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1. Introduction

The brain is the most complex organ in the human body. As an example of
the complexity of the brain, its outermost layer, the cerebral cortex, consists
of at least 20×109 nerve cells [1] that each make roughly 5 000–10 000
connections [2, 3]. This complexity allows partly the brain its complicated
mechanisms that support, e.g., cognition and consciousness. Needless to
say, a system as complex as the brain is enormously difficult to study and
measure.
The perfect measurement instrument for studying the brain would be
a machine that could record every single action happening in the living
brain without interrupting it. In practice, however, our instruments give
only a coarse and noisy picture of the inner workings of the brain. In-
formation theory [4, 5] allows a convenient expression of this fact. From
the information-theoretic point of view, the measurement instrument es-
tablishes a communication channel between the brain and the observer.
The other way to say that we get coarse measurements is to say that this
channel has a limited bandwidth and loses information about the brain
activity.
The brain can be measured noninvasively with many different tech-
niques, which all have their own limitations for the bandwidth. Functional
magnetic resonance imaging, monitoring the hemodynamics in the brain,
has relatively high spatial resolution but lacks temporal precision. In
electroencephalography (EEG), the electric potential generated by the elec-
trical activity of the brain is recorded on the subject’s scalp. EEG has high
temporal resolution but lacks spatial detail as the potential is smoothed
by the different tissues of the head [6]. On the other hand, in magne-
toencephalography (MEG) the magnetic field generated by the electrical
activity is measured. Like EEG, MEG has high temporal resolution, but
the magnetic field passes through the tissue layers relatively unaffected
[7]. However, the spatial bandwidths of current MEG instruments are
limited by the relatively large measurement distances of the field with
respect to the subjects’ brains due to restrictions in the sensing technology:
the used superconducting sensors limit the measurement distance to at
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Introduction

least 2 cm from the scalp. Within those distances, the field amplitude
and the number of spatial degrees of freedom in the field have decayed
considerably.
The spatial bandwidth of MEG can be increased by bringing the measure-
ment sensors right on the scalp. This is made possible by recent progress in
optical magnetometry [8] as sensors suitable for on-scalp sensing of MEG
have become available. These sensors are commonly called as optically-
pumped magnetometers (OPMs). This Thesis considers how to establish
on-scalpMEG using OPMs and quantifies how much the spatial bandwidth
can be increased.
The aims of the four studies comprising the Thesis are introduced next.
Then, the background to understand the characteristics of the magnetic
fields of the brain is given in Section 3.1. The following Section 3.2 reviews
the state-of-the-art practices of MEG. Thesis then gives an overview of
OPMs and describes how the the spatial bandwidth of MEG can be in-
creased in practice. The main results of the publications are summarized
in Section 4 and the implications of the Thesis are discussed in Section 5.

12



2. Aims of the Thesis

The aims of the Thesis were roughly twofold. First, the improvement
in the spatial bandwidth and resolution of MEG resulting from on-scalp
sensing was studied theoretically and with simulations. Second, an on-
scalp MEG system utilizing OPMs was constructed and the system was
used to measure neuromagnetic responses. The aims of the individual
studies I–IV were as follows.

I To compare signal amplitudes as well as spatial resolution and band-
width of different on-scalp sensor arrays with a state-of-the-art array
of superconducting sensors.

II To develop both a theoretical framework to analyze the energy and
the spatial degrees of freedom of the continuous magnetic field and a
method to design optimal spatial sampling schemes of MEG.

III To construct an on-scalp OPM-MEG system including system elec-
tronics and shielding of external magnetic interference.

IV To measure neuromagnetic responses with the developed OPM-MEG
system and compare the responses to those measured with a state-of-
the-art MEG system that uses superconducting sensors.

13





3. Background

3.1 Magnetoencephalography: Theory

3.1.1 Cellular origins

Information processing in the brain involves electric currents in the form
of flow of electrically charged ions. These currents in turn generate a
magnetic field, or neuromagnetic field. Giving the complexity of the brain
and the enormous number of ion flows in any time instant, it is remarkable
that fields of such currents sum up coherently to produce a magnetic field
that can be measured outside the head. Understanding the origins of
neuromagnetic fields is then equivalent to understanding the possible
coherent currents that can give rise to the observed neuromagnetic fields
with amplitudes in the range 10 fT – 1 pT [7]. In the following, I will
review the events involved in neuronal communication with the aim of
delineating the sources of the neuromagnetic field.
A neuron (or a nerve cell) consists of a soma (containing cell nucleus),
dendrites and an axon. A neuron is shown schematically in Fig. 3.1. In a
computational sense, the neuron can be roughly understood as an organic
"device" that maps input into a binary output. The dendrites serve as the
receiving ends of the neuron and integrate the inputs, while axon projects
out of the soma and carries the output of the neuron.
Information transfer in and between neurons occurs chemically and elec-
trically. Chemical transfer occurs in synapses that provide an interface
between the axon of the upstream presynaptic neuron and the dendrite
of the downstream postsynaptic neuron (see Fig. 3.1). Electrically infor-
mation is transferred by means of current flows in the dendrites and by
electric impulses, or action potentials (APs), travelling in axons. Next,
the typical chain of events involved in the information transfer between
neurons is reviewed, starting from the moment when AP reaches the end
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Dendrites

Nucleus

Axon

Presynaptic neuron Postsynaptic neuron Synapse

Figure 3.1. Communication between neurons. Two neurons are shown schematically
together with a closeup of a synapse that provides an interface between them.
Action potential triggers release of neurotransmitters from vesicles into the
synaptic gap. The neurotransmitters bind to receptors in the postsynaptic cell
which opens up ion channels through the cell membrane.

of the axon (the axon terminal) of the presynaptic neuron.
The presynaptic neuron stores neurotransmitters in vesicles at the axon

terminal. When the impulse reaches the axon terminal it triggers a re-
lease of these neurotransmitters into the gap between the axon of the
presynaptic neuron and the dendrite of the postsynaptic neuron. The
neurotransmitters diffuse through the synaptic cleft and bind to receptors
in the dendrite. As a result, the receptors change their shape and open up
ion channels through the cell membrane which allow specific ions to pass.

