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Abstract

Magnetoencephalography (MEG) is a functional brain imaging technique which

combines high spatial and temporal resolution to provide unique insights into

the workings of the human brain. State-of-the-art commercial MEG systems

utilise an array of superconducting sensors to measure magnetic �elds generated

by neuronal currents. These magnetic �elds are around one billion times smaller

than the magnetic �eld of the Earth, requiring systems to be housed inside a

magnetically shielded room (MSR).

The limitations imposed by the superconducting sensors leave a source-to-sensor

separation of around 2-4 cm, diminishing the signal-to-noise ratio. The partic-

ipant must also move less than 5 mm during a session. This restricts access to

subject groups such as children, and patients with movement disorders. High

installation and operational costs have also prevented widespread clinical use of

the technology.

The miniaturisation and commercialisation of optically-pumped magnetometers

(OPMs), which can be placed directly onto the scalp, has stimulated interest in

the development of wearable MEG. By measuring �elds closer to the source, an

increase in spatial resolution can be achieved and the OPMs can remain �xed in

position with respect to the brain during movements. As a result, they present

promise as the building blocks of a functional brain imaging system with high

spatial resolution, high temporal resolution and good tolerance to participant



Abstract

motion.

For high-sensitivity usage, the OPMs must operate in a region of zero magnetic

�eld within a range of � 5 nT. MSRs are constructed from ferromagnetic mate-

rials, leaving a remnant magnetic �eld of several tens of nT in magnitude, with

spatial variation around 10 nT/m which confounds OPM operation.

This thesis describes the development of a series of active magnetic shielding

systems for operation inside a MSR. Bi-planar systems based on design methods

previously employed in magnetic resonance imaging (MRI) are used to design coils

capable of generating three uniform �eld components and spatial �eld gradients

which are homogeneous over a volume of 0:4 � 0:4 � 0:4 m3 at the centre of the

coils. The six-coil, bi-planar system described here formed a crucial element of

an OPM-based MEG system and allowed participants to make head movements

of � 35� and � 10 cm.

Although successful, the construction and siting of these coils was a signi�cant

challenge. By exploiting shared symmetry of pairs of �eld and �eld gradient

coils the number of coils required could be halved from six to three. Dynamic

stabilisation of the remnant �eld inside a MSR was also achieved via operation

of the coils in a feedback loop to adapt the system to interference generated by

a nearby railway line. Interactions between the coils and the high-permeability

walls of the MSR which result in degradation of the homogeneity from predicted

performance are also investigated.

Finally, a simulation study of new type of coil design where individual currents

are applied to a series of small unit coils in order to approximate myriad current

distributions is presented. This so-called 'matrix coil' is highly 
exible in concept,

being able to produce homogeneous magnetic �eld and �eld gradient components

at multiple locations (the bi-planar �eld and gradient coils can only produce

useful �elds at the centre of the set) and readily incorporate interactions with the

ix
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high-permeability walls of the MSR. Upon its successful construction the matrix

coil would provide a crucial step towards achieving full ambulatory motion in

MEG experiments.
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Introduction

The human brain has been described by theoretical physicist Michio Kaku as "the

most complicated object in the known universe". The processing power required

for simple actions, such as coordinated movement, requires a complex process of

information transfer. Neuroscienti�c research via non-invasive imaging allows us

to obtain insights into the working of the human brain from a wide spectrum of

ages and abilities, across disease and mental health conditions. This is invaluable

to furthering our understanding of the human brain. In general, two types of

brain imaging are performed: structural and functional.

Structural imaging of the brain using either magnetic resonance imaging (MRI)

or X-Ray computed tomography (CT), non-invasively provides researchers and

clinicians with a 'snapshot' of brain structure with very high spatial resolution (on

the order of 1 mm or better). MRI exploits the large quantities of water within the

body to produce images with very high spatial resolution, without using ionising

radiation [Lauterbur, 1973, Mans�eld and Grannell, 1973]. X-Ray CT passes

a high-intensity X-Ray beam through the body forming images by measuring

the attenuation of this beam by di�erent media [Houns�eld, 1973]. Despite the

success of MRI and X-Ray CT, little can be gleaned about the function of the

brain from assessment of structural images.

Underpinning the brain's ability to communicate with itself and the rest of the

body is the passing of electrical currents along neurons. Directly measuring
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these currents, or physiological changes related to them, allows for measurement

of brain function.

Functional magnetic resonance imaging (fMRI) exploits the di�erent magnetic

properties of oxygenated and deoxygenated blood to provide functional measure-

ments with high spatial resolution [Ogawa et al., 1990]. However, the temporal

resolution is restricted due to the timescale of blood 
ow. As a result, many

processes in the brain occur at a much higher frequency than can be temporally

resolved using fMRI. The requirement that a participant lie perfectly still inside

a MRI scanner restricts the subject groups that can be scanned and paradigms

that can be performed. Direct, high-bandwidth measurements of the e�ects of the

neuronal currents themselves, from a participant that is free to move, is required

for establishing a complete picture of the working brain.

Electroencephalography (EEG) uses electrodes placed on the scalp to record elec-

trical potentials generated by neuronal currents [Berger, 1934]. EEG is routinely

employed in clinical and academic work due to its ease of set-up, high tempo-

ral resolution and low-cost. However, due to the high electrical impedance of

the skull, the potentials are distorted, and 'smeared out' across the scalp sur-

face restricting the spatial resolution that can be achieved. Although participant

movements are permitted (as the electrodes remain �xed in position with respect

to the head), interfering signals from muscles in the neck and other parts of the

body further suppress the brain signal [Muthukumaraswamy, 2013].

By contrast, the magnetic �elds produced by neuronal currents pass almost unim-

peded through the skull and scalp, making magnetoencephalography (MEG) an

attractive prospect [Cohen, 1968, H•am•al•ainen et al., 1993]. MEG combines high

spatial resolution (typically 5 mm) with high temporal resolution (around 1 ms)

[Hansen et al., 2010]. Muscle artefacts are still generated, but due to a tighter

spatial signature their reduction via signal processing is a simpler task [Muthuku-

2
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maraswamy, 2013]. No electrical contact is needed for a magnetometer, so set-up

time and the comfort of a participant can be signi�cantly improved.

The neuromagnetic signal is very weak, around 1 billion times smaller than the

magnetic �eld of the Earth [H•am•al•ainen et al., 1993]. Its detection is therefore

a signi�cant engineering challenge. As a result, commercially available MEG

systems employ a �xed array of superconducting sensors which operate at a

temperature of 4 K [Hansen et al., 2010]. These sensors are placed inside a

dewar of liquid helium and the participant places their head inside a 'helmet'.

In addition to the high installation cost of a system and the operational costs

required for the replenishment of liquid helium (itself a dwindling resource) in

the dewar, the one-size-�ts-all design has two key disadvantages: participant

motion is limited to < 5 mm, and as the neuromagnetic signal decays with the

square of distance, weaker signals are measured from those with smaller heads

(e.g. infants).

Recent developments in the commercialisation and miniaturisation of optically

pumped magnetometers (OPMs) o�er an exciting opportunity to develop wear-

able MEG systems [Shah and Wakai, 2013]. OPMs do not require cryogenic

cooling, and can be placed directly on the scalp. The sensor array is then able

to move with the head and can be tailored to each participant as in EEG. The

increased proximity of sensors to the brain manifests as an increase in signal

strength and spatial resolution when compared to EEG and a conventional MEG

system [Boto et al., 2016, Iivanainen et al., 2017].

