courses plotted as a function
of Euclidean distance between sources.

age of 6.3 mm in the sSQUID system to 2.5 mm in the sOPM system, but also

the temporal correlation at those minimum separations is reduced from 0.49 in

the sSQUID to 0.29 in the sOPM. This important result is in agreement with

that shown in Figure 3.9 and further supports the finding that the sOPM system

demonstrates dramatically better spatial resolution compared to the sSQUID sys-

tem.
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Figure 3.10: Spatial resolution (275 channels). Left (right) hand panels show results
for the sSQUID (sOPM) system. a) Minimum distance between the dipole seed and its
neighbours for which two sources are separable, plotted as a function of seed dipole
location. b) Their corresponding temporal correlation values.

3.4 Discussion

In this chapter, we have used simulations to quantify the potential advantages of

an on-scalp OPM-based MEG system in terms of SNR, beamformer reconstruc-

tion accuracy and spatial resolution. Our results show that an OPM system, with

an equivalent number of channels and equal noise floor to current SQUID sys-

tems, would offer approximately a fivefold increase in SNR across most of the

cortex, and up to an order of magnitude improvement in SNR in some regions,

for an adult brain. This improvement, which results from the closer proxim-

ity of the sensors to the cortex, would be even more dramatic for subjects with

smaller heads (e.g. infants). These results also show a clear improvement in

the accuracy of beamformer source reconstruction; average correlation between

simulated and beamformer-reconstructed sources increased significantly for the
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simulated OPM system and this was the case with and without interference from

other brain sources. However, these simulations also show that such improve-

ment depends critically on the accurate generation of forward models. Finally,

our results show a marked improvement in spatial resolution of the simulated

OPM system, which becomes more dramatic when increasing the channel count.

Overall, results of this simulation work imply that the realisation of a multi-

channel whole-head OPM system could generate a step change in the utility of

MEG.

Since this simulation study was undertaken, Iivanainen and colleagues

(Iivanainen et al., 2017) carried out a similar simulation work comparing a hy-

pothetical whole-head OPM system to a current state-of-the-art SQUID-based

Elekta Neuromag system. The simulated OPM system comprised 306 magne-

tometers (102 measured the normal component of the field and 204 measured

the two orthogonal tangential components). They used BEM forward models

and minimum-norm inverse methods. Their results, in agreement with those

presented here, showed a marked improvement of the OPM system over the

SQUID system in terms of signal power, information capacity and spatial resolu-

tion.

3.4.1 SNR

The SNR improvement afforded by OPM systems could revolutionise both the

type of neuromagnetic effects that can be measured by MEG, and the brain re-

gions to which MEG is sensitive. At present, MEG measurements are limited: in

most task-based studies, responses must be averaged over trials to increase SNR;

OPMs could offer a route to measuring single-trial responses and hence provide

a new perspective on, for example, motor learning. In addition, the sensitiv-

ity of MEG measurements falls with frequency since neural networks oscillating

at high frequencies tend to be small. However, invasive recordings show that
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neuroelectrical effects up to and including frequencies of 200 Hz are measur-

able (Crone et al., 2006). OPM systems, if they could be implemented with a

sufficiently high bandwidth, could offer a route to assess, non-invasively, net-

works of neurons oscillating at these high frequencies. The improvement in SNR

also offers a better coverage of deep brain areas. This would enhance coverage

for deep cortical regions such as cingulate and insula, and also sub-cortical grey

matter nuclei including basal ganglia and hippocampi; signals from both of these

regions have been measured successfully using conventional SQUID-based MEG

systems (Timmermann et al., 2003; Luckhoo et al., 2012), however efforts to

characterise their behaviour have been hampered by low SNR. Our simulations

show that signals acquired from all deep structures using an OPM system would

be enhanced in terms of SNR. However, the degree of improvement is a function

of depth. Specifically, the non-linear nature of the inverse square law means

that, although moving detectors closer to the scalp surface offers increased SNR

for all regions, the improvement for shallow sources is proportionally larger than

for deep sources. Indeed, Figure 3.5 shows that whilst improvements for shallow

sources could be as high as tenfold, for deeper sources the gain may be closer to

twofold. This observation has important consequences. Even in current systems

the effective characterisation of deep sources relies on our ability to eliminate

interfering signals for shallow sources. When using OPMs, the greater ampli-

fication of shallow compared to deep sources potentially makes this problem

harder, since the ratio of deep source (of interest) to shallow source (of no inter-

est) signals is markedly reduced. This observation provides more evidence that

realising the benefits of an OPM system depends critically on accurate source

modelling.
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3.4.2 Reconstruction accuracy

Our simulations also showed that, as a result of improved SNR (Figure 3.5b)

and the more focal nature of the forward field (Figure 3.5a), beamformer re-

construction accuracy was improved significantly when using OPMs compared

to a SQUID-based system. Specifically, temporal correlation between simulated

and beamformer-reconstructed cortical sources increased significantly (p<0.05)

from 0.87 for a current SQUID-based system, to 0.98 for a 275-channel OPM

system (single-dipole model). Improvements were also observed in the presence

of interference fields from nearby cortical dipoles of no interest and the results

in Figure 3.7 show that the beamformer algorithm, applied to the sOPM system,

was better able to cancel out such interference compared to the sSQUID system.

Although beamformer performance is enhanced in an OPM system, our re-

sults in Figure 3.8 show clearly that such improvements would rely heavily on

accurate forward modelling. In the case of shallow cortical dipoles, simulations

showed that a forward field error of as little as 4–10% would negate the signifi-

cant advantages afforded by OPM instrumentation. This effect was also seen for

deeper dipoles although it is somewhat less pronounced, with OPMs still outper-

forming SQUIDs up to approximately a 25% error on the forward field. These

findings have been supported by recent work by Zetter and colleagues (Zetter

et al., 2018), who found that to obtain similar or higher accuracy than with

SQUID-based systems, RMS sensor position and orientation errors of an OPM

system should be less than 4 mm and 10°, respectively.

Whilst perhaps counter-intuitive, this observation is well known: in short, as

SNR increases, inverse modelling becomes increasingly sensitive to the accuracy

of the forward model. In the case of OPMs, the increase in SNR afforded by the

shift in sensor locations towards the scalp surface drives this necessity for in-

creased forward model accuracy. In the simulations presented, we used a simple

mathematical method in order to artificially generate an error on the forward so-
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lution. This simulated error is an abstract mathematical formulation, but never-

theless illustrates the problem. Experimentally, these forward field errors come

from 1) inaccurate co-registration between the head location and the sensor

geometry, 2) subject movement (the forward field is derived based on average

head position) and 3) inaccuracy in the forward model itself (e.g. deviation from

the dipole model). In recent years, significant improvements in the latter have

been introduced via, for example, the use of boundary element methods (BEM)

based upon high resolution MR images. However, the co-registration problem

is still heavily reliant on techniques such as surface digitisation and matching;

which often leads to significant systematic errors in estimating MEG sensor lo-

cations relative to the brain anatomy. In fact, previous work suggests that the

largest source of forward modelling error in MEG comes from co-registration

(Hillebrand and Barnes, 2003). Also, for OPMs, as a consequence of subject

movement we might expect independent errors if the sensors are not mounted

rigidly with respect to one another. In addition, the OPM’s cell (sensitive vol-

ume to magnetic field) will have a smaller area than that of the SQUID coils,

and may also have a variable gain (in terms of magnitude and directional sen-

sitivity) which will depend not only on fabrication but also on the proximity

(and crosstalk) of other sensors. These errors could also impact significantly on

forward field accuracy. Here we demonstrate that an abstract modelling error

causes a significant problem that could easily negate any advantages afforded

by an OPM system, particularly in modelling shallow cortical dipoles. Practical

implementation of a system must therefore take these problems into account.

3.4.3 Spatial resolution

Assuming that solutions to the forward modelling problem can be found, the

spatial resolution measurements in Figures 3.9 and 3.10 show the clear advan-

tages of an OPM system in separating dipoles in close proximity in the brain.
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This is important for all studies, but would be particularly beneficial in the

study of functional connectivity between brain regions. The study of connec-

tivity (functional and effective) has caused a paradigm shift in the way in which

neuroimaging experiments are conducted and, particularly given the recent ad-

vances in dynamic connectivity (temporal changes in connectivity between re-

gions over time) MEG now offers the most attractive means to characterise the

way in which the brain forms and dissolves a hierarchy of electrophysiologi-

cal networks of communication, in order to support current processing demand

(Baker et al., 2014; O’Neill et al., 2015b). Although new MEG methodologies

allow for unique insights into such network formation, at present, functional

connectivity can only be measured reliably via the use of techniques for post-

hoc correction of source leakage between brain regions. This source leakage

is a direct result of the limited spatial resolution of the MEG beamformer, and

multiple techniques including the use of the imaginary part of the coherence

(Nolte et al., 2004), the phase-lag index (Stam et al., 2007) or linear regres-

sion (Brookes et al., 2012; Hipp et al., 2012) must be employed. Whilst these

techniques work, they all eliminate genuine zero-phase lag correlation between

electrical signals from separate regions. Invasive measures show clearly that

such zero-phase lag effects exist in the brain (Singer, 1999; Engel et al., 2001)

and are currently missed by MEG. Our results imply that post-hoc correction

methods would not be required for OPM systems, for the typical networks ob-

served. This would prove of key importance in future characterisation of brain

network behaviour and dynamics.

3.4.4 Limitations

It is important to point out the limitations of the simulations that have been un-

dertaken. First, these simulations are simple: they are based on small numbers

of dipoles. Second, the noise is assumed to be Gaussian-random and therefore
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uncorrelated across MEG channels. Although these assumptions are unrealis-

tic compared to experimental measurements, it is worth noting that our source

reconstruction results are approximately in agreement with what is observed in

real data from current SQUID-based systems (Barratt et al., 2018). Furthermore,

simple simulations of this type have been used extensively in a wide variety of

published research (Vrba, 2002; Barnes and Hillebrand, 2003) and these papers

provided inspiration to the field of MEG source reconstruction for more than

a decade. The quantitative observations made are therefore likely to be rep-

resentative, and provide a benchmark to which any real system might aspire.

Third, there are also many aspects of OPM system design which we have not

touched upon. Most importantly, OPM sensors offer a means to measure the

magnetic field in two orthogonal orientations perpendicular to the laser beam.

This means that in addition to measuring magnetic field in the radial direction

(the approach taken by all conventional systems), one additional tangential di-

rection may also be measured using the same sensor. Practically, this requires

extra instrumentation (an extra field modulation coil on each sensor is required,

as well as an increased number of readout channels). From a modelling point

of view, the tangential component of magnetic field is mainly affected by vol-

ume currents and so its measurement would necessitate the use of more com-

plex finite element forward models (Iivanainen et al., 2017). From a system

design point of view, it is not immediately obvious how one might orient the

additional axis (i.e. at each measurement location, which tangential field com-

ponent should be measured?). This latter point in particular is the reason that

here we limited ourselves to assessing the radial field only. In fact, design of

a system which measures vector field components would necessitate significant

simulations to identify an optimal sensor arrangement. However, future simula-

tion work should begin to assess this potentially significant advantage of OPMs

compared to SQUIDs. There are other significant design problems with OPMs,

for example, they operate around a zero-field resonance meaning that compen-
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sation coils are often mounted on the OPM itself to cancel the remnant field

inside the shield. In addition, the operation of a multi-channel array may be

complicated by crosstalk between sensors from both the internal field-zeroing

coils and from field modulation used for lock-in detection. Interfering fields be-

tween sensors in close proximity would significantly alter both the sensor gain

and potentially the orientation of the sensitive axis of detection. This simulation

work does not claim to solve these practical issues relating to the practical use of

OPMs, rather the intention was to present a vision of the potential advantages of

an OPM system as well as to elucidate the potential modelling problems that the

realisation of such a system might generate. Finally, note that, in principle, the

theoretical systems described here could result from any technology in which

the external surface of the magnetic field sensor is such that the sensor can be

scalp-mounted.

3.5 Conclusions

In this chapter we have quantified via simulation the advantages of an OPM sys-

tem in terms of SNR, beamformer reconstruction accuracy and spatial resolution.

Results show that such an OPM system could offer around a fivefold improve-

ment in SNR for an adult brain. Further, our results show clear improvement in

reconstruction accuracy and a marked improvement in spatial resolution. These

results imply that the realisation of a multi-channel whole-head OPM system

could generate a step change in the utility of MEG as a means to assess hu-

man electrophysiological brain activity and connectivity in health and disease.

However, such a change is critically dependent, not only on the generation of

new multi-channel OPM systems, but also on improved algorithms for forward

modelling.
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Chapter 4

Experimental MEG measurements

using a single OPM

This chapter describes the use of a single commercial OPM to make measure-
ments of evoked and induced signals in primary sensory cortex during median
nerve stimulation. The use of interference cancellation via a reference array is
shown to improve significantly the SNR of OPM measurements. Furthermore,
the use of a 3D-printed scanner-cast helps to accurately inform sensor position
and orientation, thus facilitating accurate forward modelling and source imag-
ing. We show experimentally that OPMs generate the expected increases in
signal magnitude over SQUID recordings, in agreement with the simulations in
Chapter 3. Finally, using source modelling, the source of the evoked response
is localised to somatosensory cortex, showing that with thirteen sequential OPM
measurements, source-space SNR is comparable to that from a 275-channel
SQUID system.
The work presented here was published in NeuroImage in 2017 (Boto et al.,
2017).

4.1 Introduction

Recent advances in magnetometry have opened up the possibility of consider-

ing the next generation of MEG, based on on-scalp, cryogen-free magnetic field

detectors. Thanks to the commercialisation of OPMs (QuSpin), OPM-MEG can

now be envisaged. The simulation work described in Chapter 3 outlined the
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potential of OPM-MEG in terms of SNR, reconstruction accuracy and spatial res-

olution. This chapter, and the rest of this thesis, is dedicated to the experimental

realisation of this vision.

Although OPMs have the potential to form the basis of a high SNR and flex-

ible MEG instrument, the practical implementation of such a system requires

significant work. The increased signal provided by moving the detectors closer

to the scalp is relatively easily achieved. However, translating this into high pre-

cision images of electrical brain function is non-trivial. First, most OPMs are

configured as magnetometers (as distinct from gradiometers which are used in

most SQUID-based MEG systems) and as such are more susceptible to environ-

mental interference. Effective methods must therefore be employed to reduce

this. Here, the use of interference cancellation in the OPM measurements via a

reference array is explored (i.e. similar to ideas behind synthetic gradiometers

(Vrba et al., 1991; Vrba and Robinson, 2001; Vrba, 2002)).