The opening of the ion channels will alter the transmembrane poten-
tial of the postsynaptic cell. In rest, the neuron holds an equilibrium
transmembrane potential of about −70 mV resulting from both passive
and active mechanisms holding certain ion concentrations inside the cell
(e.g., [7]). When the ion channels open, the ions are able to move along
their concentration gradients so that the transmembrane voltage changes
locally, i.e., a postsynaptic potential (PSP) is generated. If the resulting po-
tential is less/more negative than the equilibrium potential, PSP is called
excitatory/inhibitory.

The local changes in the transmembrane voltage are associated with an
electric field and a current along the postsynaptic dendrite which decays
exponentially with a distance from the synapse (e.g., [7]). The local exci-
tatory/inhibitory PSPs in the dendrites sum up at the root of the axon, or
axon hillock, and alter its potential. If the potential at axon hillock reaches
around −55 mV, the neuron fires an AP. AP is then a threshold phenom-
ena or all-or-none event. The AP consists of depolarizing front followed
by repolarization, propagates fast (1–100 m/s [9]) along the axon until it
reaches the axon terminal and triggers the release of neurotransmitters.

The neural communication thus involves flow of charged ions in three
different forms: ions flowing through the cell membrane, postsynaptic
currents in the dendrites and currents involved in the propagation of APs.
To see the contribution of these currents to the total magnetic field, the
microscopic current configurations in the cell are examined next.
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Action potential

Propagation

Postsynaptic potential

Figure 3.2. Schematic drawings of current patterns for postsynaptic potential and action
potential. The currents in the membrane drive electric currents in the extra-
and intracellular space of the neuron. When viewed sufficiently far away, the
current patterns look like those generated by current dipoles (gray arrows).
Right-hand-side drawing is inspired by Fig. 9a of Ref. [12].

It is typically assumed that the intra- and extracellular space of the
neuron are resistive, so that the currents in those regions are driven by
the electric field as �J = σ�E, where σ is the conductivity [10, 11]. The
cell membranes, in contrast, are assumed non-resistive meaning that,
inside them, there are more complex driving forces of current such as the
ion diffusion along the concentration gradient as described before. The
currents in the cell membranes are called impressed currents and can be
taken to be the microscopic source both for magnetic and electric field.
Impressed currents drive currents in the resistive intra- and extracellular
space via the electric field they create. The currents in the resistive media
can be conveniently modeled in terms of secondary currents at conductivity
boundaries including microscopic boundaries such as the cell membrane
and macroscopic boundaries such as the brain–skull boundary [10, 11].
The current patterns for PSP and AP are shown in Fig. 3.2.

Magnetic field is generated by currents in the cell membrane as well
as those in the intra- and extracellular space. The remarkable thing is
that the contribution of the impressed currents to the magnetic field is
negligible in comparison to the secondary currents [13]. For example, in
the case of AP, the field due to the secondary currents is estimated to
be 107–1012 times higher than that of the impressed current [11, 14, 15].
When considering the magnetic field, the source term that is responsible
for the magnetic field in the first place can be thereby neglected.

When viewed sufficiently far, the intra- and extracellular current pattern
looks like that of current dipoles with associated return currents closing the
current loops (Fig. 3.2). A current dipole consists of a current source and a
sink, i.e., regions of influx and efflux of charged ions. Mathematically, the
amplitude of the current dipole is Q = Id, where I is the current and d is
the distance between the source and sink. As seen from Fig. 3.2, the PSP
can be modeled with one current dipole with a magnetic field decay of form
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Figure 3.3. Macroscopic sources of MEG. The microscopic current dipoles representing
postsynaptic currents in the apical dendrites of cortical pyramidal neurons
sum up to macroscopic current dipoles. The macroscopic dipoles lie in the
gray matter and are oriented perpendicular to the cortical surface. Red circles
denote the cortical regions that generate the largest neuromagnetic fields
outside the head. The panel on the right is modified from a drawing by Ramón
y Cajal (1888).

1/r2 while AP comprises two opposite dipoles with a field decaying roughly
as 1/r3.

The amplitude of the current dipole of a single cell can be estimated to
be around 0.2–0.9 pAm [16]. Neglecting the return currents flowing in
the head, the magnetic field due to a current dipole with an amplitude of
0.2 pAm at a distance of 2 cm (approximating the brain–sensor distance)
is ∼50 aT. The amplitude of the magnetic field due to a single-cell dipole
is then far too small compared to those measured typically with MEG.
Summation of fields of multiple dipoles is therefore needed to explain the
measured neuromagnetic fields.