The potential for wearable systems with high spatial resolution, high temporal

resolution and increased participant comfort due to high movement tolerance pro-

vides an opportunity for a 'step-change' in MEG technology, and in neuroscience

in general. By providing access to subject groups that would be inconceivable

with current technologies (such as infants and those with movement disorders),

3
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coupled with the potential for implementing previously inaccessible neuroscien-

ti�c experiments (such as spatial navigation tasks or controlled virtual reality

experiences) a vast array of data could be obtained to further our understanding

of the human brain.

A major challenge with the operation of an OPM on a moving participant is the

narrow dynamic range. High-sensitivity recordings of magnetic �eld can only be

made in the range of� 5 nT within a bandwidth of 1-100 Hz with miniaturised,

commercially-available sensors [Shah et al., 2018]. Reduction of the background

magnetic �elds in which the sensor operates (e.g. generated by the Earth's mag-

netic �eld of 20-60 � T), further than the level su�cient for a conventional MEG

system, is required for OPM recordings.

This thesis describes the design and construction of a series of electromagnetic

coil systems which provide cancellation of the remnant magnetic �eld inside a

magnetically shielded room (MSR). Development of OPM-based MEG systems

at the University of Nottingham and University College London was aided by the

work presented here.

The thesis is divided into six chapters:

� Chapter 1 : An overview of the basic physics of MEG is given. The focus

is on deriving formulae for the strength of the MEG signal due to neuro-

magnetic �elds, and the hardware which is required to detect these very

weak magnetic �elds. The OPM is introduced as a potential candidate for

integration into a wearable MEG system.

� Chapter 2 : The physics of a commercially available OPM with charac-

teristics suitable for MEG is outlined. Signal equations are derived which

highlight the environmental requirement that the sensor operates around a

zero-�eld resonance, within a range of� 5 nT.

4
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� Chapter 3 : Both passive and active magnetic shielding techniques are in-

troduced. Due to a remnant magnetic �eld of several tens of nT inside a

passively shielded enclosure, active shielding solutions comprised of elec-

tromagnetic coil systems are required to provide the zero-�eld environment

for OPM operation.

� Chapter 4 : The design, construction and evaluation of a bi-planar coil

system featuring six individual coils that can be used to cancel the rem-

nant �eld over a volume spanning the participants head, at the start of an

experimental session is described. The bi-planar design permits movements

within a 40 � 40� 40 cm3 region at the centre of the two planes. The degree

of motion which can be accommodated, stability of the �eld cancellation

and MEG data from a movement-based paradigm are reported.

� Chapter 5 : Although successful, the six-coil system proved challenging to

construct. By exploiting the shared symmetry of coil designs, the same per-

formance can be readily achieved with only three coils. Temporal changes in

the magnetic �eld due to underground trains running near the installation

site were cancelled by dynamically varying the coil currents in a continually

running high-speed feedback loop. Interactions with the high-permeability

walls of the MSR which degrade coil performance are also investigated.

� Chapter 6 : With a bi-planar coil system, the region over which the par-

ticipant is free to move is �xed in the centre of the coils. By applying a

di�erent current to a series of small unit coils, an arbitrary magnetic �eld

at varying positions can be produced. Simulated results and development

of a prototype system are presented. Such a system would allow simpler

coil construction and could potentially permit full ambulatory motion of a

participant.

5



Chapter 1

Magnetoencephalography

1.1 Introduction

Magnetoencephalography (MEG) provides non-invasive measurements of brain

function with high spatial and temporal resolution [H•am•al•ainen et al., 1993].

MEG applications are widespread: rich datasets provide valuable insights into

many aspects of neuroscience [Baillet, 2017].

The �rst MEG recordings were performed by David Cohen in 1968 using an

inductive coil with 2 million turns [Cohen, 1968]. Signi�cant advancements since

that time have been made, with whole-head MEG systems, featuring state-of-

the-art superconducting sensors, having been commercially available for many

years [Hansen et al., 2010].

This chapter outlines the basic principles of MEG, from signal generation by

neuronal currents to signal detection and data analysis. Limitations of state-

of-the-art commercial MEG systems employing superconducting magnetic �eld

detectors are discussed, and the bene�ts of measuring MEG on the scalp with a

'wearable' array of magnetic �eld sensors are presented.



Neuronal currents

1.2 Neuronal currents

The cortex contains around 100 billion neurons. These are specialised cells re-

sponsible for the processing and transfer of information within the brain via the

passing of small electrical currents. These electrical currents are essential for

mediating brain function. As with any electrical current, an associated magnetic

�eld is also generated. It is these magnetic �elds which are of interest in MEG.

A sketch of a single neuron is shown in Figure 1.1. It depicts four sections: the

soma containing the cell nucleus; dendrites which extend from the soma to receive

stimulation from nearby cells; the axon hillock, beneath the soma where neuronal

currents are initiated and the axon, a long structure which carries currents away

from the soma, and towards other cells. Grey matter in the brain is formed of

dendrites and the soma, whilst the white matter is mainly formed from the axons

as they extend to allow communication between di�erent regions.

Figure 1.1: Outline of a single neuron, the key communication
unit of the brain. Figure adapted from [Purves et al., 2004].

7
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Figure 1.2: Di�erent types of neuronal structure imaged with
light microscopy following Golgi staining. A) The asymmetric
structure of a pyramidal neuron. B) The dendrites form a sym-
metric con�guration in a stellate neuron. Figure adapted from
[Churchill et al., 2004].

Neurons are enclosed by an insulating membrane, this divide between intracellu-

lar and extracellular tissue results in a di�erent concentration of ions of (mainly)

potassium, sodium and chlorine (K+ , Na+ and Cl- respectively) between the two

regions. This imbalance of charged ions results in a potential di�erence between

the two regions of � V = -70 mV (intracellular relative to extracellular). A change

in this potential di�erence at the soma, brought about by ion in
ux at the den-

drites, can result in electrical current 
ow in the form of an 'action potential'

[H•am•al•ainen et al., 1993].

Neurons can have di�erent shapes and are often referred to either as 'pyramidal'

or 'stellate'. The pyramidal neurons have an asymmetric, extended dendritic

structure, which is oriented perpendicular to the cortical surface as shown in

Figure 1.2A. As a consequence, the dendrites coherently guide current 
ow along

the cell, which allows for a magnetic �eld to be generated. The dendritic structure

of stellate neurons is highly symmetric, as shown in Figure 1.2B resulting in no

coherent direction of current 
ow. As a result, these cells are likely to be of

limited in
uence in a MEG measurement as the magnetic �elds generated by

such structures will likely cancel each other out [H•am•al•ainen et al., 1993].
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Figure 1.3: The action potential. A) Characterised as a short-
lived increase in potential di�erence following depolarisation of
the neuron due to open ion channels. B) Repeated stimulated
�ring of the action potential shows an increase in frequency of
the potential but not an increase in the amplitude. Figure adapted
from [H•am•al•ainen et al., 1993].

1.2.1 Action potentials

If the potential di�erence across the membrane at the axon hillock reaches a

threshold level of � V = -55 mV then ion channels open resulting in K+ 
owing

out of the neuron and Na+ ions 
owing into the neuron. The permeability of

the membrane to Na+ ions changes, resulting in a 
ow of ions which raises the

potential di�erence to � V = +40 mV in a period of around 1 ms. This triggers

the action potentials to pass down the axon. As the potential rises, permeability

of the membrane to K+ ions greatly increases such that the cell is repolarised

by a 
ow of K + ions restoring the potential di�erence to � V = -70 mV. This

process is outlined in Figure 1.3.