In addition, spatial specificity and reconstruction accuracy depend not only

on SNR, but also on accurate modelling of magnetic fields generated by the

brain (i.e. accurate forward solutions). This problem is exacerbated in OPMs

since, perhaps counter-intuitively, increases in SNR mean that modelling accu-

racy must also increase. Indeed, this was shown in the simulations presented in

Chapter 3, which predicted that even small (5%) modelling errors could negate

any advantages in SNR afforded by OPM systems (Boto et al., 2016). One signif-

icant cause of modelling errors in current MEG systems comes from inaccurate

knowledge of the head location relative to the sensor array (Hillebrand and

Barnes, 2003; Liuzzi et al., 2017). It follows that to realise the benefits of an

OPM system, detector locations and orientations relative to the brain anatomy

must be known with high spatial accuracy. However, this is a big challenge for

an OPM system where sensors are mounted flexibly on the head.

In this chapter, evaluation of a single, newly available, commercial OPM sen-
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sor for MEG measurements is undertaken. We use this sensor in combination

with a bespoke helmet, printed to fit a single individual based on their head

shape and comprising slots for OPM housing. This allows for accurate placement

of the sensor relative to brain anatomy. Sequential measurements of evoked and

induced responses during median nerve stimulation are employed and simul-

taneous SQUID measurements are used to reduce environmental interference.

We will show localisation of the source of the evoked response and compare

source-space SNR between OPMs and SQUIDs.

4.2 Methods

4.2.1 Data acquisition

QuSpin OPM

The OPM used in this work was described in Section 2.1.2 - The QuSpin sensor

of Chapter 2. As a recap: it has a theoretical noise level comparable to SQUIDs

(10 fT/
√

Hz above 1 Hz), a bandwidth of approximately 150 Hz, an operational

dynamic range of ±5 nT, a size of 14×21×80 mm3, and can be placed such that

the centre of the sensitive volume is 6.5 mm from the scalp head surface. The

OPM sensor head is self-contained with all the necessary optical components,

including a semiconductor laser for optical pumping, optics for laser beam con-

ditioning, a 3×3×3 mm3 87Rb vapour cell, and silicon photo-diode. The vapour

cell is electrically heated to around 150 oC to achieve optimum 87Rb vapour den-

sity. The sensor head connects to a small electronics controller via a 5-m cable.

The electronics controller is placed outside the MSR to minimize magnetic in-

terference. The output from the electronics controller is an analogue voltage

proportional to magnetic field, with scaling factor being 2.8 V/nT.
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Scanner-cast design

There are two practical problems with using a single (or a small number of)

OPMs to detect neuromagnetic fields. First, the convoluted shape of the cortex

means that, even if the approximate location of the region of interest in the sub-

ject’s head (somatosensory cortex in our case) is known, the precise orientation

of the local normal to the cortical surface is not. Since the locations of field

maxima outside the head are strongly dependent on the direction of current

flow, this means that it is difficult to predict where on the scalp sensors should

be optimally placed. Second, in order to mathematically model the measured

fields, and hence derive 3D images of changing cortical current flow, the precise

location and orientation of the sensors relative to the brain anatomy must be

known. We solved both of these problems via the use of 3D printing (see Figure

4.1).

edb ca

Figure 4.1: Scanner-cast design and fabrication. a) Single sagittal slice from the
anatomical MRI. b) Outer head surface extracted from MRI. c) CAD model of the
scanner-cast with slots designed to house the OPM sensors over sensorimotor cortex.
d) 3D-printed scanner-cast on subject. e) Subject in situ with the OPM attached.

We used an anatomical MRI (Figure 4.1a) of the subject’s head (as described

in Tröebinger et al. (2014)) in order to extract a 3D mesh, representing the outer

surface of the head and face (Figure 4.1b). Following this, a nylon cast of the

outer head surface was fabricated using 3D printing1, resulting in a scanner-cast

that is moulded to the shape of the individual subject’s head (Figure 4.1c/d).

As part of the scanner-cast design, we digitally placed a nominally hexagonal

array of slots for 13 radially-oriented OPMs over the subject’s right somatosen-

sory cortex. The array was located and oriented so as to sample the field max-
1http://www.chalkstudios.co.uk/
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ima and minima expected at 6 mm from the scalp surface due to a dipole in

the somatosensory cortex (whose location and orientation was estimated from

previous SQUID-based dipole fits to the same subject). Importantly, since the

scanner-cast was generated directly from the subject’s MRI, the precise location

and orientation of the slots for the sensors, with respect to the brain anatomy,

were known. The multiple slots meant that the single OPM could be placed in

any one of the 13 locations in order to sample the spatially varying scalp-level

magnetic fields.

Median nerve stimulation and data collection

The somatosensory paradigm involved electrical stimulation of the subject’s left

median nerve, which was achieved by applying a series of 500-µs-duration cur-

rent pulses to two gold electrodes placed on the subject’s wrist. The current

was delivered using a Digitimer DS7A (Digitimer Ltd., Welwyn Garden City, UK)

constant current stimulator, and the amplitude was increased until movement

of the thumb was observed. Each experimental run comprised 80 pulses deliv-

ered with an inter-stimulus-interval (ISI) of 3.0099 s; the ISI was selected not

to be a multiple of the 20-ms period of the mains frequency (50 Hz). Data were

recorded during a pre-stimulus baseline of 0.5 s and post-stimulus period of 2 s.

A single run lasted four minutes. All recordings were carried out inside the MSR

at the Sir Peter Mansfield Imaging Centre. During recording, the lights in the

control suite (which operate at 50 Hz) were turned off, as was any unnecessary

equipment, to minimize ambient interference. Lights in the MSR were also off,

although these operate at DC and were not expected to generate interference.

The experiment was first carried out using a 275-channel whole-head CTF

MEG system (MISL, Port Coquitlam, Canada) operating in third-order synthetic

gradiometer configuration. The subject was positioned supine, with their head

in the MEG helmet, whilst data were recorded at a 600-Hz sampling rate. Three
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coils were attached to the participant’s head as fiducial markers at the nasion,

left and right pre-auricular points. These coils were energised periodically through

acquisition to allow localisation of the head relative to the MEG sensor array. Be-

fore acquisition, the surface of the participant’s head was digitised using a 3D

digitiser (Polhemus Inc., VT, USA). Subsequent surface matching of the digitised

head shape to an equivalent head shape extracted from the anatomical MRI

allowed co-registration of brain anatomy to MEG sensor geometry. Note that

the CTF system comprises 275 5-cm baseline axial gradiometers spaced evenly

across the scalp surface, which are magnetically coupled to 275 SQUID sensors.

Here, to simplify terminology, we refer to these as SQUID sensors throughout

the chapter.

The median nerve experiment was repeated a further 13 times. The subject

was positioned on the bed of the CTF system, with their head inside the scanner-

cast and the scanner-cast fixed to the bed (Figure 4.1e). On each repeat of the

experiment, the OPM was positioned in a different slot in the scanner-cast. In

this way, a multi-channel MEG recording was simulated. The analogue output

of the OPM was captured by analogue-to-digital converters (ADC) on the CTF

MEG system (16-bit digitization, oversampled at 10 kHz to increase resolution).

This allowed simultaneous data capture from the OPM as well as all channels in

the CTF system. All channels were sampled at 600 Hz. Note that the CTF system

also incorporates 29 reference channels, located in a separate array, distal to the

subject’s head. The simultaneous capture of OPM data alongside this reference

array was exploited to compensate for interference. In addition to the median

nerve experiment, 100 s of data were also recorded with no subject present, to

assess ambient noise levels.
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4.2.2 Data analysis

Initially, all MEG data (from the SQUIDs and the OPM) were filtered, either be-

tween 2 Hz and 80 Hz (empty room recording) or 0 Hz and 150 Hz (median

nerve data – the 2-Hz high-pass filtering was omitted due to concerns regarding

filter artefacts). For the median nerve data, the DC offset was removed based

on the 100-ms pre-stimulus period. There was a delay between the SQUID and

OPM recordings, with the SQUIDs leading the OPM by 3 data points (5 ms). This

was caused by the digital signal processor running the OPM, and was measured

by assessing the phase of the 50-Hz mains artefact measured using the OPM

compared with the reference SQUID magnetometers. Having characterised the

delay, it was corrected by time-shifting the SQUID measurements. All data anal-

yses were undertaken using MatLab (Mathworks Inc., MA, USA).

Gradiometer formulation

In the current generation of commercial MEG devices, interference is compen-

sated by the use of both hardwired gradiometers and reference arrays (e.g. used

to form higher-order gradients). However, the OPM is configured as a magne-

tometer with no compensation for interference. Here, the simultaneous record-

ing of our single OPM and multi-channel SQUID data was exploited in order to

create a synthesised software gradiometer. The CTF instrument contains a 29-

channel SQUID reference array, including 3 vector magnetometers (9 channels)

as well as the 275 gradiometers in the helmet. Data from all channels were

recorded simultaneously with the OPM and their locations (approximately be-

tween 50 cm and 100 cm from the OPM slots) were close enough for them to be

sensitive to similar environmental interference, but far enough away that they

were not sensitive to neuromagnetic signals. The CTF instrument was therefore

used as a reference array: data were augmented by using their differentials with

respect to time of the magnetometer channels, so as to allow any linear mix-
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tures to have variable phase. These data were combined in a single (design)

matrix and a linear regression was used to remove any linear combination of

reference array (interference) signals from the OPM. In the median nerve data,

this regression was applied trial-by-trial and in the 0–150-Hz range. For empty

room data, the regression was applied over the full 100-s recording (since there

were no trials). We also contrasted its application in the full 2–80-Hz frequency

range, and independently within separate (overlapping, 5-Hz) frequency bands.

Evoked and induced responses

After correcting for interference using synthesised gradiometry, we assessed the

sensor-level evoked and induced signals from the OPM and SQUIDs by forming

the average over trials. The largest evoked responses for each of the 275 SQUID

measurements, and the 13 OPM measurements, were extracted for comparison

of both the temporal morphologies and response magnitudes. In addition to

the averaged response, unaveraged evoked responses were also extracted from

the OPM data (with and without synthetic gradiometer correction) to examine

single-trial responses.

A time–frequency analysis was used to evaluate the induced (oscillatory)

response. Sensor time series were frequency-filtered into a set of overlapping

frequency bands and, for each frequency band, a Hilbert transform was used to

calculate the analytic signal. The absolute value of the analytic signal was then

derived to generate the amplitude envelope of oscillations (termed the Hilbert

envelope). These Hilbert envelope time courses were averaged across trials and

concatenated in the frequency dimension to generate a time–frequency spectrum

(TFS). The SQUID/OPM locations with the largest response were used.
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Source localisation and SNR

Inverse modelling was used to assess whether or not we could use OPM mea-

surements to reconstruct the cortical generator of the evoked (N20) response.

In doing so, the recordings made with the OPM sensor at different positions

in the scanner-cast were used to simulate a “multi-channel” array, analysing all

the data as if recorded simultaneously. Following the noise cancellation proce-

dures, sensor data were baseline-corrected to the (–0.1)–0-s time window rel-

ative to stimulus onset. This allowed for identification of the temporal peak

of the N20 response. Unfortunately, here, because the data from separate lo-

cations were recorded sequentially rather than simultaneously, we could not

use the beamformer approach outlined in Chapter 3. We therefore employed a

Bayesian dipole fitting procedure (similar to Kiebel et al. (2008)), implemented

in SPM2 to explain the OPM-measured fields at the time of the peak N20 re-

sponse. A single-shell model of the inner skull was used for forward modelling.

This Bayesian fitting scheme assigns a prior mean and precision to the dipole lo-

cation and moment parameters. 20 starting points were randomly chosen (as the

prior mean locations) within the brain and we assigned an uninformative prior

spatial standard deviation of 10 cm to each of these locations. The prior mean

and standard deviation of each moment parameter was set to 0 and 10 nAm

respectively. The posterior location and moment parameters were optimised for

each set of priors, so as to maximise the model evidence (or Free energy) over

ten iterations (each iteration having a random starting point drawn from the

prior distributions). Of these models and iterations, the most likely solution

was taken to be the one with the highest overall model evidence. This same

methodology was also applied to the SQUID recordings for comparison.

A direct comparison of sensor-space SNR using OPMs and SQUIDs is con-

founded for two reasons: first, it involves comparison of signals measured using

2http://www.fil.ion.ucl.ac.uk/spm
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a SQUID gradiometer and OPM magnetometer. Second, significant “interfer-

ence” in both systems comes from brain sources of no interest. By moving a

detector closer to the brain (i.e. using an OPM rather than the SQUID), the

sensitive brain volume (contributing the sources of no interest) changes (see

Appendix). Specifically, a greater proportional sensitivity to shallow, compared

to deep, sources is observed. This changing volumetric sensitivity profile means

that the OPM and SQUID sensors have fundamentally different interference gen-

erators. For these reasons, the only means to generate unbiased estimates of

SNR is to reconstruct source-space signals. Here, the dipole time course was re-

constructed using a linear weighted sum of sensor measurements; weights were

derived using the dipole fitting procedure. This was done independently for the

13 OPM measurements and the 275 SQUID measurements. SNR was measured

in two ways: in both cases signal was estimated as the peak-to-peak change in

the evoked response. In the first case, noise was estimated as the standard devi-

ation in a baseline window between 0.6 s and 1.5 s post stimulus. In the second

case, noise was estimated using a procedure whereby alternate trials were sign

flipped prior to averaging. Following this anti-averaging procedure, the standard

deviation of the whole trial was used to estimate noise.

4.3 Results

Figure 4.2 shows results of applying the synthetic gradiometer to the OPM data

recorded in an empty room. Figure 4.2a shows magnetic field plotted as a func-

tion of time (left-hand plot) and in Fourier space as a function of frequency

(right-hand plot). The red and blue traces represent OPM measurements with

and without synthetic gradiometer correction, respectively. For comparison, the

black trace shows a SQUID magnetometer (selected randomly from the refer-

ence array) and the green trace shows a SQUID gradiometer. Note that 97% of

the variance measured at the OPM could be explained by interference measured
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simultaneously by the SQUID reference array. In the Fourier plots, the centre

panel shows the full frequency range, whilst the right-hand panel shows data

around the 50-Hz peak. The uncorrected OPM has a mean noise level (MNL)

of 31 fT/
√

Hz in the 2–80-Hz frequency range, which reduces to 26.2 fT/
√

Hz

when using synthetic gradiometry. However, this reduction is clearly dominated

by the 50 Hz mains frequency peak (which reduces from 12,512 fT/
√

Hz to 180

fT/
√

Hz) and a 32-Hz peak (which reduces from 7,642 fT/
√

Hz to 314 fT/
√

Hz).