As explained before, the contribution of the impressed currents to the
magnetic field is negligible. Moreover, it is unlikely that APs make a
considerable contribution to the neuromagnetic field. Compared to PSPs,
APs are much faster so that their temporal summation is more unlikely.
The fields due to APs also decay as a function of distance faster than those
due to PSPs. The postsynaptic currents are thereby the most likely to
produce the fields measured with MEG. Continuing the above calcula-
tion, to reach signal amplitude of 500 fT, about 10 000 neurons should be
synchronously active. In cortex, the parallel arrangement of the apical
dendrites of cortical pyramidal neurons allow summation of the fields of
that many postsynaptic currents (see Fig. 3.3). The intracellular postsy-
naptic currents in the apical dendrites of the pyramidal neurons are then
the main source of MEG signals.

3.1.2 Field equations

From the MEG point of view, the macroscopic magnetic-field source can be
taken to be the primary-current distribution �Jp(�r) representing the spatial
average of postsynaptic currents of individual neurons. The primary-
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current distribution is often discretized to a set of current dipoles that
follow the average anatomical orientations of the apical dendrites (Fig.
3.3). Each dipole then represents thousands of active neurons. As the
postsynaptic currents are associated with return currents, the macroscopic
primary currents may be associated with volume currents that flow in the
tissue volume and are driven by the electric field �Jv(�r)=σ(�r)�E(�r). The total
macroscopic current is then �J(�r)= �Jp(�r)+σ(�r)�E(�r).
The magnetic field due to the total current is given by Maxwell’s equa-
tions. In a general case, electric and magnetic field are interconnected
through their time derivatives in Maxwell’s equations: time-varying elec-
tric field generates magnetic field and vice versa. However, due to the
electrical parameters of the head tissues in the frequencies of interest
in MEG (below 1 kHz, typically below 100 Hz), the time derivatives can
be neglected (e.g., [7]; for a discussion see Ref. [17]). The approximation
is called quasistatic: sources can vary in time, but the equations do not
contain time derivatives. Maxwell’s equations are then

∇·�E = ρ/ε0 (3.1)

∇·�B= 0 (3.2)

∇×�E =−∂�B
∂t

≈ 0 (3.3)

∇×�B=μ0�J+μ0ε0
∂�E
∂t

≈μ0�J, (3.4)

where ρ is the charge density and μ0 and ε0 are permeability and per-
mittivity of free space. As in the static case, the electric field can be
represented with a scalar potential �E =−∇V (�r) so that the total current is
�J(�r)= �Jp(�r)−σ(�r)∇V (�r).
The solution of the quasistatic Maxwell’s equations for the magnetic field
is the Biot–Savart law

�B(�r)= μ0

4π

∫ �J(�r ′)× (�r−�r ′)
|�r−�r ′|3 dV ′ = μ0

4π

∫
[�Jp(�r ′)−σ(�r ′)∇′V�r ′)]× (�r−�r ′)

|�r−�r ′|3 dV ′,

(3.5)
where�r and�r ′ are the positions of observation and current. If the head is
assumed to be piece-wise linear and isotropic conductor, the Biot–Savart
law is [10]

�B(�r)= μ0

4π

∫ �Jp(�r ′)× (�r−�r ′)
|�r−�r ′|3 dV ′+ μ0

4π

K∑
k=1
(σk

+−σk
−)

∫
Sk

V (�r ′) �dS ′× (�r−�r
′)

|�r−�r ′|3 , (3.6)

where K is the number of conductivity boundaries, σk− and σk+ are con-
ductivities inside and outside the boundaries. In the macroscopic case,
formula (3.6) then tells that the magnetic field of the volume currents flow-
ing in the whole conductor can be obtained by placing equivalent current
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(σk+−σk−)V (�r) on the conductivity boundaries oriented along the boundary
normals. Instead of having current dipoles driving volume currents in
the whole conductor, formula (3.6) gives an alternative picture of current
dipoles in an infinite conductor with conductivity boundaries replaced by
layers of equivalent currents.
To see the basic properties of the neuromagnetic field, it is instructive to
study the solution of the field in a spherical conductor. Such ’sphere model’
is a relatively simple approximation for the conductor geometry of the
head, but nevertheless provides an analytical tool to investigate the effect
of the volume currents in MEG. Assuming that the conductivity in the
sphere model depends only on the distance to the origin σ=σ(r), the sphere
can be considered a continuous collection of spherical shells representing
the conductivity boundaries. The magnetic field can be thereby calculated
using Eq. (3.6) in the limit

∑
k →

∫
.

The first important property of the neuromagnetic field is that the con-
tribution of the volume currents in the spherical model vanishes to the
radial component of the field Br = �B · êr. This is readily seen from Eq. (3.6)
by considering vectors and products between them: when �dS ′ = dS′ êr and
�r = rêr the volume-current contribution vanishes as [êr × (rêr −�r ′)] · êr = 0.
In a realistic geometry, the magnetic field component normal to the head
is therefore expected to be less affected by volume currents. The second
property is that radial currents do not produce any magnetic field outside
the spherical conductor [7]. This is due to the high degree of symmetry in
the sphere: outside the conductor the field of the volume currents cancels
that of the radial dipole [18]. In the brain, the primary currents in the gyri
are oriented "radial"1: they are oriented almost parallel with the normals
of the conductivity boundaries (Fig. 3.3). Their fields, then, are expected to
be small. MEG is thus most sensitive to (tangential) currents in the sulcal
walls (see Fig. 3.3). Publication I examines the relative contributions of
primary and volume currents to different components of the neuromagnetic
field in a realistic geometry.