As the action potential passes down the axon, the processes of depolarisation at

the leading edge and repolarisation at the trailing edge, can be modelled as two

current dipoles with opposing orientations. This creates a quadrupolar current

source [H•am•al•ainen et al., 1993].

9



Neuronal currents

Figure 1.4: Excitatory and inhibitory synapses. The excitatory
synapses mainly form at the dendrites and the inhibitory synapses
form at the cell body. Figure adapted from [H•am•al•ainen et al.,
1993].

1.2.2 Post-synaptic potentials

When an action potential reaches the end of an axon, chemical transmission

between two neurons can occur. These interactions occur in connections, or

'synapses' between two neurons. Two types of synapse, excitatory and inhibitory,

are shown in Figure 1.4. Excitatory synapses (mainly found on dendrites) make

the post-synaptic neuron more likely to �re by decreasing the potential di�erence

� V , and inhibitory synapses (mainly located on the soma) increase �V making

the neuron less likely to �re.
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Figure 1.5: The post-synaptic potential. Longer in duration but
smaller in amplitude than an action potential and excitatory or
inhibitory in nature. Caused by a terminating action potential
opening ion channels into the post-synaptic neuron resulting in
either hyperpolarisation or depolarisation of the neuron. Again
the frequency but not the amplitude of the potential is increased
via stimulated �ring. Figure adapted from [H•am•al•ainen et al.,
1993].

The process of transmission of signal from a pre-synaptic neuron to a post-

synaptic neuron begins when an action potential reaches the end of the axon

of the pre-synaptic neuron. This event stimulates the release of chemicals known

as neurotransmitters into the space between the axon and the dendrite of the

post-synaptic neuron (the 'synaptic cleft'). These neurotransmitters stimulate

the opening of ion channels in the wall of the post-synaptic neuron causing ions

to 
ow in or out of the neuron. This imbalance of ions again causes a change in

the potential di�erence which produces a post-synaptic potential.

If the ion channels which are opened allow the 
ow of Na+ ions into the neuron

then a depolarisation occurs as before and the post-synaptic potential is a excita-

tory potential. If the ion channels allow K+ ions to 
ow out of the cell or Cl- ions

into the neuron then a hyperpolarisation occurs and the post-synaptic potential

is inhibitory. The probability of a neuron �ring an action potential depends on

the sum of these excitatory and inhibitory events. Both cause a current to 
ow

along the dendrites and into the soma on a timescale of about 10 ms as shown in

Figure 1.5. This event can be approximated by a current dipole and is referred

to as the primary current.
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In order to balance ion 
ows in depolarisation and repolarisation, current must


ow in the extracellular space around the neuron. This current 
ow is therefore

on average in the opposite direction to the primary current and highly dependent

on the electrical conductivity of the surrounding region. This is referred to as the

volume current and has little e�ect on the measured magnetic �eld as detailed

later [H•am•al•ainen et al., 1993].
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1.3 Measurable e�ects in MEG

Considering both the structure of pyramidal neurons and the timescales of post-

synaptic potentials (10 ms c.f. 1 ms for an action potential) signi�cant coherence

of current 
ow can be achieved between the post-synaptic potentials in groups

of pyramidal neurons [Baillet, 2017]. This synchronous �ring will constructively

interfere and generate a measurable e�ect which can be measured in a MEG

experiment as shown in Figure 1.6. Three main e�ects are commonly investi-

gated: Evoked responses, spontaneous rhythms and induced responses [Hansen

et al., 2010]. Robust e�ects producing a known response in the vast majority of

participants are useful tools when evaluating the performance of a MEG system.

Figure 1.6: Synchronous �ring of around 10,000 pyramidal
neurons to form the MEG signal. The post-synaptic poten-
tials (PSPs) interfere constructively due to their long timescale.
Adapted from [Baillet, 2017].
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1.3.1 Evoked responses

Presentation of a sensory stimulus typically generates a measurable neuromag-

netic response, e.g. stimulating motion in a �nger via controlled application of

an electrical current to the median nerve [Hari et al., 1993]. A visual 
icker gen-

erates a visual response. [Ahlfors et al., 1992]. A repeated audible tone generates

an auditory response [Hari et al., 1987]. Each process produces a repeatable,

measurable response in the brain. The resulting neuromagnetic signal is not

only time-locked to the stimulus, but also phase-locked to it, so averaging data

recorded over many repeats of the stimulus will reduce the noise in the data,

leaving a clear response as outlined in Figure 1.7 [Hansen et al., 2010].

These time-and-phase-locked signals are known as evoked responses. They are a

useful marker of healthy brain function, as changes in latency or the temporal

morphology can indicate a number of neurological or physiological disorders such

as multiple sclerosis [Rossini and Rossi, 1998].

Figure 1.7: Evoked response from electrical stimulation of the
median nerve. Response is observed in the somatosensory region
of the brain. Averaging over N trials improves the signal to noise
ratio of the response although its characteristics are observable
in a single trial recording. Figure adapted from [Hansen et al.,
2010]

1.3.2 Spontaneous rhythms

The background activity of the brain results in continually �ring neuronal cur-

rents without any stimulation, forming spontaneous rhythms. Recordings of elec-
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trical activity in the human brain were performed by Hans Berger and constituted

the �rst electroencephalography (EEG) experiment. In his experiments he dis-

covered a change in the amplitude of an oscillatory rhythm, of frequency� 8-13

Hz when a participant opened and closed their eyes [Berger, 1934]. This became

known as the alpha rhythm and following Berger's work a series of oscillatory

rhythms were discovered.

The frequencies of brain rhythms are typically split into �ve 'bands' (sometimes

referred to as the 'Berger bands')

� Delta < 4 Hz

� Theta 4-8 Hz

� Alpha 8-13 Hz

� Beta 13-30 Hz

� Gamma > 30 Hz

Each band is responsible for a di�erent process, as the rhythms continually occur

without external stimulation. Most MEG studies therefore require sensitivity to

changing magnetic �elds with at least a 1-100 Hz bandwidth, but there is also

evidence of higher frequency e�ects [Baillet, 2017]. These rhythms are thought

to aid connectivity between regions, but also to promote local activity. Their

coupling across frequency bands facilitates the process of information transfer,

via stimulation of neuronal �rings over short and long-range connections [Hipp

et al., 2012, Engel et al., 2013, Donner and Siegel, 2011].
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Figure 1.8: Induced response during a single �nger abduction.
The oscillatory power in the beta band decreases during the �nger
movement and a post-movement beta rebound is observed during
rest. The size of this beta rebound is diminished in schizophre-
nia patients compared to healthy controls. Adapted from [Robson
et al., 2016].

1.3.3 Induced responses

Changes in spontaneous brain rhythms can be 'induced' by an external stimulus.

In general the frequency of the neural oscillations is una�ected, but the amplitude

is modulated [Pfurtscheller and Lopes Da Silva, 1999]. As spontaneous rhythms

occur naturally, the induced e�ects are time-locked, but not phase-locked to

the external stimulus. To analyse the data a time-series recording is �ltered to

the frequency band of interest and the amplitude envelope is then calculated.

Averaging this envelope over trials allows stimulus-induced changes in oscillatory

power with respect to a baseline level (when the participant is not performing

any task) to be clearly shown.

For example, the movement/sensory induced beta response is a robust response

that is elicited when a participant makes a movement (or receives a somatosensory

stimulus). During the movement (for example abducting a single �nger out with

an open palm) the amplitude of the beta oscillations decreases compared to the

baseline level. After the movement ceases there is a 'post stimulus beta rebound'

during which the amplitude increases above the baseline level. This decrease in

beta power is thought to be due to the brain region responsible for the �nger
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removing itself from the wider brain network during the movement, the rebound

following movement cessation then being responsible for re-integrating this region

to the wider network [Donner and Siegel, 2011].