Whilst the origin of the 32-Hz peak is unclear, it was thought to relate to site-

specific interference from an air conditioning system. The gradiometer formu-

lation used here is simple: only a single (regression) mapping is employed to

remove interference measured at the reference array from the OPM, meaning

the necessary assumption that all interference sources have the same spatial

profile. The mapping is thus dominated by the largest interference source (50

Hz) which explains why this gradiometer formulation is efficient in removing

mains interference, but has little effect at other frequencies.

By comparison, Figure 4.2b shows gradiometer correction applied to individ-

ual frequency bands (5-Hz overlapping bands between 2–80 Hz). Here, we as-

sume a different gradiometer mapping for each band (i.e. regression coefficients

are derived optimally for all bands, allowing interference sources in different

bands to exhibit different spatial profiles). The left panel shows the uncorrected

(blue) and corrected (red) noise levels across 28 bands. The centre and right

panels show time–frequency spectra before and after correction. Note that, as

well as a marked reduction at 50 Hz, the efficiency of the synthesised gradiome-

ter at other frequencies is also improved with mean interference (across bands)

falling from 34.5 fT/
√

Hz pre-correction to 15.9 fT/
√

Hz post-correction.
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Figure 4.3 shows a comparison of evoked and induced responses measured

at the sensor level using the OPM and the SQUIDs. Figure 4.3a(i) shows the ab-

solute magnitude of evoked responses (measured in fT) for the OPM (black) and

the SQUID (red). In both cases, responses from the sensor location yielding the

maximum response magnitude are shown. The close proximity of the OPM to

the scalp surface produces approximately a fourfold increase in the magnitude

of the measured signal, in line with previous simulations in Chapter 3 (Boto

et al., 2016). Figure 4.3a(ii) shows the same signals, but the SQUID signal is

multiplied by four such that temporal morphology can be compared: note the

similarity in the OPM- and SQUID-measured responses. Figure 4.3a(iii) shows

single-trial responses before and after gradiometer correction. Note here that

the x-axis represents time, the y-axis represents trial number, and the colour

represents measured field. Note that single-trial evoked responses can be seen

following correction. Figure 4.3b shows TFSs representing the induced response

to median nerve stimulation. It is well known that, in the sensorimotor system,

movement and sensory stimulation is linked to changes in neural oscillations in

the beta band (Hari and Salmelin, 1997; Cheyne, 2013; Kilavik et al., 2013).

Specifically, following stimulation, a decrease in the amplitude of beta oscil-

lations is observed followed immediately by a period of elevated amplitude,

known as the post-stimulus beta rebound. This bimodal amplitude change,

which occurs simultaneously with the evoked response, has been well charac-

terised in previous work, and is extremely robust across individuals. Here, us-

ing both the SQUID and OPM, we observed the expected modulation with a

stimulus-induced decrease and rebound in beta amplitude relative to baseline.

Note again the similarity of time–frequency morphology of the response, and

the approximate fourfold difference in scale of the two measurements. The left-

hand plot shows the TFS for an OPM, the upper right plot shows the case for the

SQUID, and the lower plot shows the SQUID measurement plotted on the same

colour scale (–150 fT to 150 fT) as the OPM. Figure 4.3c shows the scalp-level
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spatial topographies of both the evoked and induced responses.

Figure 4.4 shows source localisation of the evoked (N20) response. Figure

4.4a shows the averaged time courses across trials from all 13 OPM “channels”

(in black) and 275 SQUIDs (in red). As expected, a bipolar response is observed

with the positive and negative responses reflecting the direction of the magnetic

field (out of the head and into the head, respectively). Left and right panels

of Figure 4.4b show the spatial topography of magnetic field at the scalp level,

across the 275 SQUID sensors and the 13 OPM scanner-cast locations, respec-

tively. Both measured (bottom) and modelled (top) field maps are shown. The

scatter plot in the centre panel shows the correlation between the modelled and

measured fields for both OPMs (in black) and SQUIDs (in red). The degree of

correlation for the OPMs is compelling, particularly given that the 13 “channels”

were measured independently using only a single sensor and 13 separate runs.

Figure 4.4c shows three separate views of the N20 evoked response localisation,

overlaid onto the subject-specific (MRI-extracted) cortical mesh. The motor strip

has been highlighted in green and the sensory strip in blue. The source location

derived from OPMs is in black and the location derived from SQUIDs is in red.

The coordinates and orientations of both dipole locations are shown in Table

4.1. Note that both dipoles localise to the right primary somatosensory cortex

(S1) as would be expected. One should note here that these are source estimates

based on different sensor types and for the OPMs these data represent the con-

catenation of 13 sequentially recorded runs, which were subsequently treated

as being simultaneously acquired i.e. the OPM data are contaminated with an

extra source of between-session physiological variability.

This evidence shows clearly that OPMs (even collected sequentially in the

absence of a multi-channel system) can be employed to derive images of the

spatial distribution of electrophysiological changes in the brain. Figure 4.4d

shows source-space reconstructed dipole time courses, generated independently

using OPMs (black) and SQUIDs (red). The shading represents standard error
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Figure 4.4: Source localisation of the evoked response. a) Averaged time courses
of OPM data (black) recorded at the 13 different sensor locations across the scanner-
cast, and SQUID data (red) corresponding to the 275 SQUID channels. b) Left and right
panels show the scalp spatial topography for the SQUIDs and OPMs, respectively, of
the measured (bottom) and modelled (top) fields. The centre plot shows correlation
between the modelled and measured fields for the OPMs (black) and SQUIDs (red). c)
Two views of the N20 evoked response location. Marker shown in black (red) corre-
sponds to localisation using the OPM (SQUID) system. d) Reconstructed dipole time
courses using the OPM (black) and SQUID (red) data.

across trials. Note the clear similarity in both morphology and amplitude. Note

also that the standard error over trials (itself a measure of noise) is generally

smaller in the OPMs compared to the SQUIDs.

Table 4.1: Source localisation of the evoked response. Coordinates (in mm) and ori-
entation of the evoked response location in MNI coordinates for the OPMs and SQUIDs.

Coordinates (mm) Orientation
x y z x y z

OPMs 45.21 –23.44 42.89 0.73 0.68 0.11
SQUIDs 34.76 –25.22 35.40 0.98 –0.19 0.01

Source-space SNR was estimated as described above for the evoked response.

OPM SNR was estimated as 42.52 and 26.99 using the windowed and anti-

averaging methods respectively. Similarly the SQUID evoked response SNR was

estimated as 21.41 and 19.79 using the equivalent two methods. These mea-

sures show an improvement of either 1.99 or 1.36 in evoked response SNR of

OPMs compared to SQUIDs, depending on measurement method used. It should
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4.4. DISCUSSION MEG WITH A SINGLE OPM

be noted that source-space SNR improves with the number of sensors used, and

here we contrast 275 SQUIDs to only 13 OPMs.

4.4 Discussion

This chapter has shown that a commercially available QuSpin sensor is able to

achieve a sensitivity similar to that of SQUIDs. This means that cryogen-free

MEG, with a scalp-mounted sensor placement, higher SNR (see Chapter 3), and

potentially lower cost, can now be considered possible. In this chapter, it has

been shown that an appropriately configured OPM system based on prototype

QuSpin sensors could have a source-space SNR comparable to or better than

current SQUID systems. Chapter 3 suggested that the effective use of an OPM

system in generating accurate 3D depictions of the changes in brain current

depends not only on OPM data with high SNR but also accurate knowledge

of sensor placement relative to the cortex. Here, synthetic gradiometry was

shown to represent a useful means to cancel interference, whilst the use of 3D

printing allowed to accurately locate the sensor on the scalp surface, with a

known position and orientation relative to brain anatomy.

4.4.1 Gradiometry

The fabrication of a reference array, located sufficiently far from the head to be

insensitive to the neuromagnetic field, but sufficiently close to pick up the same

environmental interference, has been a strategy for reduction of interference

since the earliest multi-channel SQUID devices were introduced (Vrba et al.,

1991; Vrba and Robinson, 2001; Vrba, 2002; Vrba and Robinson, 2002). Indeed

this is the idea behind the synthetic third-order gradiometer approaches used

in commercially available CTF instruments. Here, a similar procedure was em-

ployed, using the SQUID system to remove interference recorded at the OPM.
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The method used is based on a simple regression of the reference signal. Al-

though this was effective (in empty room data, 97% of variance in the OPM

signal was explained and removed by the technique) it represents only a sim-

ple demonstration and it relies on all interference fields having the same spatial

signature. For example, consider a situation in which two separate interference

sources exist, but with different spatial variation across the shielded room: inter-

ference source A has a greater magnitude at the OPM compared to the reference

array, whereas interference source B has greater magnitude at the reference ar-

ray compared to the OPM. In our simple regression formulation, a single set of

weights would be used to map the reference to the OPM, meaning that a single

mapping would have to account for both sources. This means that the predic-

tion of source A interference at the OPM, based on the reference, would likely be

an under-estimate, and similarly the prediction of source B interference would

be an over-estimate. In other words, no single set of weights can account for

both sources. In reality, the mapping will be best “tuned” to the largest source

of interference, and this is why, in Figure 4.2a where a single mapping is used

across all frequencies, the 50-Hz mains artefact is well suppressed, but little

effect is noted at other frequencies. Here, this problem was ameliorated some-

what by assuming that separate interference sources manifest within different

frequency bands, and therefore using regression coefficients derived indepen-

dently for each band, resulted in a greater efficiency of interference cancellation

(Figure 4.2b). However, if more than one interference source exists within a

single band, then the same problem results. Importantly, a significant limita-

tion of the approach taken here is that the reference channels cover a relatively

small spatial volume within the MSR – meaning that the interference magnitude

is approximately constant for all channels (i.e. the spatial variation of inter-

ference is poorly sampled). This is a consequence of using SQUID reference

sensors since all reference sensors must be kept within the liquid helium dewar.

If we were to employ non-cryogenic devices as references, no such limitation
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would apply and the spatial variation of the interference inside the MSR could

be better characterised and linear (or even non-linear) mappings to the OPM

array at the scalp might yield more efficient interference cancellation. Further,

extra channels could even be placed close to common sources of biological in-

terference (e.g. the heart) such that interference from these sources could also

be more efficiently removed. This, coupled with the band-specific approaches

demonstrated here, could facilitate improved efficiency of synthetic gradiometer

interference cancellation.

4.4.2 Scanner-casts

Perhaps one of the most important factors in this experimental set-up was the

use of 3D printing to specify, a priori, the configuration of sensors and to sta-

bilise them relative to the head and the MSR during data collection. 3D printing

is becoming commonplace for fabrication of structures with unusual geometries.

Here, the scanner-cast print was based on the surface of the subject’s scalp ex-

tracted from their anatomical MRI. Then, the sensor locations were placed above

the right somatosensory cortex to optimally capture the maximum and minimum

of the magnetic field produced by the N20 response to median nerve stimula-

tion. As such, the scanner-cast used was designed to target a specific region of

interest, facilitating high specificity with relatively few (13) sensor locations. It

is noteworthy that this same idea could be used to target any cortical (or subcor-

tical) region, as long as one knows the location and orientation of the interesting

segment of cortical surface, information which can be obtained from anatomical

MRI. Equally important here was the fact that the 3D-printed scanner-cast meant

that the location of the sensitive volume of each sensor, and its sensitive orien-

tation relative to the brain anatomy, was known accurately. This information

is critical if one is to perform accurate localisation of the neuronal generators

of the recorded neuromagnetic signals (and becomes all the more important
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now that the relative sensor locations are no longer fixed by cryogenics). As

noted above, accurate forward modelling is extremely important in all MEG

recordings, but becomes of greater importance when the SNR of the data is in-

creased. Briefly, the previous chapter (and associated paper (Boto et al., 2016))

has shown that, with increasing error on the forward model, (beamformer) in-

verse solutions fail faster in the presence of high-SNR OPM data compared to

lower-SNR SQUID data. It is for this reason that the 3D-printing technology

used here is an important step to ensure a well characterised detector array. The

approach taken, which involves an individual MRI followed by bespoke printing

of a subject specific scanner-cast, may seem expensive and complex, however it

removes a number of potential sources of modelling error. This is particularly

important as we set out to characterize the sensitivity and crosstalk between

these new sensors but one would hope with time, the positioning requirements

will become less stringent as the sensors become more completely character-

ized (López et al., 2012; Mart́ınez-Vargas et al., 2016). The future use of flexible

(EEG/fNIRS type) caps and an optical system for sensor location and orientation

measurements (Zetter et al., 2019) may also be viable.

4.4.3 Signal magnitude and SNR

One of the principal advantages of OPMs over SQUIDs is the reduced distance

between cortical source(s) and sensors. Because neuroelectrical sources are

dipolar, the fields that they generate follow the inverse square law, giving rise

to a non-linear increase in signal magnitude as the sensors move closer to the

skull. This means that the magnitude of the measured signal using an OPM is

larger than that recorded using a SQUID. This comparison is illustrated in Fig-

ure 4.3a which shows an approximately fourfold increase in signal magnitude

for evoked and induced responses. However, this comparison requires explana-

tion: first, the degree of improvement afforded by the OPM is a function of the
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location of the source of interest in the brain. This is shown by the calculation

in the Appendix to this chapter. The non-linear nature of the inverse square law

means that, although moving detectors closer to the scalp will offer an increase

in signal magnitude for all brain regions, the improvement for shallow sources

will be larger than for deep sources. More specifically, whilst improvements in

the cortex (shallow sources) could be as high as eightfold, improvements for

deeper sources (e.g. thalamus) may be closer to twofold. This means that the

observed increases in signal magnitude, whilst typical for the cortex, will not be

achievable across the whole brain. Second, here we compare the magnitudes

of effects measured using a magnetometer (OPM) and gradiometer (SQUID).

The gradiometer is hardwired and comprises two coils, oriented radially with

a 5-cm baseline. Both coils will pick up the neuromagnetic field and the sub-

traction of the signal measured at the coil farthest from the head, from that

closest to the head, will mean a slight reduction of the response magnitude com-

pared to a SQUID magnetometer (in which only the closest coil would be used).

In this case, we estimate a SQUID magnetometer at the position of the closest

gradiometer coil would likely increase the signal by approximately 36% (based

on nearest sensor to source distance of 53 mm). In summary, this result con-

firms that OPMs offer increased signal magnitude compared to SQUIDs. How-

ever, this advantage is inhomogeneous with respect to location, and is tempered

marginally by gradiometer measures.