3.1.3 Temporal and spatial characteristics

The frequencies of interest in the neuromagnetic field range from ∼0.5 Hz
to about 1 kHz [19]. Figure 3.4 presents a typical spectrum of spontaneous
brain activity recorded from a resting subject. Generally, the power in the
resting-state spectrum decreases as a function of frequency. The spectrum
usually has narrow peaks in specific frequencies (e.g., at 10 Hz) or broader
increases in frequency ranges (e.g., around 20 Hz) that are embedded in
a 1/ f component [20]. The power peaks and increases in wider bands are
typically attributed to be generated by synchronous neural oscillations

1Radial refers to spherical coordinates and thereby makes sense only in a spherical
geometry.
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Figure 3.4. Spectrum (left) and spatial coherence (right) of the neuromagnetic field. The
spectra and coherence were estimated from data measured with OPMs (Gen-
1.0 QZFM, QuSpin Inc., Louisville, CO, USA) with a subject resting (blue)
and in the absence of a subject (orange). Spatial coherence is estimated with
magnitude squared coherence computed between two nearby sensors.

or rhythms [21], while the 1/ f component represents aperiodic signal
suggested to be correlated with population average firing rate of action
potentials (e.g., [22, 23, 24]). The magnitude-squared coherence of the
neuromagnetic field measured with two nearby magnetometers from a
resting subject is shown in Fig. 3.4. The spatial coherence also decreases
with increasing frequency.

The spectrum of neuromagnetic signal is typically divided to frequency
bands. Most typical is the division to delta (1–4 Hz), theta (4–8 Hz), alpha
(8–12 Hz), beta (12–30 Hz), low gamma (30–60 Hz), high gamma (60–
250 Hz), and fast ripples (200–400 Hz) [20]. The division is motivated
by the frequency ranges of the microscopic neural oscillations. The bulk
of the MEG signals is usually in the band 1–80 Hz [19]. Though, some
higher frequency signals such as axonal ∼600 Hz bursts [25] and > 80-Hz
high-frequency oscillations in epilepsy [26] can be also seen.

It is often of interest to quantify how the neuromagnetic field measured
from the resting subject changes when the subject receives stimulation
(such as a presentation of an image) or engages in a task. The possibly
baseline-contrasted change in the field is called the neuromagnetic re-
sponse. The responses can be divided roughly to time- or phase-locked
evoked responses and non-phase-locked induced responses [27, 28]. Both
of these can be quantified in time–frequency domain to see how the power
in the neuromagnetic field changes as a function of time and frequency.
A well-known example of a time–frequency response is the increase of
alpha-oscillation power when the subject closes eyes [29]. Typically, when
the subject engages in a task or receives stimulation, the power in lower
frequencies (alpha and beta) decreases while gamma power increases (e.g.,
[30, 31]). Additionally, the gamma-power increases are usually spatially
more focal than the suppressions of the lower frequency rhythms (e.g.,
[30, 32]).

The division of the neuromagnetic field to frequency bands is convenient
but artificial. As stated before, the division is partly motivated by the
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frequencies of the neural oscillations. However, the oscillation waveforms
are not sinusoidal and do not fit necessarily to narrow frequency bands
due to, e.g., presence of harmonics [33]. The approach to bin the signals
to frequency bands then might cause misinterpretations and confusion of
different phenomena. This has been recently discussed, as in the visual
cortex there are two often conflated responses both in the gamma range
but with different spatial, temporal and spectral characteristics as well as
different stimulus dependencies [34, 35]. These ’gamma types’ are termed
as narrow- and broadband gamma, NBG and BBG, respectively. NBG is
spectrally confined to the gamma band, appears oscillatory and is induced
mostly by grating patterns as well as color stimuli with long-wavelength
hues [35]. BBG, in contrast, is non-oscillatory, spreads to broad frequency
range and is induced by any visual stimulus [34, 35]. From the spectral
point of view, BBG has been suggested to appear as an amplitude increase
of the 1/ f spectral component reflecting neuronal firing rates [22, 23]. In
Publication IV, these two types of neuromagnetic gamma responses were
measured and quantified.