Figure 1.8 shows an example beta rebound signal on a time-frequency spectro-

gram (TFS). The TFS is a common tool for displaying temporally rich MEG

data in which time is shown along thex-axis and frequency on they-axis. Colour

information provides an indicator of the oscillatory amplitude. The percentage

change from baseline in beta band activity during the post stimulus period has

been shown to be diminished in patients with schizophrenia, providing promise as

a clinically relevant biomarker which is simple to measure [Robson et al., 2016].
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1.4 The MEG forward problem

As discussed previously, the synchronous �ring of post-synaptic currents in pyr-

maidal neurons constructively adds to generate a measurable magnetic �eld. In

order to determine the hardware required for a MEG system (and allow for accu-

rate data modelling and analysis) a mathematical model of the neuronal magnetic

�eld is required. This is referred to as the MEG forward problem, where the mag-

netic �eld at a detector placed outside the head is calculated from a known current

density inside the brain. The magnetic �eld generated by a current densityJ

can be described using Maxwell's equations

r :E =
�
�

r :B = 0

r � E = �
@B
@t

r � B = � 0

�
J + �

@E
@t

�

(1.4.1)

where, � 0 is the permeability of free space,� is the permittivity of the medium

and � is the charge density in the medium. As most neuronal activity occurs

within the 1-100 Hz frequency range, a quasistatic approximation without charge

accumulation can be made, resulting in

r � E = 0

r � B = � 0J :
(1.4.2)

De�ning a volume, G in which the current density exists then the magnetic �eld

measured by a detector at positionr (x; y; z) outside the volume, produced by

current density J (r 0(x; y; z)) inside the volume is given by the Ampere-Laplace

law as
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B (r ) =
� 0

4�

Z

G
J (r 0) �

r � r 0

jr � r 0j3
dV0: (1.4.3)

Decomposing the current density into separate components corresponding to the

primary (J p) and volume (J v ) currents as

J (r 0) = J p(r 0) + J v (r 0) (1.4.4)

allows the volume current to be further expressed in terms of an electrical poten-

tial, V , (as the volume current results from the e�ects of the electric �eld on the

medium) as [Sarvas, 1987]

J v (r 0) = � E (r 0) = � � r V(r 0); (1.4.5)

where � is the electrical conductivity of the medium. The resulting current

density is then given by

J (r 0) = J p(r 0) � � r V(r 0) (1.4.6)

and the magnetic �eld, assuming a constant value of� throughout the volume,

becomes

B (r ) =
� 0

4�

Z

G
J p(r 0) �

r � r 0

jr � r 0j3
dV0� �

� 0

4�

Z

G
r V(r 0) �

r � r 0

jr � r 0j3
dV0: (1.4.7)

If � varies throughout the medium then the volume current integral can be per-

formed over several 'compartments', followed by summation of the results. The

conductivity pro�le has no e�ect on the magnetic �eld generated by the primary

current. Applying vector calculus identities to the volume current term, we can

write [Sarvas, 1987]
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r V(r 0) �
r � r 0

jr � r 0j3
= r � V(r 0)

r � r 0

jr � r 0j3
: (1.4.8)

Then applying the generalised Stokes theorem to convert the volume integral to

a surface integral gives the generated �eld as [Geselowitz, 1967]

B (r ) =
� 0

4�

Z

G
J p(r 0) �

r � r 0

jr � r 0j3
dV0 � �

� 0

4�

Z

S
n̂ (r 0) � r V(r 0)

r � r 0

jr � r 0j3
dS0;

(1.4.9)

whereS denotes the surface of the volumeG and n̂ (r 0) is a vector perpendicular

to this surface at r 0.

A common approach in MEG analysis is to assume that the volume has uniform

conductivity and is bound by a spherical surface. This is often referred to as the

single sphere model [H•am•al•ainen et al., 1993]. If only the radial component of

the �eld is considered, i.e. B r (r ) = B (r ) � êr (r ) where êr (r ) is the radial unit

vector at position r , then upon inspection of the volume current term it follows

that

n̂ (r 0) � (r � r 0) � êr (r ) = [ n̂ (r 0) � r � n̂ (r 0) � r 0] � êr (r ) = 0 (1.4.10)

since (̂n (r 0) is parallel with r 0 so n̂ (r 0) � r 0 = 0, and n̂ (r 0) � r is perpendicular

to êr (r 0) so (n̂ (r 0) � r ) � êr = 0. As the volume current term drops out in the

single sphere approximation the radial �eld can be expressed just in terms of the

primary current [Sarvas, 1987]

B r (r ) =
� 0

4�

Z

G
J p(r 0) �

r � r 0

jr � r 0j3
� êr (r ) dV0: (1.4.11)

To estimate the magnitude of the magnetic �eld produced by neuronal currents,

the current density can be approximated by a current dipole,Q inside the volume
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Figure 1.9: The single-shell forward model. The magnetic �eld
measured by a detector at positionr generated by a dipole source
at position r Q oriented along thez axis inside the volumeG.

G at position r Q [Sarvas, 1987]. Concentrating the current source to a single point

allows expression ofJ p using a dirac delta function as

J p(r 0) = Q� (r 0 � r Q ): (1.4.12)

It then follows that the radial component of the measured magnetic �eld is

B r (r ) =
� 0

4�

Z

G
Q� (r 0 � r Q ) �

r � r 0

jr � r 0j3
� êr (r ) dV0; (1.4.13)

and �nally,

B r (r ) =
� 0

4�
Q �

r � r Q

jr � r Q j3
� êr (r ): (1.4.14)

In this model a radial source produces no measurableB r �eld. Constraining the

orientation of Q to the z direction as shown in Figure 1.9 and evaluating the �eld
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inside a singlex � y plane of the volumeG for analysis allows the expression to

be reduced to

B r (r ; � ) =
� 0

4�
jQjj r Q j sin(� )

(jr j2 + jr Q j2 � 2jr jj r Q j cos(� ))3=2
: (1.4.15)

The magnitude of the vector quantities are expressed asjA j and the angle between

r and r Q is � . As a result the measured �eld varies anti-symmetrically with

respect to the angle� for �xed values of r , r Q and Q. The angle � which

produces the maximum measured �eld is found by di�erentiating and given as

the solution to

cos(� ) =
� (jr j2 + jr Q j2) +

p
jr j4 + jr Q

4j + 14jr j2jr Q j2

2jr jj r Q j
: (1.4.16)

An estimate of the variation of the maximum resulting magnetic �eld which is

measured at the surface of the volumeG with source depth, is plotted in Figure

1.10. Here, the 'head' is modelled as a spherical volume with a radius of 10 cm.

An on-scalp detector was assumed such thatjr j = 10 cm. A source magnitude

of jQj = 10 nAm was used (typically values of 1-10 nAm are assumed for MEG

modelling). The depth of the dipole,jr Q j is varied between 1 cm and 9 cm (where

1 cm approximates the cortical surface and 9 cm re
ects deep sources such as the

hippocampus). For each value the angle giving the maximal �eld was calculated

using equation [1.4.16].

The magntitude of the produced magnetic �eld from this single-sphere approx-

imation varies between 3,000 fT to 10 fT as the depth of the 10 nAm source

increases from 1-9 cm. This represents a magnetic �eld which is around 1 billion

times smaller than the magnetic �eld of the Earth (20-80� T) and thus MEG

represents a signi�cant engineering challenge.