For the above reasons, these two systems were compared in source space.

Such a comparison takes into account both the ability to reduce environmental

interference (e.g. via gradiometry) and to suppress brain sources of no interest

from modelled time courses (itself a function of sensor-space SNR). Less vari-

ability was found in the source-level evoked response over trials when using

the OPM, even though the OPM data were recorded over multiple sessions (i.e.

had an extra source of physiological noise). The other SNR metrics agreed with

this in showing a comparable or marginally better SNR from OPMs compared
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to SQUIDs, even despite the fact that we use 275 SQUID locations and only 13

OPM locations.

4.5 Conclusions

In this chapter, we have presented MEG recordings made with a single OPM

in combination with a 3D-printed scanner-cast designed to accurately locate

and orient the sensor. Because OPMs are configured as magnetometers (as

distinct from gradiometers) they are highly sensitive to environmental inter-

ference. However, this problem was ameliorated via the use of simultaneous

reference sensor recordings. Using median nerve stimulation, it was shown that

the OPM can detect both evoked and induced changes when placed over so-

matosensory cortex, with signals exhibiting ∼4 times the magnitude of equiva-

lent metrics made using SQUIDs. OPMs were able to localise the source of the

evoked response to somatosensory cortex, showing comparable or better SNR

than SQUIDs. These results highlight the opportunity to now move forward

towards a multi-channel OPM-MEG device.
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4.A Appendix

The improvement in the magnitude of the measured MEG signal afforded by

moving a detector closer to the head is dependent on the location in the head of

the source generating the signal. To show this dependence, a simple analytical

calculation can be undertaken. Consider the system in Figure 4.5a where a

current source is located at position rQ inside a volume conductor, G, and a

detector is located at position r outside G. As shown in Chapter 1 (Equations

1.8 and 1.9), the magnetic field, B, at r is given by the Geselowitz formula:

B(r) =
µ0

4π

∫
G

Jp(rQ)× r− rQ
|r− rQ|3

dv′

− µ0σ

4π

∫
S

V (r) · n̂(r′)× r− r′

|r− r′|3
dS.

(4.1)

Here, Jp denotes primary current flow and thus the first term, which repre-

sents a volume integral over G, computes the magnetic field arising from pri-

mary (dendritic) current flow. In the second term, which represents an integral

over the surface S that bounds the conductor, G, V denotes electrical potential,

σ represents conductivity inside the conductor, r′ is any point on the surface, S

and n̂(r′) is a unit vector normal to S at r′. The second term describes the contri-

bution of volume currents to the magnetic field at r. To simplify the calculation,

we assume that G is spherical. Further, we assume that only the radial compo-

nent of the field is measured (which is the case for the experiments carried out

here so that the measured field, Br(r) = B(r) · êr(r) where êr(r) is a unit radial

vector at r. In this case, since n̂ is parallel to r′ and the radially-oriented detector

means that êr must be parallel to r, the volume current term is reduced to zero

and the measured field is approximated as

Br(r) =
µ0

4π

∫
G

Jp(rQ)× r− rQ
|r− rQ|3

· êr(r) dv′. (4.2)
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If we further assume that the primary current, Jp, is a current dipole, so that

Jp = Qδ(r′−rQ) (where δ(r′−rQ) is the Dirac delta function and Q represents the

magnitude and direction of the dipole). The measured radial field then reduces

to

Br(r) = −µ0

4π

(Q× rQ) · êr
|r− rQ|3

. (4.3)

Considering a dipole oriented normal to the radial direction (specifically, the

ẑ-direction – see Figure 4.5a) and (without loss of generality) limiting r and rQ

to a single plane, Equation 4.3 reduces further to

Br(r) = − µ0|Q||rQ| sin(φ)

4π(|r|2 + |rQ|2 − 2|r||rQ| cos(φ))3/2
(4.4)

This simple expression allows an approximation of the measured field, for dif-

ferent scalp-detector distances (which can be set using |r|) and different source

depths (which can be set using |rQ|). The expression in Equation 4.4 is asym-

metric with respect to the angle φ (between r and rQ) and the angle at which

the maximum field is found varies as a function of both |r| and |rQ|. Specifically,

the optimal angle at which a sensor is placed is found by differentiating 4.4 so

that

cos(φ) =
−(|r|2 + |rQ|2) +

√
|r|4 + |rQ|4 + 14|r|2|rQ|2

2|r||rQ|
. (4.5)

In order to assess the improvement in signal magnitude afforded by OPMs,

as a function of dipole depth in the head, Equations 4.4 and 4.5 were used.

We assumed that the head was spherical with radius 10 cm. A superconducting

gradiometer (5-cm baseline) was placed 3 cm from the scalp surface (i.e. a

gradiometer was simulated by computing Br twice, with |r| = 13 cm and |r| =

18 cm, and subtracting the results). An OPM (magnetometer) was placed 6 mm

from the scalp surface (i.e. |r| = 10.6 cm). A source magnitude of |Q| = 10 nAm

was used and the dipole depth was varied by changing |rQ| between 1 cm and 9

cm. The angle at which the detector was placed, φ, was defined independently
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Figure 4.5: Assessing signal magnitude as a function of source depth. a) Schematic
of a simple analytical model. b) Magnitude of the measured radial magnetic field as a
function of source depth for SQUID (red) and OPM (black). c) The measured improve-
ment (ratio of fields measured by OPM and SQUID) as a function of depth.

for all by Equation 4.5, and was larger for deeper sources as expected. Results

are shown in Figures 4.5b and 4.5c.

Figure 4.5b shows the analytically-calculated magnitude of the magnetic

field, for an OPM (black) and a superconducting coil (red), as a function of

source depth in the brain (source depth = 10−|rQ| cm). Note that the OPM

offers an improvement in source magnitude for sources anywhere in the brain,

however, the field magnitude falls off faster with increasing depth in the OPM

compared to the SQUID gradiometer. This means a greater amplification of

nearby sources compared to distal sources when using an OPM detector. This

effect, which is a consequence of the inverse square nature of Equation 4.1, is

further demonstrated by Figure 4.5c which shows the improvement afforded by

an OPM compared to a SQUID gradiometer as a function of depth. Note that

improvement is calculated as the ratio of fields measured by OPM and SQUID

gradiometer (i.e. a value of 5 means the OPM signal is 5 times that of the

SQUID). For shallow sources, an eightfold improvement in signal magnitude is

predicted, however, this improvement falls to only a threefold increase when

considering sources close to the centre of the brain. This observation has impor-

tant consequences for understanding SNR differences between the two systems.

In this chapter, in both the SQUID and OPM systems, (following gradiometer

correction) signal from the brain dominates environmental interference and so
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the challenge of enhancing SNR becomes more about suppressing “brain noise”

rather than environmental noise. For relatively shallow (cortical) sources like

the somatosensory source in our experimental results, the more rapid fall-off of

signal with depth gives the OPM a natural advantage compared to the SQUID.
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Chapter 5

Towards wearable OPM-MEG

This chapter builds on the previous two chapters by describing the fabrica-
tion and testing of a prototype multi-channel MEG instrument based on OPMs.
Unlike conventional MEG systems where subjects are forced to remain still,
our OPM-MEG device allows subjects to make natural movements while being
scanned. This is possible due to a novel system for nulling the background mag-
netic field allowing the OPM sensors to operate normally while experiencing
subject movement. Here, we demonstrate measurement of reliable electrophys-
iological data whilst a subject is free to move their head around.
The work presented here was published in Nature in 2018 (Boto et al., 2018).

5.1 Introduction

In Chapter 4 the viability of a single commercially available QuSpin sensor to

detect MEG signals was demonstrated. High-SNR MEG data were afforded by

gradiometry, and precise localisation of the sensor on the scalp was facilitated

via a 3D-printed scanner-cast. This now opens up an opportunity to begin con-

structing a multi-channel MEG device based on QuSpin sensors.

It is important to note the limitations of the work described in Chapter 4:

first, the OPM measurements were undertaken sequentially, moving a single sen-

sor between different locations (or slots) within the scanner-cast. It is for this

reason that adaptive source localisation methods like beamforming could not be
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employed. Second, the scanner-cast itself was attached to the bed and there-

fore the subject was unable to move, like in conventional SQUID-based MEG.

Third, high-SNR measurements were afforded by gradiometry, which required

the SQUID reference channels, making OPMs reliant on the SQUID system. Fi-

nally, all OPM-MEG data were collected using the CTF DAQ system. In order to

fully realise the potential of OPM technology, these limitations must be lifted,

meaning that significant engineering challenges remain.

In principle, moving from sequential to multi-channel measurements only

requires increasing the number of OPM sensors. However, the operation of a

multi-channel array is complicated by crosstalk between sensors from both the

internal field-zeroing coils, and from the field modulation used for lock-in de-

tection. These interfering fields between sensors in close proximity could signif-

icantly alter the sensor gain, and potentially the orientation of the sensitive axis

of detection.

The flexible and lightweight nature of OPMs means that an OPM-MEG system

could be adaptable to any head size or shape and potentially be worn on the

head allowing the subject to move freely during data acquisition (like e.g. EEG).

This would not only mean that babies, children and adults could be scanned in

the same system, with no loss of SNR, but would further increase the patient

populations that can be studied (e.g. patients with movement disorders). This

type of non-restrictive MEG would also allow new neuroscientific paradigms and

more natural stimuli to be delivered in MEG experiments, (e.g. virtual reality

or social interaction). The flexibility of sensor positioning would also allow for

unconstrained positioning of reference sensors, lifting the reliance on a nearby

SQUID-based device.

However, a barrier to free movement during scanning is the remnant mag-

netic field inside the MSR. Even in the best (practical) shielded rooms, the rem-

nant magnetic field is 6–9 nT (3-layer MSR) or even ∼30–60 nT (2-layer). Any
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rotation of an OPM in this offset field will cause a massive change in the field

experienced by the sensor, much larger than both the fields from the brain, or

indeed the dynamic range of the sensor – e.g. even a 4 degree rotation would

generate a 1.5-nT change in field, rendering an OPM inoperable. In addition,

the remnant magnetic field in the room is unlikely to be homogeneous (in fact

spatial changes are ∼10 nT/m in our MSR), meaning that even small transla-

tions of an OPM would generate artefacts and a 15-cm translation would take an

OPM outside its dynamic range. For these reasons, a system to null the residual

magnetic field inside the MSR would be required.

Finally, if the head were to be allowed to move, a solution for movement

tracking would be required.

In this chapter, the fabrication and testing of a multi-channel OPM-MEG sys-

tem will be described. In Section 5.2 the system itself will be described, in-

cluding fabrication of a multi-channel array, field-nulling coils, reference array,

crosstalk and gain changes in a changing background field. The initial demon-

strations of this system are then described, showing that it can be used to capture

MEG data even in the presence of large subject movements.

5.2 OPM-MEG instrument description

In this section, first a general overview of our OPM-MEG system is given. Fol-

lowing that, some of the considerations critical to its operation are described in

detail.

It should be noted that the fabrication of this system was a collaborative

effort. The field-nulling coils were designed and built by Niall Holmes. The dig-

ital acquisition system was built by James Leggett. The crosstalk measurements

were undertaken by Gillian Roberts. For completeness in this thesis, I describe

all of these.
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5.2.1 System overview

A schematic diagram of the OPM-MEG system is shown in Figure 5.1. It com-

prises 13 QuSpin OPM sensors (these are similar to that used in the previous

chapter, with the only difference being that the ones used here had a slightly

smaller footprint, see also Section 2.1.2 - The QuSpin sensor in Chapter 2).

These are mounted in a 3D-printed scanner-cast worn by the subject (scalp ar-

ray). A further four sensors are located close to the head (but far enough away

not to measure neuromagnetic fields) which are used as reference channels (ref-

erence array). Each sensor produces an analogue voltage output, proportional to

the magnetic field perpendicular to the laser beam (scaling factor = 2.7 V/nT).

The sensor outputs are digitised at a sample rate of 1,000 Hz, using a 16-bit

digital acquisition (DAQ) system (National Instruments, Austin, TX) controlled

using custom-written software in LabVIEW. The system is housed inside the MSR

and all control equipment is kept outside the room to minimise its effect on MEG

measurements.

ba

Figure 5.1: System overview. a) Schematic diagram showing an overview of system
hardware. b) Photograph of subject in-situ.

The subject is surrounded by two planar electromagnetic coils (field-nulling

coils, shown in Figure 5.1). Before acquiring MEG data, the residual static mag-

netic field and first-order gradients present inside the MSR are nulled. This is

achieved using the reference array, which measures the background field and

thus enables identification of the current needed for the coils to best cancel the
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remnant magnetic field. The reference sensors were located and oriented such

that the three Cartesian components of the magnetic field (Bx, By and Bz), and

the two dominant gradients of the field components (dBx/dz and dBz/dz) could

be measured close to the head. Reference array measurements were input to

a proportional integral derivative (PID) algorithm, which was used to control

the currents in the field-nulling coils. This allows the calculation of coil cur-

rents which generate fields that are equal and opposite to those measured by

the reference array, thus attenuating the static field over the volume spanning

the subject’s head. This step is critical if the head is to be allowed to move dur-

ing MEG data acquisition, since without field-nulling, changes in head position

or orientation produce large variations of the field at the scalp array sensors,

because they rotate or move in the remnant field.

During data acquisition, all 17 sensors (13 sensor scalp array and 4 sensor

reference array) were operated simultaneously, with the reference sensors used

to characterise temporally varying background magnetic interference, which was

later regressed from the signals recorded by the scalp-mounted sensors.

The visual cue for paradigm control was generated by a separate stimulus

computer. This was coupled to a data projector which projected the cue image

through a waveguide onto a back-projection screen positioned ∼40 cm in front

of the subject. The stimulus computer also generated TTL trigger pulses of 1

s duration denoting the onset of the stimulation. These trigger signals were

input to the DAQ and sampled, simultaneously with the OPM data, at 1,000 Hz.