3.1.4 Sampling

The neuromagnetic field varies continuously in time and space. In practice,
the continuous field is sampled with magnetic-field sensors discretizing the
field in both time and space. Specifically, in MEG, the field is sampled with
an arrangement of sensors outside the head, whose output is read with a
certain sampling frequency fs. The spatial arrangement of the sensors and
fs should be chosen so that the continuous field can be reconstructed from
the samples.
In the time domain, Shannon–Nyquist or Whittaker–Kotel’nikov–Shan-
non sampling theorem [36] gives the required sampling frequency: for a
perfect reconstruction, fs should be larger than twice the highest frequency
in the signal of interest B, i.e., fs > 2B. As stated before, the interesting
brain signals are typically below 100 Hz, suggesting fs ≈ 200 Hz. However,
real-world signals are not bandlimited: their energy is not confined to
a particular frequency band but extends everywhere in the frequency
domain. If such signals would be sampled with fs ≈ 200 Hz, aliasing errors
would occur due to signal energy outside the assumed signal band. In
practice, the signal is oversampled and an anti-aliasing low-pass filter is
used to confine the signal energy. For example, in the case that frequencies
below 100 Hz are of interest, fs can be 500 Hz and low-pass filter cutoff at
130 Hz so that signal energy above the Nyquist frequency fs / 2= 250 Hz is
greatly reduced.
In spatial domain, it is more complicated to design a sensor arrange-
ment that allows accurate reconstruction of the field. However, simplified
geometries and restriction to uniform placing of the sensors allow ana-
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lytical calculations for the sensor spacing. For example, calculations in
half-infinite conductor model suggest that the spacing should be roughly
the distance of the sensors to the closest neural current dipole [37]. The
closest neural sources are roughly 1.5 cm from the scalp giving sensor
spacing about 1.5 cm on the scalp.
The sensor spacing can be also calculated semi-analytically using the
sphere model. In the following, I will calculate the number of sensors
needed to sample the radial component of the magnetic field on a spherical
surface with a radius R outside the head. The calculation summarizes
the analytical and theoretical techniques of sampling and describes the
amplitude and spatial detail of the field as a function of the measurement
distance. The calculation also serves as an introduction to the simulations
done in Publication I and Publication II. Specifically, I analyze how many
samples are needed to achieve 99% of the field energy on the surface
[37, 38]. This gives a bound of 1% for the reconstruction error of the field
without noise (see Publication II).
In the context of sampling, the function of interest is usually represented
with a set of basis functions in the domain, where the samples are taken.
Typically, a frequency basis is used. When the domain is a surface, the
frequency basis can be obtained by solving the eigenvalue equation of the
negative Laplace–Beltrami ∇2|| operator [39, 40, 41, 42]

−∇2||u= k2u, (3.7)

where u are the eigenfunctions forming the frequency basis and k2 are the
eigenvalues (squared frequencies). In the case of a spherical surface, the
equation is [43]

−∇2||Ym
l = l(l+1)Ym

l , (3.8)

where the eigenfunction Ym
l is a spherical harmonic with a degree l and an

order m=−l,−l+1, . . . , l−1, l. The spatial frequency of Ym
l is

�
l(l+1). All

2l+1 spherical harmonics with a degree l have the same frequency: orders
m then represent different "phases". Fig. 3.5A gives an illustration of the
spherical harmonics.
The spherical harmonics form an orthonormal basis on the sphere with
respect to the inner product

〈Ym
l ,Y

m′
l′ 〉 =

∫
Ω
Ym

l Ym′∗
l′ dΩ= δll′δmm′ , (3.9)

where the integral is taken over the full solid angle and δll′ is the Kronecker
delta. Any well-behaving function f (θ,ϕ) on the sphere can be described
using the spherical harmonics as (e.g., [38])

f (θ,ϕ)=
∞∑
l=0

l∑
m=−l

clmYm
l (θ,ϕ), (3.10)

23



Background

0 2 4 6 8 10 12
l

0

20

40

60

80

100

Cu
m

ul
at

iv
e 

en
er

gy
 (%

)

4 mm
20 mm

En
er

gy

2 4 6 8 10 12
l

10 13

10 12

10 11

10 10

10 9

100 101
Spherical harmonics degree l

10 3

10 2

10 1

100

Tr
an

sf
er

 fu
nc

tio
n

4 mm
20 mm

A

B

C

l = 0

l = 1

l = 2

l = 3

Figure 3.5. Representation of the magnetic field on a sphere. A: Visualization of spherical
harmonics. Rows and columns correspond to degrees l and orders m, respec-
tively. B: Transfer function of the radial component of the magnetic field from
a sphere with radius R = 9.2 cm to two spheres with radii R+4 mm and R+20
mm. C: Energy spectrum of the radial component of the magnetic field on two
spherical surfaces. The magnetic field is due to a tangential dipole inside a
spherical conductor.

where clm are coefficients, which squared |clm|2 comprise the energy spec-
trum of f ; Parseval’s relation states that the energy of the function is∫ | f |2dΩ=∑

l
∑

m |clm|2. For a bandlimited function, the series representa-
tion can be truncated so that the sum over l is taken at maximum to B. To
reconstruct the bandlimited function on the sphere, one sampling theorem
needs 2B2 samples [44]. To get the number of samples with the sampling
theorem, the radial field component should be described in the form of Eq.
(3.10), i.e., the coefficients clm should be computed.

In a source-free volume, it holds for the static magnetic field that both
∇ · �B = 0 and ∇× �B = 0; the magnetic field can then be represented as a
gradient of a magnetic scalar potential �B = −μ0∇U, which in turn obeys
Laplace’s equation ∇2U = 0. The general solution to Laplace’s equation in
spherical coordinates is [45]

U(r,θ,ϕ)=
∞∑
l=0

l∑
m=−l

(αlmr−l−1 +βlmrl)Ym
l (θ,ϕ), (3.11)

where αlm and βlm are coefficients and r is the distance from the origin.
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The magnetic field is obtained as a gradient

�B(�r)=−μ0∇U(�r)=−μ0
∞∑
l=0

l∑
m=−l

(
αlm∇(r−l−1Ym

l (θ,ϕ))+βlm∇(rlYm
l (θ,ϕ))

)

(3.12)

=−μ0
∞∑
l=0

l∑
m=−l

(
αlmr−l−2√(l+1)(2l+1)�Vlm(θ,ϕ)

+βlmrl−1
√

l(2l+1)�Wlm(θ,ϕ)
)
, (3.13)

where �Vlm and �Wlm are vector spherical harmonics, whose vector compo-
nents consist of spherical harmonics and their angular derivatives [46, 47].
The components described by coefficients αlm diverge as r → 0: they rep-
resent fields due to sources close to origin. By contrast, βlm components
diverge as r→∞ so that these components represent fields from far-away
sources. I assume that all sources are inside the head so that βlm = 0. The
radial field component is then

Br(r,θ,ϕ)= �B · êr =μ0

∞∑
l=0

l∑
m=−l

αlm
l+1
rl+2

Ym
l (θ,ϕ), (3.14)

as �Vlm · êr =−(l+1)Ym
l /

�
(l+1)(2l+1).