For completeness, the remaining (tangential) components of the magnetic �eld
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Figure 1.10: The maximum magnetic �eld measured on the scalp
from a single-shell forward model. Assuming the head is a sphere
of radius 10 cm containing a current dipole of strength 10 nAm.
The �eld is plotted as a function of the source depth for depths
of 1 cm to 9 cm.

B (r ) can be obtained by expressingB (r ) in terms of a magnetic scalar potential

U(r ) (since r � B = 0 outside the head whereJ = 0) as

B (r ) = � � 0r U(r ): (1.4.17)

The expression forU(r ) is derived by Sarvas through evaluation of a line integral

of r U along the radiusr + têr with 0 < t < 1 (U vanishes at1 ) [Sarvas, 1987].

Sarvas de�nes the integral as

U(r ) = �
Z 1

0
r U(r + têr ) � êr dt (1.4.18)

with solution

U(r ) = �
1

4�
Q � r Q � r

F
: (1.4.19)

Here,F = a(ar + r 2 � r Q :r ), a = r � r Q and the vector magnitudesjaj and jr j

are given asa and r respectively.
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Using equation 1.4.17, the complete magnetic �eld vector outside the spherical

conductor model generated by a current dipole can be expressed as [Sarvas, 1987]

B (r ) =
� 0

4�F 2
(F Q � r Q � Q � r Q � r r F ): (1.4.20)

Although simplistic, this so-called 'single-sphere' head model is commonly used

in MEG analysis. More accurate models include the 'multiple-sphere' head model

where a di�erent sphere is chosen for each detector giving a series of overlapping

volumes which better approximates the brain's geometry [Huang et al., 1999].

Boundary element model (BEM) analysis can also be employed, by extracting

the scalp, skull and brain surfaces from a participant's anatomical MRI such that

the exact structure is known [Stenroos et al., 2014]. BEMs are very accurate, but

computationally expensive. With parallel or cluster-based processing becoming

widely available, such methods are increasingly being employed. Modelling of

the additional components of the magnetic �eld can readily be applied in these

cases. As the MEG measurements described in this thesis concentrate on simple

paradigms with sensor coverage limited to speci�c brain regions, the single-sphere

head model is used.
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1.5 The MEG inverse problem

In a MEG experiment it is necessary to reconstruct the neuronal current dis-

tribution which generated the magnetic �elds detected outside the head. This

is the MEG inverse problem. It is mathematically ill-posed as �eld cancellation

means there is an in�nite number of di�erent current distributions which would

produce the same magnetic �eld pattern [H•am•al•ainen et al., 1993]. A considered

approach, taking into account the MEG forward modelling described previously

and several other assumptions is therefore required when addressing this problem.

1.5.1 Lead �elds

The magnetic �eld detected at sensori of a set ofN sensors at timet is expressed

asmi (t). A model of this �eld, as would be generated by a dipole of unit strength

at position r 0, at each detector is given asl i (r 0). Calculated using the forward

model, this is referred to as the 'lead �eld' [Van Veen et al., 1997]. Multiplying

this lead �eld by the actual dipole strength at positionr 0 and time t, q(r 0; t) and

integrating over the volume of interestV givesmi (t) as

mi (t) =
Z

V
l i (r 0) � q(r 0; t) dV: (1.5.1)

This is known as the generative model for MEG. If the volume of interest is the

brain volume as extracted from a MRI scan of the participant, then a simple

approach is to discretise the brain into a series of voxels (typically cubes of side

length 2 - 4 mm are used). Assuming a single dipole exists in each ofj = 1 to

M voxels, the measured �eldmi (t) is given as [Vrba and Robinson, 2001]

mi (t) = � M
j =1 l i;j � qj (t); (1.5.2)
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wherel i;j is the lead �eld at detector i generated by a unit dipole in voxelj . For

all N detectors and allM voxels the matrix equation

m (t) = Lq (t) (1.5.3)

can be written. m (t) is a (N � 1) vector of the magnetic �elds at each detector

as measured by the MEG system,L is the lead �eld matrix with dimensions

(N � M ) constructed using the forward model. The underlying neuronal current

distribution q(t) is then a (M � 1) vector.

In typical MEG analysis M can be on the order of 104 (typical brain size dis-

cretised to a 4 mm grid) andN is typically around 200-300 sensors. As a result

the matrix L is a non-square matrix which is unlikely to have full rank (number

of linearly independent columns) so inversion in the form ofq(t) = L � 1m (t)T

(where T denotes the transpose of a matrix) is not possible without applying

additional constraints.

1.5.2 Beamforming

Many solutions to the inverse problem exist, here particular attention is paid to

the beamformer solution as results using this method are presented in Chapter 4.

Originally developed for radar and communications, the mathematical framework

is also applicable to MEG [Van Veen and Buckley, 1988, Van Veen et al., 1997].

The beamformer aims to �nd anestimate of the current density, q̂� , at a given

position and orientation, denoted by �. The estimate is formed from a weighted

sum of sensor measurements given by

q̂� (t) = w T
� m (t) (1.5.4)
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where,w � is vector of weights of dimension (N � 1) for dipole position and orien-

tation � [Van Veen et al., 1997, Vrba and Robinson, 2001]. The weights vector is

chosen such that activity at � is emphasised and all other activity is suppressed

[Van Veen et al., 1997]. The weights are derived based on a minimisation of the

variance ofq̂� , but with a linear constraint that the signals which are generated

at � remain. The minimisation is expressed as

min
w �

jhq̂2
� (t)ij subject to w T

� l � = 1; (1.5.5)

where l � is the lead �eld for the magnetic �eld measured atN sensors from a

dipole at location �, a column of the matrix L and ĥq2
� (t)i denotes the expectation

value of q̂2
� (t) over time. q̂2

� (t) is expressed as

q̂2
� (t) = w T

� m (t)[w T
� m (t)]T = w T

� m (t)m (t)T w � : (1.5.6)

The covariance matrix,C contains a measure of the covariance of data recorded

across all channels.C is a square matrix of dimension (N � N ), which can be

approximated ashm (t)m (t)T i . The solution for w � is then given as

w T
� =

l T
� C � 1

l T
� C � 1l �

: (1.5.7)

If C is close to singular then regularisation is required to provide a stable solution

of C � 1. Typically, a Tikhonov regularised matrix, C r , of the form C r = C + � I

is used. � is a regularisation parameter, usually some small percentage of the

maximum eigenvalue ofC , and I is the identity matrix (regularisation of this

type is applied in Chapter 6 to design electromagnetic coils).