Throughout data acquisition, an Xbox Kinect camera (Microsoft, Redmond, WA,

USA) was used to measure head movement. Video data were captured using a

third computer, which also recorded the trigger channels so that movement data

could be later analysed on a trial-by-trial basis.
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5.2.2 Nulling coils1

Even though our OPM-MEG system is housed inside the MSR, the remnant mag-

netic field inside is∼30 nT, and spatially inhomogeneous. Any sensor movement

through this field during a MEG recording would result in a field change much

larger than the fields of interest, and would likely exceed the OPM’s narrow (±5

nT) operational range. In addition, such changes can modulate the sensor gain

(see Section 5.2.3 - Sensor gain). To ameliorate this problem, we constructed

a set of bi-planar electromagnetic coils designed to generate fields equal and

opposite to the remnant magnetic field, thereby cancelling it out (Holmes et al.,

2018).

a b

Nulling Nulling
ONOFF

Nulling OFF

Nulling ON

x

y

z

c

Figure 5.2: Bi-planar nulling coils. a) Schematic of the coils, which are confined
to two planes surrounding a 40×40×40-cm3 region of interest in which the head is
allowed to move. The 5 separate layers represent wire paths that generate fields Bx,
By, Bz, dBx/dz and dBz/dz. b) Bar chart showing field magnitude of Bx with (blue)
and without (red) the field nulling. Inset images show spatial field variation of Bx. c)
The upper plot shows the output of the 13 OPMs over time whilst the subject nods their
head (head movement shown in lower plot). Blue and red traces show the cases where
the field-nulling system was on and off, respectively.

The coils were designed on two 1.6×1.6-m2 planes, placed either side of

the subject with a 1.5-m separation (Figure 5.2a). Three coils generated spa-

tially uniform fields (Bx, By and Bz) whilst two additional coils were used to

remove the dominant spatial field variations (dBx/dz and dBz/dz). In this way,

unlike standard field-nulling technologies (e.g. tri-axial Helmholtz coils), the

system was able to account for spatial variation of the field over a 40×40×40-

1Work in this section was undertaken by Niall Holmes. A summary is given here for com-
pleteness.
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cm3 volume of interest enclosing the head. Further, we were able to cancel all

components of the field vector using coils confined to just two planes, hence

retaining easy access to the subject. Four reference OPM sensors were coupled

to the coils in a feedback loop to null the residual static field in the volume of

interest. Figure 5.2b is an example of how the magnitude of Bx and its variation

across a 10-cm region around the subject’s head are reduced after field-nulling.

The static field was reduced from 23.5±0.9 nT to 1.6±1.0 nT and dBx/dz was

reduced from 10 nT/m to 0.28 nT/m. Figure 5.2c shows OPM measurements

made during 7-cm head movements, with (blue) and without (red) field nulling.

The results show that without field nulling the OPM sensors fail (evidenced by

the saturation), however with field nulling the OPMs are able to capture MEG

data even with the head moving.

5.2.3 Sensor gain

At any single point in time, the OPM cell can be thought of as experiencing

two magnetic fields: one (time-varying) field due to the brain, and a second

(temporally invariant) field due to the background static magnetic field. At the

beginning of the experiment, the latter is reduced by the field-nulling coils over

a large volume through which the head can move. Although inevitably this can-

cellation is imperfect, it is sufficient to allow the sensors to remain operational

in the presence of head movements, and to reduce the movement-related arte-

fact to a manageable level (see Figure 5.2c). However, a more subtle effect is

that changes in the background field also alter the gain of the OPM. Specifically,

as the background field increases the gain of the sensor reduces and the OPM

sensitivity to neuromagnetic fields drops. For the purposes of the present work,

it is critical that this effect is characterised, since significant variation in the gain

across an experiment would degrade the accuracy of the beamformer spatial

filter used to process the data.

109



5.2. OPM-MEG INSTRUMENT DESCRIPTION TOWARDS WEARABLE MEG

As seen in Section 2.5 - Signal equations of Chapter 2, the measured output

of a single OPM channel (i.e. the output of the photo-diode) is a Lorentzian

function of the magnetic field inside the vapour cell. In practice, an oscillating

field of frequency ω, oriented perpendicular to the laser beam, is added by on-

board coils. This allows us to read out a signal proportional to the component

of the time-varying field that is parallel to the modulation field. To illustrate

this mathematically, we assume that the laser beam is oriented along the ẑ-axis,

and the field of interest in the cell, Bx, is oriented in the x̂ direction, as is the

modulation field. In this case, the output OPM signal (which is proportional to

polarisation in the ẑ direction, Pz(ω)) is given by a solution to the Bloch Equation

(Cohen-Tannoudji et al., 1970; Shah and Romalis, 2009):

Pz(ω) ∝ γτBx

1 + (γτBx)
2 sinωt J0

(
γBmod

ω

)
J1

(
γBmod

ω

)
. (5.1)

Here, γ is the electron gyromagnetic ratio and τ (= R + 1/T2)
−1 is the atomic

spin coherence time, which is a function of both the optical pumping rate, R,

and the relaxation time T2. J0 and J1 are Bessel functions of the first kind and

Bmod is the modulation field amplitude. Assuming a lock-in process is used to

measure the component of Pz varying at frequency ω then, since the product(
γBmod
ω

)
is constant, we can write

Pz(ω) ∝ γτBx

1 + (γτBx)
2 . (5.2)

Now assume that the field component of interest, Bx, comprises two parts: a

static or background field, B(static)
x , and a neuromagnetic field δBx so that

Bx = B(static)
x + δBx. (5.3)

Assuming that the remnant background magnetic field is larger than the neu-
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romagnetic field (i.e. B(static)
x � δBx) then

Pz(ω) ∝

(
γτ

1 +
(
γτB(static)

x

)2
)
B(static)
x

+

(
γτ

1 +
(
γτB(static)

x

)2
)
δBx.

(5.4)

Here, the first term relates to the sensor response to the changing static field (i.e.

the movement artefact) and the second term corresponds to the sensor response

to neuromagnetic field changes. Importantly, the effective gain, G, of the output

due to the neuromagnetic field, which can be written as

G =
γτ

1 +
(
γτB(static)

x

)2 , (5.5)

is sensitive to the static field component, B(static)
x . The gain is largest when

B(static)
x = 0, and if the sensor moves, and the background field magnitude in-

creases, the gain will drop, making the sensor less sensitive to neuromagnetic

fields.

To measure the magnitude of this effect, 6 OPM sensors were placed inside

the field-nulling coil, oriented with their long axes parallel to the field produced

by the bi-planar Bz-coil. The background field was nulled as in normal opera-

tion. To simulate a neuromagnetic field, small oscillating currents were applied

to each of the sensors at known frequencies (131, 137, 139, 141, 143 and 145

Hz) using the on-board coils. To simulate a changing background field, rather

than moving the sensors, the current through the Bz-coil was varied, changing

the background field approximately from –1.5 nT to +1.5 nT in 9 sequential

steps. This resulted in 9 data segments, in which the small oscillating field could

be measured in the presence of 9 known background fields. We then plotted the

amplitude of the simulated neuromagnetic field against the background field.

Figure 5.3a shows example data from a single sensor: the effect of stepping
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the background field can be seen clearly, and the inset plot shows a few cycles

of the 137-Hz oscillating field which mimics neuromagnetic activity. Figure 5.3b

shows power spectra of each of the 9 data segments independently, for the same

sensor. In the inset graph, note that the magnitude of the 137-Hz peak changes

depending on which data segment is studied. Finally, Figure 5.3c shows the

fractional change of the oscillating field amplitude as a function of background

field. The red line shows a fitted Lorentzian curve (showing that our data agree

with the analytical analysis above (Equation 5.5)). Error bars show standard

deviation over the six sensors. Over the ±1.5-nT range, the gain changes by

∼4%.
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Figure 5.3: Gain changes with static magnetic fields. a) Raw OPM-MEG data
recorded from a single channel during the gain experiment. The 9 colour-coded seg-
ments correspond to 9 different static background magnetic fields. The inset plot shows
the small oscillating field, applied (in this sensor) at 137 Hz. b) Fourier transforms of
each data segment. The inset figure shows the height of the 137-Hz peak for different
segments. c) Fractional change as a function of background field. The blue circles show
the measured data with the standard deviation over the six sensors. The red line shows
a fitted Lorentzian function.

Importantly, measurement of the standard deviation of the static field was

estimated to be around 0.25 ± 0.2 nT, when the subject was moving and 0.12

± 0.04 nT when the subject was stationary. This means that, approximately,
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95% of our data will experience a gain error of less than 0.5%. For the purposes

of our proof-of-principle demonstration, this error was considered acceptable.

However, future system modification could take this changing gain into account

in data modelling.

5.2.4 Crosstalk2

A potential concern in the operation of an OPM scalp sensor array is that nearby

OPMs may interfere with each other. Specifically, the oscillating modulation

field is applied with the same amplitude, frequency and phase at all sensors. If

two sensors, A and B (see Figure 5.4a) are placed in close proximity, the cell

in sensor A will not only see its own modulation field, but also that of sensor

B. These two modulation fields will interfere, meaning that both the gain and

sensitive orientation of sensor A may be modulated simply by the presence of

sensor B, and vice versa. Using both simulations and experiments, we attempted

to examine the magnitude of this effect.

The known geometry of the on-board sensor coils (i.e. the coils that generate

the modulation field) was used to produce a physically accurate discrete element

model (N = 360 current elements) of each coil. The Biot-Savart law was used to

calculate the magnetic field, at each sensor location, from each current element,

and the fields from all elements were summed. In the present OPM array, we

only measured neuromagnetic field components radial to the head – therefore

only the radial coils were used for modulation and simulations consider this

arrangement. The coil currents were set to an arbitrary constant value (0.35 µA

giving a 200-pT field in the centre of the cell on which the coil was mounted).

Using a 3D digital model of the scanner-cast, the locations and orientations of

the sensor slots were determined, and the location of the sensor cell was taken

to be the centre of the 3×3×3-mm3 cell which was assumed to have a stand-
2Work in this section was undertaken by Gillian Roberts. A brief summary is included here

for completeness.
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off distance of 6 mm from the end of the sensor casing (and the scalp surface).

Sensors were simulated at all 13 slots in the scanner-cast.
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Figure 5.4: Crosstalk characterisation across an OPM array. a) Schematic 3D rep-
resentation of the crosstalk simulation. The head surface is shown alongside two exam-
ple sensors. The locations of all 13 sensors are also indicated. b) Simulated crosstalk
between sensors measured as the ratio of fields (in percentage) generated by the per-
turbing sensor and the base sensor at the position of the base sensor. This ratio is a
periodic function of sensor rotation about the radial orientation, the minimum interac-
tion is shown in (i), the maximum is shown in (ii). c) Experimentally measured crosstalk
matrix.

For every sensor pair in the array, we computed the relative field strength of

the perturbing sensor (A) to the base sensor (B): i.e. if the field from coils in

sensor A in cell B is Bperturb(r), and the field from coils in sensor B in cell B is

Bbase(r), we computed

ρ(r) =
|Bperturb(r)|
|Bbase(r)|

(5.6)

Here, r represents the location of the base sensor cell. These strengths of

interaction were used to generate a 13×13 matrix which offers a complete char-

acterisation of crosstalk across the 13 sensor array.

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 Figure 5.4a). 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 Figure 5.4b, which shows the minimum (i) and

maximum (ii) sensor interaction. Crosstalk, as would be expected, is largely a

function of sensor proximity, with adjacent sensors demonstrating the largest

effects.
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Figure 5.4c shows the experimental results: the scanner-cast was set up with

13 sensors 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 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 Equation 5.6. The experimental results agree with those

obtained through simulation, concluding that, in the present array, the maxi-

mum crosstalk between sensors is around 3%. For the purposes of the present

demonstration, this small change was deemed acceptable and was therefore ig-

nored in the measurements presented in this chapter.

5.2.5 Motion tracking3

To quantify head movement, we used a simple optical tracking system based

upon a Microsoft Kinect V1-2010 camera (Figure 5.5a) which was placed ∼1 m

in front of the subject. This camera provides a simultaneous 8-bit RGB video

stream (640×480 pixel display, with 57° horizontal and 43° vertical field of

view) and an 11-bit depth image, reconstructed from an infrared projected field.

Data from both streams were captured using the MatLab image acquisition tool-

box, at 12 frames per second.

A motion-tracking algorithm was used to track the positions of three black

dots on the outer surface of the white scanner-cast (Figure 5.5b). The algorithm

was initiated via manual selection of the three dots in the first frame of the video.
3Work in this section was undertaken by Gillian Roberts. A brief summary is included here

for completeness.
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Figure 5.5: Motion tracking using an Xbox Kinect camera. a) The camera. b)
Example data from the video stream (left) and the depth field (right). c) Example data
showing the movement of one dot (zoomed-in on (b)) during a typical run with head
movement.

A threshold detect routine then identified the dots and their centre of mass in all

subsequent frames. Pixel numbers were converted to absolute locations in three

dimensions by integrating the video data with the depth field. In this way, we

defined parameters describing the motion of the three markers throughout the

experiment. To quantify motion, movement parameters for all three orientations

and all three fiducial locations were concatenated.

5.3 Methods

5.3.1 Data acquisition

As a first demonstration of the system, we measured electrophysiological activ-

ity in the sensorimotor cortex. A single subject (female, age 27, right-handed)

performed two different tasks.
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Finger abduction paradigm

The subject performed a visually-cued abduction of their left index finger, a task

that robustly elicits a reduction of endogenous beta band (13–30 Hz) oscillations

during movement and a rebound (increase above baseline) following movement

cessation (Pfurtscheller and Lopes Da Silva, 1999). This simple task has been

applied widely, with beta modulation being used as a marker of brain plasticity

(Gaetz et al., 2010; Mary et al., 2015), psychosis (Robson et al., 2016; Uhlhaas

and Singer, 2010) and white matter degradation (Barratt et al., 2017). A single

experiment comprised 50 trials, each involving 1 s of finger abduction and 3

s of rest. 50 ‘dummy’ trials (where the subject did nothing) were interleaved

to allow an estimate of baseline activity. A subject undertook the experiment

12 times: 6 where they kept as still as possible and 6 where they made natural

head movements, including nodding and shaking, stretching and drinking. Head

motion was measured as explained in Section 5.2.5 - Motion tracking. We also

undertook the same experiment using a cryogenic MEG system (CTF MEG at the

Sir Peter Mansfield Imaging Centre).

Ball game paradigm

The same single subject was seated in the OPM-MEG system and asked to play

a simple ball game in which they continually bounced a table tennis ball on a

bat. 10-s bursts of “ping-pong” were interspersed with 10 s of baseline activity

(during which the subject was told to simply hold the bat and ball on their knee).

This gave a total trial length of 20 s, and the subject repeated this 29 times.