Equation (3.14) gives the radial field component in the form of Eq. (3.10).
The coefficients αlm are determined by the current distribution inside the
head. The energy in the lth component decays as a function of distance
as |clm|2∝ r−2l−4. The higher the spatial frequency of the component is,
the faster is the energy decay in that frequency. The relative energies, or
transfer functions, between squared coefficients |clm|2 at different distances
of the head are shown in Fig. 3.5B. To obtain the highest field energies and
the highest spatial frequencies, it is therefore key to detect the magnetic
field as close to the head as possible. Publication II generalizes the above
treatment to a realistic geometry and examines the energy and the spatial-
frequency spectrum of the magnetic field on measurement surfaces with
different distances from the head.
Next, I estimate the number of sensors needed to sample the field on two
spherical surfaces at two distances from the spherical head. I assume that
the head radius is 9.2 cm and that the measurement surfaces are 4 mm
and 2 cm away from the head. I assume that the field of interest is due
to a tangential current dipole that is closest to the scalp in an adult head,
giving roughly a scalp–dipole distance of 1.5 cm. I calculate the magnetic
field of the current dipole using the Sarvas formula that gives the field
outside a spherical conductor [48].
Figure 3.5C shows the energy spectrum of the dipole field on the two
measurement surfaces as well as the cumulative energy of the expansion
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(3.10) as a function of l. To reach 99% of the total energy, it is needed l = 13
on the closer surface and l = 8 on the more distant surface. According to
the sampling theorem, 338 and 128 spatial samples are thereby needed
on those surfaces. As the distance to the source decreases, the higher
spatial frequencies contain more energy and more samples are needed to
achieve a field representation with a low error. In other words, the field
contains more detail that is additionally more "accessible" when the field
is measured closer.
The above analysis assumed that point-like samples of the field are taken.
In reality, the field is sampled with a sensor that has a sensitive volume
with some dimensions. The sensor outputs the field reading as integrated
through that volume. The spatial integration by the sensor can be viewed
as low-pass spatial filtering [49]. Sensor itself then acts as an anti-alias
filter: by choosing the dimensions of the sensitive volume, the filter cutoff
with respect to the field bandwidth can be adjusted to reduce aliasing.
Besides of samples that integrate the field, also gradient samples can be
taken. By taking gradients of Br along transverse directions, multiple
independent measurements at one location can be obtained [37]. More-
over, also the transverse or tangential field components can be sampled
(Publication I).
In practice, the measurement contains noise that limits the number of
basis-function coefficients clm that can be estimated accurately. In the
presence of noise, the spatial bandwidth of the sensor array (as understood
in the sense of Sec. 1) can be evaluated using the Shannon’s channel
capacity or total information [5]. To compute the total information, the
noise and redundancies in the samples have to be taken into account by
whitening and orthogonalizing the measurements (Publication II). The
total information can be calculated using the orthogonal channels as

I = 1
2

∑
k

log2(Pk+1), (3.15)

where Pk is the signal-to-noise ratio (SNR) of the kth orthogonal channel.
The total information has been used in many previous studies to quantify
MEG sensor arrays ([50, 51, 52, 53]; Publication I). Publication II shows
the relation of the total information to the sampling problem and uses it
as an objective function for determining optimal sampling locations.

3.2 Magnetoencephalography: Practice

The small amplitude of the neuromagnetic field (10–1000 fT) necessitates
sophisticated measurement equipment. First, extremely sensitive sensors
are needed to achieve adequate SNR. Second, sensor arrays with hundreds
of sensors covering whole head are desired to get a good representation of

26



Background

the field (Sec. 3.1.4). Though, the necessary sensor number depends on the
desired use case as discussed in Publication II and Publication IV. Third,
the measurements must be shielded from external magnetic interference
that is often about 108–109 larger than the fields of the brain [7, 54].

3.2.1 Sensor arrays

The very first MEG measurement was published in 1968 by David Cohen
[55]. In the study, he measured MEG with a conventional induction mag-
netometer. Heavy signal averaging was needed to increase the SNR of
the MEG signals as the noise level of the induction magnetometer was
high. Couple of years later David Cohen measured MEG again with a
superconducting quantum interference device (SQUID) magnetometer [56].
The SQUID enabled more practical measurement than the induction mag-
netometer as the high sensitivity of the SQUID gave better measurement
SNR. Since then, SQUID has been the main sensor used in MEG. From
the first single-channel MEG measurement with a SQUID it took about
20 years until the first whole-head SQUID device with 122 channels was
introduced in 1993 [57].
Currently, the state-of-the-art MEG devices sample the neuromagnetic
field with hundreds of SQUIDs with sensitivities around 3 fT/