Although the source orientation is unknown, a common approach is to assume the

source is azimuthally constrained (as a radial source would produce no magnetic
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�eld in the single-sphere model) and to vary the angle� (as introduced in the

forward model derivation) between 0 and� de�ning a new weights vector for

each value of� . The maximum signal to noise ratio for a given location is then

estimated by comparing the 'pseudoZ statistic' from each value of� [Vrba and

Robinson, 2001]. The pseudoZ statistic for a dipole at position r Q is given as

Zr Q ;� =
w T

r Q ;� Cw r Q ;�

w T
r Q ;� Iw r Q ;�

: (1.5.8)

In an MEG experiment involving induced responses it is common to compare

changes in brain activity during stimulation. Trials are separated into two peri-

ods: baseline brain activity, known as the 'control window' and a period where

the stimulation occurs, known as the 'active window'. A separate covariance

matrix is formed for each window. These are written asCa and Cc for the ac-

tive and control periods, respectively. The contrast between the two periods is

calculated for each location � (taking the orientation which gives the maximum

SNR) using a pseudo-T-statistic as [Vrba and Robinson, 2001]

T� =
w T

� Ca w � � w T
� Ccw �

2w T
� Ccw �

: (1.5.9)

Computing this statistic for each position in the brain allows a 'heatmap' of brain

activity to be formed, which highlights regions where the contrast between active

and resting brain activity is highest [Vrba and Robinson, 2001]. For example,

it would be expected that during a �nger movement task the contrast would be

highest over the motor cortex, speci�cally in the �nger and hand region.
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1.6 MEG hardware

The MEG forward problem indicates that the neuromagnetic signals of interest

are of the order 10-3,000 fT in magnitude at the scalp surface within a frequency

range of around 1-100 Hz [H•am•al•ainen et al., 1993]. This signal is many orders

of magnitude smaller than biomagnetic signals generated by other parts of the

body, such as those produced by the beating heart, movements of the eyes and

muscles, as well as signals generated by the movement of magnetic particles that

have been lodged in the lungs by inhalation. Magnetic �elds generated by urban

sources such as cars, trams, trains and electrical equipment also create interfering

magnetic �elds at magnitudes much larger than the brain signals [Vrba, 2000].

The relative magnitudes of these sources compared to the sensitivity of several

magnetometers are shown in Figure 1.11. Housing the MEG system inside a

magnetically shielded room (MSR) can attenuate external sources (as discussed

in Chapter 3), but the biomagnetic interference still requires consideration.

Figure 1.11: Magnetic �eld strengths of biomagnetic signals,
interfering sources and the sensitivity of various magnetome-
ters. Values for biomagnetic and interfering sources taken from
[H•am•al•ainen et al., 1993] and [Hansen et al., 2010]. Magne-
tometer sensitivities taken from [Seltzer, 2008].
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The MEG forward, and consequently inverse problem requires high-quality mea-

sures of the very small magnetic �elds generated by the brain. Commonly used

magnetometers such as Hall e�ect probes, giant magnetoresistance (GMR) sen-

sors or 
uxgates have a sensitivity of roughly 1� T/
p

Hz, 1 nT/
p

Hz and 0.1

pT/
p

Hz, respectively, which is insu�cient for MEG experiments. The state-of-

the-art sensor for measuring very weak magnetic �elds in commercial and research

applications is the superconducting quantum interference device (SQUID), which

typically has a sensitivity of 2-5 fT/
p

Hz [Vrba, 2000].

1.6.1 SQUIDs

SQUID sensors are the key components of current commercial MEG systems.

The SQUID was �rst developed in 1964 [Jaklevic et al., 1964, Zimmerman et al.,

1970] and the �rst MEG measurements were performed by Cohen in 1972 [Cohen,

1972]. Whole-head systems became the norm in the early 2000s [Vrba, 2000].

Superconductivity is a phenomenon arising when certain materials are cooled to

a low enough temperature such that they have no electrical resistance. Current

can then pass through the material unimpeded [Bardeen et al., 1957]. The tem-

perature at which this occurs is material-dependent and referred to as the 'critical

temperature' Tc. Superconductivity has vast applications such as in MRI where

the continually 
owing current in superconductive wires allows the generation of

large magnetic �elds, which would not be achievable with resistive electromag-

nets.

Described by the Bardeen, Cooper and Schrie�er (BCS) theory, electrons in the

material 'pair-up' when the critical temperature is reached and can be described

with a single macroscopic wavefunction, as many of these boson-like pairs can

exist in the same quantum state [Bardeen et al., 1957]. In a ring of supercon-

ducting material the wavefunction is constant throughout the ring leading to the

30



MEG hardware

Figure 1.12: Schematic and voltage characteristic of a SQUID
formed from a superconducting ring broken by two Josephson
junctions. A) An applied magnetic �eld Ba results in an in-
duced 
ux � a inside the ring which can be measured if a known
bias current I B is applied to the SQUID. B) In negative feedback
operation the �eld dependent voltage is held around an operat-
ing point by applying a 
ux which opposes� a to avoid ambigu-
ous measurements of a periodic function. Figure adapted from
[H•am•al•ainen et al., 1993] and [Hansen et al., 2010].

quantisation of 
ux passing through it. This 
ux quantum is equal to � 0 = 2:07

Wb and induces a current in the ring. This so-called 'shielding current' maintains

a constant 
ux throughout the ring. The value of the shielding current depends

on the applied 
ux and the inductance of the ring.

A measurement of the shielding current of a superconducting ring placed in a

magnetic �eld would therefore provide a measure of the applied �eld, but doing

so would break the ring and 
ux quantisation would disappear as the quantum

coherence is destroyed. If however, the ring is broken by only a very thin layer

of electrically insulating material then the wavefunction can tunnel through the

insulator as shown in Figure 1.12A [Josephson, 1962]. These so-called Josephson

junctions give rise to a 
ux-dependent resistance across the SQUID. If a known

bias current is applied then a change in 
ux will be re
ected in the voltage

measured across the ring (see Figure 1.12) [Hansen et al., 2010].

The voltage versus 
ux characteristic of a SQUID is a sinusoidal function if

the change in 
ux is less than an integer step of �0 [H•am•al•ainen et al., 1993].

31



MEG hardware

Figure 1.13: Pickup coils and 
ux transformers to enhance sensi-
tivity. A) The 
ux transformer allows the induced 
ux generated
by a current (shown in green, e.g. from a neuron) to be gathered
over a larger area by a pickup coil (orange) and then transferred
to the SQUID (blue). B) Di�erent pickup coil arrangements. i)
simple magnetometer measuring the 
ux over a single loop. ii)
Planar gradiometer which measures the di�erence in 
ux gath-
ered by the two loops, this system is sensitive to sources directly
beneath the coils and reduces the strength of interfering �elds.
iii) Axial gradiometer, the di�erence in �eld is measured at two
points with increased radial separation from the head, again re-
ducing the strength of interfering sources. Figure adapted from
[Hansen et al., 2010]

The periodic response of �0 makes a magnetic �eld measurement ambiguous

[H•am•al•ainen et al., 1993]. As a result SQUIDs are often run in a negative feedback

mode, where a '
ux-locked loop' involves applying additional 
ux that opposes

the 
ux which is induced in the ring in order to keep the SQUID at a known

operating point as shown in Figure 1.12B. The size of the feedback signal is

therefore equivalent to the negative of the applied 
ux in the SQUID and can

be used as a measure of the magnetic �eld [Hansen et al., 2010]. By operating

SQUIDs in this mode, �eld values which exceed a single 
ux quantum can be

measured.

To increase sensitivity, SQUIDs are generally inductively coupled to a supercon-

ducting pickup coil using a 
ux transformer, which can collect 
ux from a larger

area (typically 1-2 cm) than a SQUID (around 1 mm) as shown in Figure 1.13A

[Vrba, 2000, Vrba and Robinson, 2001]. Adding a second 'compensation' coil

32



MEG hardware

connected in series with the pickup coil can decrease the e�ects of interfering

sources. These 'gradiometer' con�gurations comprise two loops wound in oppo-

site directions, such that the measured 
ux re
ects the gradient of the magnetic

�eld passing through the two coils [Vrba and Robinson, 2001]. Axial and pla-

nar gradiometers are shown in Figure 1.13B. Sources which are far away from

the gradiometer produce �elds that are nearly homogeneous in magnitude over

the coils due to the slower rate of decay of magnetic �elds and gradients with

increasing distance from the source meaning a gradiometric measurement is al-

most zero. Fields from nearby sources (i.e. the brain signals) decay more quickly

with distance and their gradient is larger and consequently their signal is boosted

relative to that from distant sources of interference.