Due to the location of the OPM sensors in the scanner-cast, the experiment was

undertaken with the subject’s non-dominant hand. Trials were cued by a second

experimenter who was positioned inside the MSR throughout the experiment

and gave verbal instructions to cue the game (they shouted either “ping-pong”

or “rest” to begin or stop the game). This experiment was undertaken once in
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the OPM-MEG system. Note that the purpose of this experiment was to elicit

measurable brain activity in the motor cortex (i.e. due to controlling the bat)

whilst the head was in motion (i.e. the head necessarily moves during the task).

5.3.2 Data collection

Data collection using the OPM system was as described above, with data digi-

tised at a sample rate of 1,000 Hz. Co-registration between the brain anatomy

and the sensor geometry was enabled simply by the digital representation of

the scanner-cast. The orientation of the measurement itself was assumed to be

parallel to the sensor slot.

To compare OPM-MEG to cryogenic-MEG recordings, we undertook the fin-

ger abduction experiment, in the same subject, using a 275-channel CTF MEG

system operating in third-order synthetic gradiometer configuration (Vrba and

Robinson, 2001). Data were acquired at a sampling frequency of 600 Hz, and the

subject was seated. Three electromagnetic position indicator coils were placed

on the head as fiducial markers (at the nasion, left pre-auricular and right pre-

auricular points). The locations of these fiducials were tracked continuously

during the recording by sequentially energising each coil and performing a mag-

netic dipole fit to these data. This allowed both continuous assessment of head

movement throughout the measurement, and knowledge of the location of the

head relative to the MEG sensors. Prior to the MEG recording, a 3D digitisation

of the subject’s head shape, relative to the fiducial markers, was acquired using a

3D digitiser (Polhemus Inc., VT, USA). Co-registration of the MEG sensor geom-

etry to the subject’s anatomical MRI was achieved by fitting the digitised head

surface to the equivalent head surface extracted from the anatomical image. The

subject undertook the experiment six times, and a different head digitisation was

acquired each time.
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5.3.3 Data analysis

Interference rejection

Following data collection, OPM-MEG data were processed in order to remove

magnetic interference. The reference array sensors were located close enough

to the scalp array to capture largely the same environmental magnetic interfer-

ence, but sufficiently far away to be insensitive to the neuromagnetic fields of

interest. This meant that the scalp and reference arrays could be used to synthe-

sise a “gradiometer” measurement whereby the scalp array data are de-noised

via regression of the reference array signals. The reference array data from all

four channels were combined in a single (design) matrix and a regression was

used to remove any linear combination of reference array (interference) signals

from the scalp array (neuromagnetic) signals. This correction was applied to the

raw (i.e. unfiltered) data.

Beamforming

Following interference rejection, all data (OPM and cryogenic) were processed

in the same way. Data were inspected visually and those trials with excessive

interference were discarded. Then, a beamformer adaptive spatial filtering ap-

proach was employed, as per Equations 1.22 – 1.24, but with the regularised

weights equation:

wT
θ =

lTθ {C + µΣ}−1

lTθ {C + µΣ}−1 lθ
. (5.7)

In order to derive images showing the spatial signature of electrical responses,

we used a pseudo-T-statistical (T-) approach where:

T- =
wT

θ Cawθ −wT
θ Ccwθ

2wT
θ Ccwθ

. (5.8)
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Note here that Ca and Cc represent data covariance in an ‘active’ and ‘con-

trol’ windows, respectively. Pseudo-T-statistics were computed at the vertices

of a regular 4-mm grid spanning the entire brain. Unlike in Chapter 3, where

in the simulations the dipole orientation was taken to be perpendicular to the

cortical surface, here, orientation was unknown and so was estimated for each

voxel, based on a non-linear search for the orientation that gave the maximum

SNR (Robinson and Vrba, 1999). The beamformer was used to investigate both

induced and evoked responses:

• Induced response. In both the finger abduction and ball game datasets,

modulations in the beta band (13–30 Hz) were examined. Equation 1.24

was resolved with covariance matrix C computed using data filtered to the

beta band over a time window spanning the entire experiment (400 s in

the finger abduction and 580 s in the ball game paradigm). The ‘active’

time window (to compute Ca) spanned the 0 s < t < 1 s window (relative

to trial onset) in the case of the finger abduction paradigm, and the 1 s

< t < 9 s window in the case of the ball game paradigm. To construct

Cc, the ‘control’ window spanned the 1 s < t < 2 s and 11 s < t < 19

s for the finger abduction and ball game paradigms, respectively. Using

Equation 5.8, Pseudo-T-statistical 3D images were obtained, showing the

spatial signature of maximum change in beta power. These images were

averaged across experiments (static, moving and cryogenic) in the case of

the finger abduction paradigm. Note that C was regularised (µ changed)

to maximise signal-to-interference ratio (SIR) (see below for how it was

computed).

To examine the spectro–temporal signature of electrophysiological activ-

ity at the location of peak change, a time–frequency spectrogram (TFS)

was derived. The peak location/orientation, θpeak, was extracted from the

beamformer images (Equation 5.8), and a time course of electrophysiolog-

ical activity for that location derived using Equation 1.22 (the data covari-
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ance for the weights calculation (Equation 5.7) was expanded to a broad

(1–150 Hz) frequency range). The resulting data were frequency filtered

into 31 overlapping frequency bands, and a Hilbert transform was used to

generate the amplitude envelope of oscillations within each band. These

envelope time courses were then averaged across trials and experiments,

and concatenated in the frequency dimension to generate a single TFS.

The same method was used (with beta-band-filtered covariance for weights

calculation) to examine beta band modulations. Averaged time courses of

beta modulation for the task and ‘dummy’ trials were generated, and a

measure of SIR was computed as the variance in the beta envelope for

the task trials divided by the variance in the beta envelope for the ‘dummy’

trials. Note that the word ‘interference’ is used here instead of ‘noise’, since

data from ‘dummy’ trials do not represent environmental noise but “brain

noise”.

• Evoked response. In addition to neural oscillatory responses, we sought

to examine the time- and phase-locked evoked responses to stimuli, i.e. the

broad-band transient component of the electrophysiological response (in

this case to finger movement). Here, unfortunately, movement onset de-

pends on reaction time to the visual cue, and therefore differences in this

will attenuate the averaged evoked response. Nevertheless, data were fre-

quency filtered between 2 and 30 Hz to best capture the evoked response.

To attenuate low frequency artefacts, raw data at the OPM sensor level

were treated on a trial-by-trial basis, with a 10th-order polynomial fitted

to, and removed from each trial (and each sensor). The beamformer was

applied with covariance C computed using unaveraged data in the 2-30

Hz band and a time window spanning the entire set of six experiments.

Pseudo-T-statistical images were generated using Equation 5.8. Ca was de-

fined as the covariance computed using the trial averaged data in an active

window spanning 0 s < t < 0.5 s relative to trial onset. Cc was defined
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using trial averaged data with the control window set to 1.5 s < t < 2

s. Electrophysiological time courses were extracted from the peak in the

pseudo-T-statistical images, and averaged across both finger abduction and

rest trials. The SIR was computed as the ratio of the standard deviation

of the average signal in the finger abduction trials (in the 0 s < t < 1 s

window) to the equivalent standard deviation in the rest trials. SIR val-

ues were calculated for each of the 12 OPM experiments (6 static and 6

moving) independently.

Trial-by-trial analysis

An additional analysis was carried out on the data from the six finger abduc-

tion experiments, where the subject was asked to make naturalistic movements

of their head during data acquisition. 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 experi-

ments. Motion data were divided into trials and the maximum movement within

every trial computed as the largest difference between measured fiducial marker

coordinates (the maximum movement of the three different fiducials in any of

the three Cartesian axes was selected). For each trial, the mean beta amplitude

during the window containing the power decrease (0.4 s < 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.

5.3.4 Quantifying spatial resolution

To compute a measure of spatial resolution, we measured the correlation be-

tween two beamformer-reconstructed time courses as a function of the spatial
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separation between them (Brookes et al., 2010). A ‘seed’ location was selected

in sensorimotor cortex. 4,000 ‘test’ locations, within 3 cm of the seed, were

then selected randomly. Data were filtered into the beta frequency band, and

the beamformer used to extract time courses of electrophysiological activity for

the seed and all test locations. Pearson correlation was measured between all

seed–test pairs, and correlation values were binned according to seed–test dis-

tance and averaged within each bin. 20 bins were used, spaced evenly between

0 and 3 cm meaning that 200 seed–test pairs were averaged for each bin. In

order to avoid confounds associated with source orientation, all reconstructed

orientations were forced to be the same as that of the seed. To estimate spatial

specificity of the system, we computed the average seed–test distance for which

shared variance between reconstructed time courses fell to <50% – this metric

serves as a quantification of spatial resolution, as shown in Section 3.2.4 - Spa-

tial resolution in Chapter 3. This measurement was made independently for the

18 separate experiments (6 static OPM, 6 moving OPM and 6 cryogenic MEG).

Spatial resolution was averaged for each experimental condition and we tested

for differences between conditions using a non-parametric Wilcoxon rank-sum

test.

5.4 Results

5.4.1 Finger abduction paradigm

Induced response

Results of the finger abduction paradigm for the three conditions are shown in

Figure 5.6. Figure 5.6a contains results from when the subject remained still

and Figure 5.6b when the subject moved. In Figure 5.6c, the cryogenic MEG

results are shown. Panel (i) contains the subject motion data: histograms show
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the movement of all three orientations and all three fiducial locations, on a log-

arithmic scale. The insets show the change in marker positions over an example

experiment, where the colours represent movement in three Cartesian axes of

the three markers. In the static case, subject movement was less than ±1 cm

whereas in the moving case it exceeded±10 cm. The subject moved less than±2

mm in the cryogenic system, which is a requisite for getting reliable data. Panel

(ii) shows an image of change in beta power overlaid (in pink) onto axial, sagit-

tal and coronal slices of the subject’s anatomical MRI. Panel (iii) shows a TFS of

oscillatory change, where blue indicates a loss in oscillatory amplitude relative

to baseline and yellow indicates an increase. Line-plots of beta amplitude are

shown inset. In all cases, the results are averaged over trials and experiments

and the shaded region shows standard error over six experiments. OPM-MEG

performed consistently across experiments with the characteristic beta decrease

and post-movement rebound delineated clearly, and localised to sensorimotor

cortex. SIR ranged from 4.3 to 8.2 for static OPM measures, 4.2 to 5.8 for mov-

ing OPM, and 4.9 to 7.9 for the cryogenic system. Despite an order-of-magnitude

increase in head movement, there was no significant difference in SIR between

the moving and static runs (p = 0.39; two-sided Wilcoxon rank-sum test).

Evoked response

Results from the evoked-response analysis are shown in Figure 5.7: experiments

where the subject was asked to remain still are shown in Figure 5.7a and ex-

periments where the subject was asked to make natural head movements whilst

performing the finger abductions are shown in Figure 5.7b. In both cases, panel

(i) shows the beamformer image and panel (ii) shows the evoked-response time

courses. The functional image shows the spatial signature of the 2–30-Hz com-

ponent of the evoked response, overlaid onto axial, sagittal and coronal slices

of the subject’s anatomical MRI. Figure 5.7c shows a direct comparison of the

evoked response to finger abduction for static (blue) and moving (yellow) data.
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Importantly, the spatio-temporal signature of the response in the two cases is

largely similar. Quantitatively, for the static case, SIR ranged from 1.4 to 2.1,

whilst for the moving case SIR ranged from 1.0 to 1.9; no significant difference

was observed (p = 0.24; two-sided Wilcoxon rank-sum test).

ii) Evoked responsei) Localisation
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Figure 5.7: Evoked response results. a) OPM static, b) OPM moving. On both:
(i) beamformer image overlaid onto the subject’s MRI, (ii) time courses of the evoked
response for the finger abduction trials (blue/yellow) and rest trials (red/purple). The
shaded area shows standard error across 6 experiments. c) Direct comparison of the
evoked response in the case where the subject was asked to remain still (blue) and was
moving (yellow).

Trial-by-trial analysis

Figure 5.8a 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 yellow trace shows

the beta-band amplitude in finger abduction trials in the presence of (on aver-

age) 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 purple and red traces

show the case for resting trials with 4.4-cm and 1.7-cm movements, respectively.

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
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ba

Figure 5.8: Response magnitude as a function of subject movement. a) Beta en-
velopes for finger abduction trials (blue/yellow) and resting trials (red/purple) in the
presence of large (yellow/purple) and small (blue/red) movements. b) Response size
as a function of maximum movement during a trial.

was thought to relate to an increase in artefact due to electrophysiological ac-

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

the head movement, the actual beta response magnitude to finger abduction re-

mains similar. To quantify this, Figure 5.8b shows the measured peak-to-peak

response amplitude plotted against motion for all trials. No measurable relation-

ship between movement and beta response magnitude was observed, showing

that data quality was unaffected by movement.

5.4.2 Ball game paradigm

Results of the ball game paradigm are shown in Figure 5.9. Panel (a) shows a

photograph of the subject in-situ bouncing a table tennis ball off a bat. On panel

(b) the change in beta-band power is overlaid in pink onto the three anatomical

MRI slices. Panel (c) shows a TFS (averaged over the 29 trials) of the oscillatory

modulation at the peak location, where again, blue indicates a loss in oscillatory

amplitude and yellow indicates an increase in amplitude above baseline. A line-

plot of the beta-band modulation is shown inset. A decrease in amplitude during

the first 10 s, corresponding to when the subject was bouncing the ball, followed

by an increase in amplitude and return to baseline can be seen clearly.
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c) Beta responseb) Localisationa) Set-up

0.37

0.43
T

Figure 5.9: Ball game results. a) Experimental set-up: the seated subject bouncing a
table tennis ball. b) Spatial signature of beta-band oscillatory change during periods of
playing the ball game compared to rest. c) Trial averaged TFS (left) and amplitude of
beta oscillations averaged over time (right).

When looking at the 3D images of source localisation for both paradigms

(panel (ii) on Figure 5.6 for the finger abduction and panel (b) on Figure 5.9

for the ball game task), one can spot a slight shift in peak location. Figure

5.10a contains the sagittal slices for each of the paradigms and on Figure 5.10b

a schematic of the homunculus’s motor strip is shown. As shown, the areas

of the cortex responsible for arm/wrist movements are slightly superior on the

strip than those associated with finger movements. It can be seen on panel (a)

that the peak location for the ball game task is higher than that of the finger

abduction paradigm.
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b Figure 5.10: Comparison of
source localisation between the
two paradigms. a) Coronal slices
showing the peak locations from
the finger abduction (top) and the
ball game paradigm (bottom). b)
Schematic representation of the
homunculus’s motor strip. Green
square located around the arm area,
orange square over the hand area.
Figure b) adapted from Wikipedia.