�
Hz dis-

tributed uniformly on whole-head one-size-fits-all rigid helmets. For exam-
ple, a 306-channel commercial MEG device (MEGIN Oy, Helsinki, Finland)
has triple-sensor elements in 102 positions on the helmet. Each triple-
sensor element samples the field normal component and its transverse
gradients.
As implied by the name, SQUIDs are based on the phenomena of super-
conductivity and necessitate ultra-cold temperature to reach the super-
conductive state. For that purpose, the SQUID sensors in an MEG device
are immersed in a dewar filled with liquid helium (boiling point 4.2 K).
The dewar is heavy and needs a support called gantry. The dewar and
the gantry make the state-of-the-art MEG devices rather large and bulky.
Moreover, the necessary thermal insulation between the superconducting
sensors and the subject sets the sensor-to-scalp distance to at least 2 cm.

3.2.2 Magnetic shielding and interference rejection

Magnetic shielding of MEG measurements can be achieved in several ways.
Theoretically, the basic principle of shielding is provided by the solution
of the Laplace’s equation in spherical coordinates (Eq. (3.12)). According
to the solution, the interference fields (originating from far-away sources)
can be represented as

�B(�r)=−μ0
∞∑
l=0

l∑
m=−l

βlmrl−1
√

l(2l+1)�Wlm(θ,ϕ). (3.16)
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Shielding can be roughly understood as both hardware- and software-based
methods aiming at reducing these components while preserving the compo-
nents representing the neuromagnetic field. Generally, the coefficients βlm

behave similarly as αlm in the case of sources in the brain: the highest en-
ergies tend to be in the lowest orders l, or in the lowest spatial frequencies.
Considering shielding, the components in the expansion (3.16) are then
sorted in an order of importance. For example, the field components corre-
sponding to l = 1 are homogeneous, while the components corresponding to
l = 2 are the five first-order gradients.
Hardware methods Usually, passive as well as active magnetic shielding
are employed. In passive shielding, the measurement is surrounded by
materials that essentially block the external interference fields from enter-
ing the measurement volume. Passive shielding at low frequencies (below
∼10 Hz) is achieved with high-permeability materials such as mu-metal.
Such materials shunt the magnetic field by providing it a path within
the material that it "prefers" to follow. At higher frequencies, conduc-
tive materials provide shielding: external time-varying magnetic fields
induce eddy-currents in the material whose field opposes the external field.
Typically, SQUID-based MEG-devices are shielded by housing them in
magnetically shielded rooms (MSRs) comprising layers of materials with
high permeability (mu-metal) and conductivity (aluminium) [58].
In active shielding, the external field is compensated by generating a field
that opposes it. A typical active shielding system includes sensors for mea-
suring the interference fields, coils for generating the cancellation fields
and electronics that calculate and supply currents to the coils. The setup
can be run both in feedforward and feedback modes. In the feedforward
mode, the output of a sensor located outside the coils is used to drive the
coils. In a typical operation, feedforward method provides shielding factor
of 10–50 against homogeneous interference fields [54]. In the feedback
mode, the sensors are inside the coils, and coil currents are adjusted using
negative feedback keeping the field at zero at the location of the sensors.
Using the feedback mode, low-frequency shielding factor of 100 is typically
achieved ([59, 60]; Publication III).
In both active shielding operation modes, the coils and sensor locations
play an important part dictating the performance of the system. For
efficient shielding, the coil fields should match those due to interference. If
the dominant modes of interference are known, coils that produce exactly
the fields of those could be designed in principle [61]. In practice, coils that
generate the lowest-order interference field components (3.16) are more
commonly used: either homogeneous components and first-order gradients
(Publication III; [60, 62]) or typically just approximately homogeneous
field components [58, 59, 63]. Additionally, the sensor locations should be
chosen so that accurate estimates for the interference fields (or coil fields)
can be made. For example, in the feedforward mode, a single three-axis
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fluxgate magnetometer is typically used outside the coils to sample the
three homogeneous field components [54]. In the feedback mode, reference
sensors outside the measurement volume or the measurement sensors
themselves can be used. The reference sensor array is typically configured
so that it can sample the homogeneous components and gradients [60,
62]. If the measurement sensors are used to run the feedback, linear
combinations of the sensor outputs estimating the coil fields are used
(Publication III; [61, 64]).
Another hardware-based interference rejection is sensor gradiometriza-
tion. Gradiometers measure the gradient of the field and thereby reject
common-mode interference. In MEG applications, either planar gradiome-
ters measuring the transverse gradients or axial gradiometers measuring
the longitudinal gradient of the normal field component are typically used
[65].

Software methods In addition to hardware methods that try to block the
interference from entering the measurements, software methods that re-
duce interference in the measured signals can be used. Like hardware
methods, software methods should suppress interference while preserving
the neuromagnetic fields. Intuitively, the software methods then separate
the signals from interference using the measured data, e.g., by transform-
ing the data to a space, where the signal and interference are clearly
separable. There are various methods for software interference rejection; I
will give a brief introduction to a couple of them.
The simplest of the software methods may be temporal filtering, which
reduces signal power in a specific frequency range. A common example
is application of a notch filter to reduce the amplitude of the 50-Hz line
noise (Fig. 3.4). Additionally, high-pass filtering can be used to remove
low-frequency field noise.
Spatial sampling of the sensor array can be also made use of to separate
signal from interference. In signal-space projection [66], dominant inter-
ference components are projected out from the measured data. Usually,
the interference components are sought statistically from data that is mea-
sured preferably without a subject. In this Thesis, signal-space projection
was used in Publication III and Publication IV to reduce interference. In
signal-space separation [67], the signal and interference components are
determined using the solution for the magnetic field in spherical coordi-
nates (Eq. (3.12)), which directly separates them as discussed before.