1.6.2 Commercial SQUID based MEG systems

Commercial systems contain around 200-300 sensors with the pickup coils and

SQUIDs contained in a dewar �lled with liquid helium as shown in Figure 1.14A

[Hansen et al., 2010]. These dewars require �lling with around 50-100 litres of

liquid helium which has to be replenished as the supply boils o�. A vacuum

separates the dewar and sensors from the surface of the MEG system. The

participant then places their head inside a 'helmet' which contains the pickup

coils (the SQUIDs are displaced further inside the dewar) providing coverage of

the whole brain.

The Canadian thin �lms (CTF) MEG system (CTF, Coquitlam, BC, Canada)

at the University of Nottingham is shown in Figure 1.14B and contains 275 axial

gradiometers as well as a reference array positioned away from the head, providing

synthetic third-order cancellation of magnetic interference.

The head is localised within the helmet via head position indicator (HPI) coils

attached to known reference points on the head of the participant [Gross et al.,
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Figure 1.14: Whole-head coverage MEG system. A) Sketch of
the liquid helium dewar used to house the SQUIDs and the pickup
coils. Adapted from [Hansen et al., 2010] B) The CTF-MEG
system at the University of Nottingham with seated participant,
the dewar can also be tipped so that the participant can be scanned
supine.

2013]. Current at a known frequency is passed through these coils generating a

magnetic �eld. The data measured by the SQUIDs thus reveals the position of

the HPI coils relative to the SQUID array. The head and HPI coil locations are

digitised using either a Polhemus digitiser or optical methods and coregistered to

the MRI, giving the position of the brain with respect to the sensors as required

for inverse modelling [Gross et al., 2013]. This can either be done at the beginning

and end of a scan to ensure the particpant has not signi�cantly moved during a

session or continuously so that the head position can be dynamically updated.

1.6.3 Limitations of SQUID systems

SQUID gradiometer con�gurations are commonly used in commercial MEG sys-

tems [Hansen et al., 2010, Gross et al., 2013]. This, along with the MSR allows

for signi�cant reduction of the magnetic �eld interference arising from unwanted
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sources, thus maximising the brain signal and minimising the interference. How-

ever, the lowTc materials require cryogenic cooling to a temperature of 4 K using

liquid helium, placing several limitations on SQUID-based MEG systems:

� To ensure the surface of the helmet is at room temperature there must be a

vacuum between the head and the pickup coils producing a minimum scalp

to sensor distance of roughly 2 cm. This results in a decrease in signal

magnitude with a 1/r 2 dependence.

� As the sensors are �xed in position, the same system is used to scan all

head sizes and consequently the scalp-to-sensor distance increases further

for children, as a result of their smaller head-size. Signal-to-noise ratio

therefore, is a function of head size making it di�cult to scan children.

� The �xed sensor positions reduce the available paradigms due to the immov-

able nature of the system, making experiments addressing social interaction

and spatial navigation challenging.

� The spatial frequencies of the measured �elds are reduced due to the large

scalp to sensor distance, again translating to a limiting factor in the spatial

resolution that can be achieved.

� In a typical scan head movements of no more than� 5 mm are permitted

[Gross et al., 2013]. Although several approaches for compensating for head

movement within the con�nes of the helmet have been developed [Nenonen

et al., 2012, Taulu et al., 2005, Wehner et al., 2008], large motion of the

head away from the helmet remains a problem due to loss of signal, which

cannot be compensated for in post-processing.

� Liquid helium is a costly and �nite resource. Although modern systems

have recycling facilities a re�ll is periodically required (two times a week,

or once a year with a recycling system) resulting in signi�cant running

costs.
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� MSRs are expensive and di�cult to site, requiring a solid foundation in a

large room to accommodate multiple metal layers.

As a result, it is desirable to develop a MEG system which is cost-e�ective and

universal. The ability to scan across the lifespan from newborns to adults would

provide a wealth of neuroscienti�c information. Scanning participants who can-

not remain still during experiments such as most patient populations (especially

those with Tourette's syndrome or Parkinson's disease) and infants would be of

great interest. Although use of a MSR is most likely still a requirement, any re-

duction in operational or installation costs would permit greater takeup of MEG

technology: for example, presently (2019) only 10 MEG facilities are currently

operating in the UK but many more sites could bene�t from access to a MEG

system. On-scalp sensing of magnetic �elds by a system which is tailored to the

individual, based on a liquid-helium-free sensor could overcome these disadvan-

tages.
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1.7 On-scalp MEG

The variation in signal strength with source depth when measuring MEG signals

is shown in Figure 1.15 for three cases: �rstly, measuring the magnetic �elds with

detectors placed on the scalp, secondly with a detector positioned 2 cm from the

scalp (as in the majority of cases for a SQUID sensor) and �nally for a sensor

placed 4 cm from the scalp (this spacing or even larger could occur for a child).

The maximal measured �eld was calculated using the forward model parameters

outlined in Section 1.4. An order of magnitude di�erence in magnitude is observed

for these fairly small changes in scalp to sensor distance.

Figure 1.15: The maximum magnetic �eld measured by a mag-
netic �eld sensor using a single-shell forward model for di�er-
ent scalp-to-sensor distances. The model assumes the head is a
sphere of radius 10 cm with a dipole strength of 10 nAm. The
measured �eld is plotted as a function of the source depth for
depths of 1 cm to 9 cm.

Quantitative studies into the bene�ts of recording MEG signals closer to the

brain than can be achieved with SQUID-based systems have been performed

in simulation. Boto and colleagues employed a beamformer study comparing

the simulated data from a CTF-MEG system to a hypothetical on-scalp array.

Results showed an increase in signal to noise ratio (SNR) by around a factor

of 4 could be achieved if a detector with similar sensitivity to a SQUID could
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be placed a few mm from the scalp surface [Boto et al., 2016]. Improvements

in spatial resolution over the cortex were also observed due to the sampling of

higher spatial frequencies that can be achieved.

Iivanainen and colleagues produced similar results comparing a Neuromag (Elekta,

Stockholm, Sweden) whole-head, SQUID-based MEG system to simulated on-

scalp arrays using BEM forward models and minimum-norm inversion methods.

This work shows the theoretical improvements in SNR, spatial resolution and

information content of the on-scalp array versus the SQUID system [Iivanainen

et al., 2017]. These improvements are lesser for deeper sources, but still outper-

form SQUID systems in most cases.

In order to detect MEG signals on the scalp, a di�erent type of magnetic �eld

sensor is required, which is not limited by the need for liquid helium. From Figure

1.11 three candidate sensors are highlighted: the High-Tc SQUID, the nitrogen

vacancy (NV) centre and the optically pumped magetometer (OPM).

1.7.1 High Tc SQUIDs

By forming the main ring of the SQUID with a material which has a higher

Tc than in a standard SQUID, the device can be cooled using liquid nitrogen

instead of liquid helium. This increases the dewar temperature to 77 K and

reduces the insulation requirements needed between the scalp and the sensor,

resulting in around 1 mm separation [Andersen et al., 2017, Riaz et al., 2017].