5.4.3 Spatial resolution

The spatial resolution measurements are shown in Figure 5.11. Panel a) shows

three slices of the anatomical MRI where an example ‘seed’ is represented by the
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Figure 5.11: Spatial resolution results. a) Sagittal, coronal and axial slices from
the anatomical MRI, containing an example ‘seed’ location at the green cross-hairs over
the somatosensory cortex and 4,000 ‘test’ locations plotted as pink squares. b) Lines
show correlation between the seed and test time courses plotted as a function of spatial
separation. Blue is for the OPM static, green for the OPM moving and orange for the
cryogenic system. The bar chart shows the source separation (in cm) at which shared
variance dropped to less than 50%. Error bars show standard deviation over test loca-
tions.

cross-hairs and the 4,000 ‘test’ locations are plotted in pink squares. In panel b),

the line graph shows correlation between the seed and test time courses plotted

as a function of separation between them. The bar chart shows source sepa-

ration for which shared variance dropped to < 50%. In both cases, results are

shown for the three different experimental conditions and error bars show stan-

dard deviation over six experiments. The highest spatial resolution was achieved

in the static OPM case. Spatial resolution dropped (although not significantly (p

= 0.09)) when the subject made naturalistic head movements. This is a con-

sequence of the beamformer and is a well characterised effect (Brookes et al.,

2010): the limited degrees of freedom in the MEG data mean that spatial resolu-

tion drops if the beamformer is forced to suppress artefacts. Here, artefacts were

generated by the muscles in the neck controlling head movement – in nulling

these artefacts, the spatial resolution would be expected to decrease slightly.

Spatial resolution was lowest for the cryogenic system. The difference in spatial

resolution between static OPMs and the cryogenic system was significant (p =

0.002). The difference between OPMs with movement and the cryogenic system

was not significant (p = 0.09).
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5.5 Discussion

In this chapter, the construction of a prototype multi-channel MEG system based

on OPMs, that can be worn like a helmet, has been described. Along with some

of the principal challenges underlying its fabrication. Distinct from Chapter 4,

this OPM-MEG prototype system does not rely on the CTF DAQ system, making

it an independent MEG device. The central core of the system is 13 OPM sensors

held in a scanner-cast. The use of a subject specific 3D-printed scanner-cast has

again demonstrated that the accurate and rigid placement of the sensors relative

to the brain anatomy is possible. The difference here, however (relative to Chap-

ter 4), is that subject movement was not restricted: indeed they were allowed to

make natural head movements while being scanned, and results of source local-

isation and SIR calculations showed no loss of data quality when compared to a

current state-of-the-art SQUID-based MEG system. This natural movement was

made possible by the design and fabrication of a novel set of nulling coils that re-

duced the background magnetic field allowing the OPMs to remain operational

even in the presence of movement. An example of a naturalistic paradigm has

also been shown, where a subject played a ball game, something incompatible

with current SQUID-based MEG technology. While simple, this demonstration

paves the way for a new generation of neuroscience experiments, yet to be ex-

plored, e.g. motor learning tasks or hand-eye coordination.

5.5.1 Signal-to-interference

The SIR measurements were approximately the same in all three conditions, re-

gardless of the subject movement. This was the case for both the induced and

the evoked responses. However, it is worth mentioning that the work under-

taken here has focused on relatively high frequency (13–30 Hz) responses. We

speculate that, if one were to look at lower frequency bands like alpha or theta,

slow (i.e. low frequencies) changes in field related to movement of sensors in
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the remnant field (after nulling), would become more challenging to eliminate.

One possible solution would be to use the motion-tracking system to regress out

the movement parameters: indeed in a recent work, Holmes et al. (2018) used

an OptiTrack V120:Duo camera system (NaturalPoint Inc., Corvallis, OR, USA)

to regress out 6 movement parameters (3 translation and 3 rotation) from OPM-

MEG data, showing a significant decrease in the movement artefact. Another

plausible solution could make use of further reference sensors which moved

with the subject but were located distal to the head. Overall, whilst here we

show that beta activity in the presence of movement is unaffected, lower fre-

quencies should be a topic of future work.

5.5.2 Spatial resolution

The spatial resolution measurements employed in this chapter were simple (and

similar to those described in Section 3.2.4 - Spatial resolution). Nevertheless

they show that only 13 OPMs can compete with a current state-of-the-art MEG

device consisting of 275 sensors in terms of measurable spatial specificity. These

measurements tell us about how signal falls off around a large source, and this

represents a useful measure of e.g. full width at half maximum of a peak. How-

ever, this does not represent “true” spatial resolution. A genuine metric for spa-

tial resolution comes from the ability to separate two regions in close proximity

generating temporally independent source time courses (e.g. Chapter 3 Figure

3.7). In order to have a better quantification of spatial resolution, different ex-

periments should therefore be performed. For example somatotopic/retinotopic

mapping of the sensorimotor/visual cortex could exploit the known organisa-

tion of primary cortices to generate spatially separate but independent sources,

which we could then try to map using an OPM array (Barratt et al., 2018). As

seen from simulations, bringing MEG sensors closer to the scalp means that the

spatial patterns of the magnetic fields have a more focal topology than those of
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cryogenic sensors which are necessarily further away. As a consequence, higher

spatial harmonics exist for OPM-MEG and therefore source separation should be

improved (assuming sufficient sensor density on the scalp). This should be a

topic of further work.

5.5.3 Wearable technology

The OPM-based MEG device described in this chapter affords a demonstration

of the potential of this technology to become a wearable neuroimaging tool, as

opposed to the restrictive MEG devices available to date. This means that MEG

has now the potential to compete with other wearable neuroimaging tools such

as EEG and fNIRS. In principle, OPM-MEG could outperform both of these tech-

nologies: e.g. fNIRS has temporal resolution limited by the latency and longevity

of the BOLD (blood oxygenated level dependent) response whilst EEG has lim-

ited spatial resolution. However, a principled comparison between technologies

is a topic for future work.

5.6 Conclusions

In this chapter, the construction of an OPM-based MEG device to measure reli-

able electrophysiological data while a subject moves freely, has been described.

It has been shown that wearable OPM-MEG can be used to collect electrophysi-

ological data, with no loss of quality even when the subject moves. Performance

of the OPM system is comparable to a 275-channel cryogenic MEG system in

terms of signal-to-interference ratio and spatial resolution. A simple naturalis-

tic paradigm has also been demonstrated, showing the potential of our OPM-

MEG prototype. These findings open up a wealth of new paradigms and subject

groups for investigation, potentially changing the scope of the neuroscientific

experiments possible with MEG.
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Chapter 6

Comparison with EEG

In this final experimental chapter, a comparison between EEG and OPM-MEG is
described. The effect of subject movement and task-correlated muscle artefacts
on both modalities are explored. We show that these complementary wearable
neuroimaging techniques produce similar results when the subject is stationary,
but EEG data are highly compromised by artefacts generated by electrical activ-
ity in the muscles when the subject moves.
The work presented here was published in Nature in 2018 (Boto et al., 2018).

6.1 Introduction

The OPM-based MEG device reported in the previous chapter opens up the pos-

sibility of a new type of wearable functional neuroimaging technique: a MEG

device which can be worn like a helmet and which could compete with current

portable neuroimaging tools like functional near-infrared spectroscopy (fNIRS)

and electroencephalography (EEG):

fNIRS (Ferrari and Quaresima, 2012) is a portable, non-invasive, optical

imaging tool that provides an indirect measure of brain function by detecting

changes in haemoglobin concentrations within the brain. Such changes are re-

lated to and triggered by neural activity. They can be measured by means of the

characteristic absorption spectra of haemoglobin in the near-infrared range. In
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modern fNIRS systems, a number of detectors (optodes), ranging from tens to

hundreds, are mounted in a flexible cap, making fNIRS a wearable brain imaging

system. It is an attractive tool which is widely used in a broad range of applica-

tions, with neurodevelopment being one of the largest growth areas. However,

the relatively poor temporal resolution and indirect nature of the measurements

led us to conclude that fNIRS is not in direct competition with OPM-MEG.

EEG works by measuring the electrical potentials generated at the scalp

by the same underlying neural current flow that gives rise to the MEG signal

(Berger, 1929). It is wearable, lightweight and cheap, and is sometimes used

simultaneously with conventional MEG systems. There is no reason why OPM-

MEG and EEG could not be measured simultaneously, but EEG alone offers direct

competition to our wearable OPM-MEG device.

The similarity between EEG and MEG, makes a comparison both possible

and appealing. In this chapter, sensor-level results will therefore be compared

when using the same visuo-motor task employed in Chapter 5, to assess how

subject movement affects data quality. Previous publications (Zimmermann and

Scharein, 2004; Claus et al., 2012; Muthukumaraswamy, 2013) have suggested

a difference in the manifestation of muscle artefacts between MEG and EEG,

and for this reason we aim to assess, specifically, how muscle artefacts affect

both modalities.

6.2 Methods

6.2.1 System

EEG

EEG data were acquired using BrainAmp MRplus EEG amplifiers (Brain Prod-

ucts, Munich, Germany) with a 1,000 Hz sampling rate and a frequency range
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of 0.06–250 Hz (30 dB roll-off at high frequencies). A standard 64-channel EEG

cap (EasyCap, Herrsching, Germany) was fitted to the subject by an experienced

EEG user, with electrode impedances maintained below 10 kΩ for the duration

of the study (these were checked regularly between data recordings). The elec-

trode layout followed the extended international 10-20 system (see Figure 6.1)

with an additional channel for recording the electrocardiogram (ECG). FCz was

used as the reference electrode during acquisition. All data were acquired using

BrainVision Recorder software (v1.2, Brain Products, Munich, Germany).

E
E
G

M
E
G

a c

b

Figure 6.1: System set-up. a) EEG and b) MEG set-ups. The EEG cap comprises 64
channels. The 21 OPM sensors were placed in the OPM-MEG scanner-cast as shown
in the figure to measure muscle artefacts. c) Both OPM sensors and EEG electrodes
overlaid onto the subject’s scalp.

OPM-MEG

MEG data were recorded employing the same OPM-MEG device described in the

previous chapter. Further recordings were undertaken using a new scanner-cast

comprising 81 slots around the whole head. This was designed and built to

fit the same female subject who took part in the previous study. The scanner-

cast can be seen in Figure 6.1b. A total of 25 OPM sensors were available to

use: 4 were again used as reference sensors, both to measure the background

fields needed for the field-nulling system and to regress out interference. The

remaining 21 sensors were placed in the scanner-cast as shown in Figure 6.1b/c.
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6.2.2 Data acquisition

To facilitate a comparison between EEG and OPM-MEG data, we undertook two

sets of experiments:

Finger abduction paradigm

We first aimed to compare OPM-MEG data recorded during the finger abduction

task (i.e. data reported in Chapter 5) to EEG. The same finger abduction exper-

iments were therefore repeated, while EEG data were collected. Again, a single

experiment comprised 50 trials, each involving 1 s of finger abduction and 3 s

of rest. 50 ‘dummy’ trials were interleaved. The subject who previously partici-

pated in the OPM-MEG study, undertook the experiment 12 times, 6 where they

kept as still as possible, and 6 where they made natural head movements during

the task. Head motion was again measured using the Xbox Kinect camera (as

described in Section 5.2.5 - Motion tracking), which tracked the movement of

a single head marker located on the subject’s forehead (this can be seen in the

photograph in Figure 6.1a). These experiments were directly equivalent to those

undertaken using OPM-MEG and reported in Figure 5.6.

Muscle-tensing paradigm

We ran the same finger abduction paradigm but asked the subject to tense the

muscles in their jaw and neck during the 1-s long movement period (as well as

move their finger) so as to produce task-correlated muscle artefacts. Note that

this represents a worst possible case scenario. This experiment was repeated

twice: once with data recorded with the OPM-MEG device (21 channels, Figure

6.1), and once with data recorded using EEG.
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6.2.3 Data analysis

EEG data were initially analysed in BrainVision Analyzer2 (Brain Products, Mu-

nich, Germany). For each experiment, data were visually inspected for noisy

channels; only electrode Tp10 was found to be noisy (in 2 out of 13 recordings)

and was excluded (in these 2 runs). Data were referenced to an average of all

remaining channels to provide as clean a reference signal as possible (with min-

imal neuronal or artefactual signals (Mullinger et al., 2013)). Following this,

data were exported to MatLab where a sensor space analysis was carried out.

For each sensor (OPM and EEG), a TFS was employed to visualise the neural

oscillatory response to finger movement. Baseline oscillatory amplitude, com-

puted in the 3 s < t < 3.5 s time window, was subtracted so that the TFS showed

absolute change from baseline (for a clearer comparison between both modali-

ties). For the muscle-tensing paradigm, quantitative analysis was carried out in

the 20–55 Hz frequency range: absolute change in oscillatory amplitude from

baseline, in the 0.25 s < t < 1 s time window (during the muscle clench), was

normalised by the baseline estimate to assess fractional change in amplitude.

EEG and OPM-MEG results were compared.

Beamforming

A final analysis was performed to investigate the effect of a beamformer on the

reduction of muscle artefacts in OPM-MEG. To this end, data from the muscle-

tensing paradigm were analysed in two ways: first, a beamformer spatial filter

was employed to look at a location of interest in the right sensorimotor region.

The beamformer data covariance was computed in the 10–50-Hz frequency band

and using a time-window spanning the entire experiment (400 s). In this case,

no regularisation was applied. Second, an overly-regularised beamformer was

applied (with the regularisation parameter equal to 100 times the maximum

eigenvalue in the unregularised matrix). The effect of this over-regularisation is
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seen clearly in Equation 5.7, since in a case where C� µΣ, the equation for the

beamformer weights collapses to

wT
θreg

=
lTθ

lTθ lθ
(6.1)

i.e. the weights become a scaled version of the lead fields, and the beamformer

solution becomes analogous to a dipole fit. In both cases, a TFS was constructed

from the beamformer-reconstructed signal. Finally, for comparison, a single sen-

sor with the largest beta-band response was selected and a channel level TFS

was constructed.