Development of a 7-channel High-Tc SQUID system is ongoing with evoked and

induced responses being measured using devices with sensitivities of around 50

fT/
p

Hz [Pfei�er et al., 2019]. Whilst promising, such a system would still require

a dewar for operation meaning that the subject would have to remain still, thus

limiting its prospects in providing MEG measurements on infants or those with

movement disorders.
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1.7.2 Nitrogen vacancy centre

A nitrogen impurity at the site of a carbon atom inside a diamond leaves a

vacancy in the lattice structure. This NV centre has a simple quantum structure

which through the use of a microwave source and a laser can form a magnetically

sensitive state with long coherence time at room temperature [Rondin et al.,

2014]. NV centres have been used to perform magnetic resonance experiments

with high spatial resolution, producing images of proteins and within a single cell

[Shi et al., 2015, Wang et al., 2019]. A miniaturised version of the technology

could be applied to on-scalp MEG, but the current sensitivity of> 100 pT/
p

Hz

makes them ill-suited at present [Dale and Morley, 2017]. The requirement for a

microwave source near the head of a participant is a potential disadvantage.

1.7.3 Optically pumped magnetometers

The OPM exploits the properties of a gas of alkali atoms via a process called

optical pumping. A magnetically sensitive state can be prepared and interro-

gated using laser light [Budker and Jackson Kimball, 2011]. The OPM operates

without cryogenic cooling, but requires heating to an atomic species dependent

temperature (e.g. 150� C for Rubidium-87) in order to achieve coherence times

suitable for magnetometry [Allred et al., 2002].

The �rst MEG measurements with an OPM occurred in 2006 [Xia et al., 2006] but

recent developments in miniaturising OPMs have led to commercially available

sensors (QuSpin Inc., Colorado, USA) with a scalp to sensor distance (6 mm),

external temperature (< 45� ), footprint (13 mm � 9 mm), bandwidth (1-130 Hz)

and sensitivity (< 15 fT/
p

Hz) which are all suitable for on-scalp MEG [Shah

et al., 2018]. The construction of a multi-channel, OPM-based, MEG system

presents an exciting challenge.
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Chapter 2

Optically-Pumped

Magnetometers

2.1 Introduction

Optically-pumped magnetometers (OPMs) have the potential to vastly impact on

the �eld of magnetoencephalography (MEG) and neuroscience in general [Boto

et al., 2016, Iivanainen et al., 2017]. With 
exible sensor placement, myriad

opportunities for neuroscienti�c and clinical investigations on participants who

are free to move become available. In order to develop an OPM-based MEG

system, careful consideration of the physics which govern optical magnetic �eld

measurements must be taken.

Optical magnetometers with high sensitivity were �rst developed in the 1960s by

applying light sources which are resonant with atomic transitions to atomic pop-

ulations. This generates a magnetically sensitive system which can be probed

to obtain a measure of local magnetic �eld [Bell and Bloom, 1957, Bell and

Bloom, 1961]. Optical magnetometers have been developed with a sensitivity

which rivals, and sometimes exceeds, that of superconducting quantum interfer-
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ence devices (SQUIDs), the state-of-the-art devices for detection of very weak

magnetic �elds [Dupont-Roc et al., 1969, Kominis et al., 2003]. Despite these

achievements in sensitivity, early systems were bulky and required housing on an

optical laboratory bench.

Recent developments in the �eld have allowed the miniaturisation of optical mag-

netometers and these have prompted an interest in applying the technology to

MEG [Shah et al., 2007, Schwindt et al., 2007, Knappe et al., 2010]. Signi�-

cant advancements in microfabrication techniques have lead to multiple sensor

designs, all with noise levels on the order of a few tens of femtotesla, comparable

in most cases with the noise levels of a SQUID.

The �rst MEG measurement using OPMs which was reported was of an auditory

evoked response in 2006 [Xia et al., 2006]. Multiple MEG experiments have since

been performed, involving measurement of evoked e�ects following auditory or

somatosensory stimulation [Borna et al., 2017, Boto et al., 2017, Johnson et al.,

2013, Johnson et al., 2010, Sander et al., 2012]. Changes in the alpha and beta

rhythms have also been observed [Boto et al., 2017, Kamada et al., 2015, Sander

et al., 2012]. OPMs have also been used to detect biomagnetic signals generated

by both adult [Bison et al., 2009, Kamada et al., 2012] and foetal heartbeats

[Batie et al., 2018].

The �nal step towards realising the potential of OPMs as a neuroscienti�c tool

was the commercialsiation of sensors leading to production in large quantities

such that whole-head MEG systems can be built. QuSpin Inc. (Louisville, Col-

orado, USA) was setup in 2012 as a spin-out company from sensor-development

work performed at the National Institute of Standards and Technology (NIST)

and are producing commercially available, o�-the-shelf OPMs, with the sensi-

tivity needed to perform MEG experiments [Shah et al., 2018]. FieldLine Inc.

(Boulder, Colorado, USA) are also manufacturing OPMs for MEG applications,
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Figure 2.1: On-scalp MEG recordings made with a single QuSpin
OPM sensor. A) The scanner-cast designed based on the MRI
scan of a participant with 13 slots for OPM placement. B) Par-
ticipant lying down wearing the scanner-cast with OPM (thick
black cable). C) The evoked response obtained via stimulation of
the median nerve, the OPM signal is four times the size of the
SQUID sensor with the highest magnitude. D) Source localisa-
tion comparing SQUID recordings to the OPM recording showing
good agreement. Figure adapated from [Boto et al., 2017].

though this thesis concentrates on the QuSpin device. Through the availabil-

ity of such devices the construction of a multi-channel MEG system based on a

standard, reproducible magnetic �eld sensor is achieveable.

Boto and colleagues used a single QuSpin OPM sensor placed inside a 'scanner-

cast' to perform source-localised measurements of an evoked response generated

via stimulation of the median nerve [Boto et al., 2017]. The scanner-cast was 3D-

printed based on a magnetic resonance imaging (MRI) scan of a participant such

that the sensor position and orientation with respect to the brain was known, as

shown in Figure 2.1A. They moved a single sensor across 13 di�erent positions and
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recorded brain activity produced by median nerve stimulation at each position

(Figure 2.1B). An increase in signal of four times was observed when comparing

results to a SQUID recording as shown in Figure 2.1C. Through combining all

13 datasets, source localisation was achieved as shown in Figure 2.1D.

This chapter outlines the relevant theory which governs the principle of operation

of the QuSpin sensor allowing detection of weak magnetic �elds around a zero-

�eld resonance.
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2.2 The QuSpin OPM

OPMs exploit the quantum mechanical property of spins in an ensemble of alkali

atoms to measure very small magnetic �elds [Budker and Jackson Kimball, 2011].

The QuSpin OPM is a vector magnetometer with a simple operational procedure

[Shah et al., 2018]:

� A vapour of alkali atoms is formed inside a glass cell via heating.

� Optical pumping is used to prepare the ensemble of atoms in a magnet-

ically sensitive state by placing a laser such that its circularly-polarised

beam passes through the cell; the angular momentum of the laser light is

transferred to the single unpaired electron of the alkali metal atom which

drives a transition between energy levels.

� Once all the spins in the system have been `optically pumped' the absorp-

tion of the laser light is minimised; the intensity of the transmitted laser

light is detected on the other side of the glass cell by a photodetector and

is maximal when the ensemble has been optically pumped.

� This so-called `dark state', where the atoms do not interact with the cir-

cularly polarised laser light source, only exists when the magnetic �eld

experienced by the cell is precisely zero in the direction perpendicular to

the laser beam.

� If the cell is in a non-zero magnetic �eld environment then the atoms in

the ensemble interact with the �eld and then are re-pumped, resulting in a

drop in the intensity of the transmitted laser light.

� By monitoring the intensity of the transmitted light using a photodiode, the

magnetic �eld experienced by the atoms can be inferred. The photodiode

signal is referred to as a zero-�eld resonance with a Lorentzian line shape.
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