6.3 Results

6.3.1 Finger abduction

Figure 6.2 shows a direct comparison of EEG and OPM-MEG data recorded dur-

ing 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) have

been chosen for visualisation. Movement data, recorded using the Xbox Kinect

camera, are also shown as histograms. For both EEG and MEG data, and static

and moving conditions, TFSs are shown from data averaged over all six experi-

ments (300 trials, left column), and also from a single representative experiment

(50 trials, right column). Both finger abduction (top) and rest trials (bottom)

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

the channel level: the expected beta modulation is shown clearly, and rest trials

show no obvious modulations. However, with the head freely moving, whilst

OPM-MEG data show a clear response, EEG data suffer from significant artefact

generated by muscle activity (as well as, potentially, movement degrading the

contact of the electrode with the scalp). Whilst averaging over more trials (300
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compared to 50) reduces the contribution of muscle artefact to the processed

EEG signal, it does not eliminate it.

6.3.2 Muscle tensing

Figure 6.3 shows results of the muscle-tensing paradigm. Panel (a) shows a visu-

alisation of the 64-channel EEG montage using the extended 10-20 system (top)

alongside the 21-channel OPM-MEG montage used to assess muscle artefacts

(bottom). Panel (b) shows TFS plots extracted from three channels of interest,

again for EEG (top) and OPM-MEG (bottom). Note that these channels (indi-

cated by the yellow stars in (a)) were selected because they showed the largest

beta band response to finger abduction in separate experiments (non muscle

tensing). Notice that, for OPM-MEG, although a muscle artefact is observed,

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

response is completely obscured by the muscle artefact (this was the case in all

channels). The bar chart in panel (c) shows the size of the muscle artefact (av-

eraged across 13 sensors covering the sensorimotor strip as indicated by the red

circles in (a)) relative to baseline. Note that the size of the artefact in EEG is

∼10 times larger than the equivalent artefact in OPM-MEG. For completeness

we also measured the size of the artefact relative to the beta rebound (the only

phase of the beta response still visible in the EEG data). This was done for the

three (EEG and MEG) channels shown in (a): in EEG, the artefact was 32 ± 4

times larger than the rebound. In MEG, this value dropped to 3 ± 2.
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Figure 6.3: Muscle-tensing results. a) Channel montages for EEG (top) and OPM-
MEG (bottom). Yellow stars denote channels used to create (b) and red circles show
channels used to create bar chart in (c). b) TFS showing fractional change in oscillatory
amplitude, relative to baseline for the 3 channels. c) Quantitative analysis of the mag-
nitude of the muscle artefact in the 0–1-s window, and 20–55-Hz frequency range for
the 13 sensors shown as red circles in (a). Error bars show standard deviation across
sensors.

Effect of regularisation

Finally, we aimed to see if, using beamforming applied to OPM-MEG we could

reduce/remove the muscle artefact. Results of this analysis are shown in Figure

6.4. Panel (a) shows a beamformer image, highlighting a location of interest

in right sensorimotor cortex. Panel (b) shows the time–frequency response for

the best OPM-MEG sensor (shown as a yellow star in the inset figure), whilst

panel (c) shows equivalent time-frequency spectra, reconstructed at the loca-

tion of interest identified in panel (a). The left-hand panel of (c) shows the

over-regularised beamformer reconstruction and the right-hand panel shows the

unregularised beamformer reconstruction. Note that a large muscle artefact,

overlapping with the beta response to finger movement, is clear in the best sen-

sor and over-regularised beamformer data. However, following beamforming,

the power minimisation ensures that the artefact is effectively reduced in mag-

nitude. This example shows that even in a “worst possible” case, where high-

amplitude, task-correlated muscle artefacts contaminate the data, those artefacts

are readily controlled.

141



6.4. DISCUSSION COMPARISON WITH EEG

b ca

Figure 6.4: Effect of regularisation on source localisation. a) Beamformer image,
highlighting the location of interest in right somatosensory cortex. b) TFS for the best
OPM channel, marked as a yellow star in the inset. c) Reconstructed TFS responses from
the over-regularised (left) and un-regularised (right) beamformer.

6.4 Discussion

The comparison between EEG and MEG provided in this chapter has been cen-

tred on the effect that muscle activity has in both modalities. With no subject

movement, both EEG and MEG gave similar results, where the beta band mod-

ulation was visible in the TFS. The difference comes when the subject makes

natural movements: EEG sensor level data were highly contaminated by muscle

artefacts, as opposed to OPM-MEG data, which still showed a clear response.

Furthermore, in the muscle-tensing paradigm, which provided a worst-case sce-

nario with task-correlated muscle artefact, the EEG response to finger movement

was completely obscured. In the OPM sensors, however, the beta modulation

was again clear, and beamforming proved to be an effective technique to remove

the artefact. Whilst beamforming is not the only solution to this problem, the

example given in this chapter is in agreement with previous literature (Sekihara

et al., 2004; Brookes et al., 2008, 2009) in showing the interference reduction,

properties of spatial filtering. These results have therefore shown that EEG data,

acquired in a freely moving subject, do not produce the same quality of neuronal

responses as that afforded by OPM-MEG.
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6.4.1 Muscle artefacts

The results above show that muscle artefacts 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. (2007) recorded EEG data with and without neuromuscular 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 artefacts

than MEG. Again this is not a new finding (Zimmermann and Scharein, 2004;

Claus et al., 2012; Muthukumaraswamy, 2013), and it occurs because the mag-

netic field falls off rapidly as distance to the primary dipole generator increases,

whereas volume conduction in EEG facilitates greater (and less predictable) spa-

tial spread of the measured electrical potential.

Muscle artefacts are clearly an issue in a wearable neuroimaging system, par-

ticularly during paradigms (such as those employed in the present work) where

head and face movement is either expected or task related. Given its lower

sensitivity to muscle artefacts, 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 activity (Kranczioch et al.,

2014). The primary neuroscientific applications of wearable neuroimaging tech-

nology include scanning babies and toddlers, adults with movement disorders,

paradigms with free head movement (e.g. spatial navigation and 3D virtual re-

ality). In all of these cases, muscle artefact would be a big concern. Further, clin-

ically, 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 artefact (Hajipour

Sardouie et al., 2015). It therefore follows that OPM-MEG technology, with its

143



6.4. DISCUSSION COMPARISON WITH EEG

reduced artefact sensitivity, offers a distinct advantage over EEG for clinical and

neuroscience-focused studies.

6.4.2 Spatial resolution

Beyond muscle artefacts, 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 review (Baillet,

2017) which explained that EEG signals are strongly affected by the substantial

difference in electrical conductivity between the scalp, skull, brain, and other bi-

ological tissues. The extracranial 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 inter-

pretation 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.

6.4.3 Practicalities

Finally, OPM-MEG offers a number of practical benefits above and beyond EEG.

EEG electrodes must be placed in electrical contact with the head – in the ex-

periments described here, contact is maintained using a conductive gel placed

between the electrode and the scalp. Use of abrasive gel is also often required

to remove dead skin cells and grease from the scalp in order to limit the con-

tact impedance of the electrode. The fact that each electrode must be treated

separately in this regard makes EEG set-up time long. The process can also be

uncomfortable for the subject and may not be tolerated by some subject groups.

OPM-MEG set-up time on the other hand is relatively short since no electri-
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cal contact is required. The requirement for electrical contact also raises other

potential issues: electrical contact between electrodes via the conductive gel

(bridging) is undesirable since it acts to spatially blur the measured spatial to-

pography, but can be difficult to avoid in high-density EEG studies. This is not

a problem for OPM-MEG (where sensor crosstalk can be controlled). OPM-MEG

also potentially offers greater scan-to-scan consistency between experiments in

the same subject. This is because whilst the sensitivity of OPMs does not change

between experiments, the sensitivity of EEG is dependent on the quality of con-

nection to the scalp (hence there exists a subject and operator dependency). It

also means that long-term (12–24-hour) OPM recordings could be considered

without any concerns regarding data quality (due to impedance changes). Fi-

nally, in clinical studies, OPMs, being contactless, reduce any risks of infection

and for studies following surgery (for example in epilepsy) recordings could be

made through bandages (which is impossible using EEG).

6.5 Conclusions

In this chapter, a comparison between EEG and OPM-MEG has been under-

taken to assess the effect of movement artefacts on data quality. Both MEG and

EEG showed similar results when the subject’s head was stationary, however, in

the moving case, while OPM-MEG data still showed a clear response, EEG suf-

fered from significant artefact generated by muscle activity. The task-correlated

muscle-tensing paradigm supported these results: in this case the beta response

in EEG was completely obscured by the muscle artefact. However, this was not

the case for OPM-MEG in which beta modulation was observed clearly. Quanti-

tatively, in the 20–55-Hz frequency range, the muscle artefact showed to be 10

times worse in EEG compared to MEG. These results show clearly that EEG data,

acquired in a freely moving subject, are highly compromised by muscle artefact.
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Chapter 7

Concluding remarks

The work presented in this thesis represents one of the possible routes that

the next generation of MEG technology might take in the coming years. The

simulation work described in Chapter 3 outlined the hypothetical advantages

that scalp-mounted MEG systems could have over current cryogenic devices. In

Chapter 4, the use of a single OPM to experimentally measure the MEG sig-

nal was described, and the evoked response due to median nerve stimulation

was compared with similar measurements made using a state-of-the-art SQUID-

based MEG device. Chapter 5 described the fabrication of a scalp-mounted

multi-channel OPM-MEG system, bringing field-nulling technology on board to

allow the subject to move whilst being scanned. Finally Chapter 6 presented a

comparison of our system with EEG, looking at the effect of movement on the

data quality.

7.1 Signal-to-noise ratio

Simulations concluded that a whole-head MEG system, based on scalp-mounted

sensors like OPMs, would offer around a fivefold improvement (or higher) in

signal and SNR. In addition, spatial resolution could be improved by approxi-
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mately an order of magnitude. The experimental results presented in Chapter

4 confirmed a fourfold improvement in signal when measuring the evoked re-

sponse due to median nerve stimulation. This was the result of simply reducing

the scalp-to-sensor distance, afforded by placing the OPM in the scanner-cast.

However, improvement in SNR of OPMs compared to SQUIDs was only around

a factor of 2. Similarly, whilst significant improvement in spatial resolution was

demonstrated in Chapter 5, this improvement was not as dramatic as simula-

tions predicted. This is a direct consequence of the higher noise floor of OPMs

compared to SQUIDs and both the SNR and spatial-resolution improvements,

predicted by the simulations, could be realised in the future with the develop-

ment of more sensitive sensors (see below) as well as better interference can-

cellation approaches. For example, better MSRs could aid with reducing the

noise level in zero-field magnetometers. In addition, as shown in Chapter 4,

OPMs benefit from gradiometric approaches and therefore, either OPM-based

gradiometers, or improved reference arrays (afforded by more flexible sensor

placement) could be explored to reduce interference and consequently improve

spatial resolution and SNR.

7.2 Improved practicality

The MEG measurements presented in Chapter 5 demonstrated the improved

practicality of our system: by combining multi-channel OPM arrays with be-

spoke scanner-casts which allow co-registration of the sensor location to brain

anatomy, the MEG device becomes a wearable technology which can adapt to

anyone’s head shape or size. This, added to field-nulling coil technology, allows

for non-restrictive scanning and even large head movement. Currently, our coil

system allows movement within a 40×40×40-cm3 volume surrounding the sub-

ject’s head. However, this is only limited because the bi-planar coils described in

Chapter 5 were designed to fit around an existing cryogenic MEG system and in-
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side the MSR. In principle, they could be modified to fit different specifications.

Future work will therefore explore different coil configurations to e.g. provide

a larger volume of homogeneous field, allowing not only head movements, but

people walking inside the MSR. In addition, active cancellation during scanning

(and not only before the experiment) could be possible allowing improvement

in SNR and indeed has been demonstrated using a different type of coil system

(Iivanainen et al., 2019).

7.3 3D printing and future helmet design

3D-printed scanner-casts served as a proof of concept, and allowed for an easy

and straightforward co-registration, which was needed for source reconstruc-

tion. However, they are not practical for scanning multiple subjects due to the

high cost of 3D printing and also they do not seem suitable for scanning chil-

dren. Future work should therefore focus in the design of different helmets,

ideally being adaptable and flexible, like an EEG/fNIRS cap. The challenge of

these flexible configurations, however, would be to work out where the sensors

are located on the head. This remains a significant challenge, however, opti-

cal digitisation of the sensors and head shape could become a useful tool for

co-registration (Zetter et al., 2019), and even methods currently used for con-

ventional MEG (like the use of a Polhemus 3D digitiser), could be revisited.

7.4 New OPM designs

All of the work carried out in this thesis used first generation (Gen-1) QuSpin

OPMs. However, as of August 2018, the second generation (Gen-2) of QZFM

sensors has been released1. Figure 7.1 shows a photograph of a Gen-1 sensor

next to a Gen-2, and Table 7.1 summarises their specifications for comparison.
1https://quspin.com/qzfm-gen-2-update/
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Figure 7.1: QuSpin Gen-1 and Gen-2 sensors.

Table 7.1: QuSpin Gen-1 and Gen-2 QZFM sensor specifications. Adapted from
https://quspin.com/qzfm-gen-2-update/.

Metric Gen-1 Gen-2
Sensitivity 15 fT/

√
Hz 7–10 fT/

√
Hz

Bandwidth 135 Hz 135 Hz
Maximum
background
field

50 nT 200 nT

Stand-off 6 mm 6.5 mm
Size 13×19×110 mm3 12.4×16.6×24.4 mm3

Sensor
weight

20 g 4 g

Cable
weight

10 g/ft 1 g/ft

Surface
temperature

∼45°C ∼41°C

Gen-2 sensors are smaller, lighter and overall have a better performance than

the previous generation. These modifications, the author believes will have a

significant impact on the future design of OPM-MEG systems, in particular for

use in infant populations and for studies in freely moving subjects.

7.5 Epilogue

Whole-head MEG systems have been available since the mid 90’s, and since then

we have seen remarkable progress, with the introduction of new techniques for

data modelling enabling significant new insights into how brain electrophysiol-

149

https://quspin.com/qzfm-gen-2-update/


7.5. EPILOGUE CONCLUDING REMARKS

ogy supports cognitive function in the healthy brain, and how such mechanisms

are perturbed in disease. However, in over a quarter of a century, there has

been relatively little development in MEG hardware, and no improvement in

the fundamental limitations introduced by cryogenic sensors. OPMs offer an op-

portunity to lift these limitations. OPM-MEG is in its infancy: a large number

of physics and engineering challenges remain to be solved, and the system pre-

sented in this thesis is not yet a viable platform upon which to launch medical

research programmes. Nevertheless, this proof of principle of our wearable sys-

tem and the unique capabilities that it brings, potentially represents the “end

of the beginning” of a new chapter in MEG development: one which will see a

fundamental shift not only in MEG technology, but also in the type of questions

that can be addressed by functional neuroimaging.
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