3.2.3 Source estimation

The neuromagnetic signals recorded with the sensors are used to make
inference about the brain and its function. The inference can be sometimes
made directly from the sensor signals, but often it is of interest to estimate
the neural sources that generate the measured fields. In the following, I
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will discuss how these sources can estimated.
Mathematically, the measurements y of N sensors are related to the M
neural source amplitudes x by a linear matrix equation [68]

y=Lx+n, (3.17)

where L is the N ×M lead-field matrix that relates the sources to the mea-
surements and n is the measurement noise. The columns of L represent the
field patterns of the sources as measured by the sensors, while rows give
the sensitivity patterns, or lead fields, of the sensors at the sources. The
source amplitudes can be estimated from the equation when the sources x,
field patterns L and noise n are modeled.
As described in Sec. 3.1.2, the primary-current distribution is often
discretized to a set of current dipoles that follow the anatomical orientation
of the apical dendrites in the cortex. This gives a priormodel for the sources
in Eq (3.17): the sources are assumed to be point-like current dipoles
distributed on the grey-white matter boundary of the subject’s cortex
oriented normal to the boundary. The source positions and orientations
can be derived from the subject’s magnetic resonance (MR) images.
The fields of the sources at the sensors, i.e., the lead-field matrix L
can be computed when the conductivity geometry of the subject’s head
as well as the sources are modeled. If the head is assumed piecewise
homogeneous isotropic conductor, the Geselowitz formula (3.6) gives means
to compute the field. As only the conductivity boundaries have to be
modeled, boundary element method (BEM) gives a suitable numerical
framework for computing the field (e.g., [7, 69, 70]). As in the case of
sources, the subject’s MR images can be also used to derive the conductivity
boundaries. Typically, only the inner skull boundary is modeled [71].
Though, it is recommended to use boundaries separating the brain, skull
and scalp compartments [72]. The field can also be calculated with finite
element method when, e.g., tissue anisotropy is modeled [73, 74]. BEM
in conjuction with anatomical models derived from MR images for the
conductivity geometry as well as for the sources was used in Publication I,
Publication II and Publication IV to compute the magnetic field.
To estimate the source amplitudes, the measurements by the sensors as
well as the models (derived from MR images) have to be transformed to
the same coordinate system, i.e., they have to be coregistered. In practice,
the coregistration is done by localizing magnetic dipoles attached to the
subject’s head (e.g., [75]). Before MEG measurement, the magnetic dipoles
as well as the head surface and a set of anatomical landmarks on it are
digitized. When the subject is inside the MEG scanner, the dipoles are
excited and the MEG sensor array is used to localize them. The localized
dipoles are aligned with the coordinates determined by the digitization,
and the digitized anatomical landmarks are aligned with those identified
in MR images.
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When the models are built and the coregistration is performed, the
source amplitudes can be sought using Eq. (3.17). By assuming that the
source and noise amplitudes, x and n, respectively, are Gaussian with
spatial covariance matrices Kx and Σ, the Bayesian maximum a posteriori
estimate for the source amplitudes is [68]

x̂=KxLT (LKxLT +λ2Σ)−1y, (3.18)

where the regularization parameter λ2 is introduced as a scaling of the
source covariance with 1/λ2. The estimate is commonly called the minimum-
norm estimate (MNE) as it solves the following L2 minimum-norm problem

argmin
x

‖(y−Lx)TΣ−1(y−Lx)‖2+λ2‖xTK−1
x x‖2, (3.19)

where ‖ · ‖ is the L2 vector norm. The MNE was used in Publication I to
compare the simulated source-estimation performance of sensor arrays
with different distances from the scalp.
Besides using the MNE to estimate the sources from the field samples, it
has a theoretical connection to spatial sampling as discussed in Publication
II. Assuming that the field can be represented with a covariance matrix in
some basis, i.e., the field is a Gaussian random field, the posterior mean
of the basis-function coefficients after measurements can be computed
with the MNE. The basis can be abstract, such as the eigenbasis of the
Laplace–Beltrami (LB) operator (Eq. (3.7)), e.g., spherical harmonics in a
sphere. Also, the field eigenbasis obtained by the eigendecomposition of the
field kernel (defined by the source covariance and lead fields) can be used,
bridging the source-estimation and the sampling problem (Publication II).
When the coefficients (e.g., coefficients of the LB basis functions or source
amplitudes) are known, the field can be reconstructed, i.e., interpolation
can be performed [76].
Besides MNE, other commonly used method to estimate the sources is

beamforming [77]. Beamformer is an adaptive spatial filter that is applied
to the data. The filter is forced to pass the source activity at one location,
while attenuating the contribution of the other locations. Dynamic imaging
of coherent sources (DICS) is one type of beamformer that uses the signal
cross-spectral density to localize the frequency-specific sources [78]. DICS
was used in Publication IV to estimate the gamma-band sources.

3.3 Optically-pumped magnetometers

Cryogenics complicate the SQUID-MEG systems. First, the large dewars
make the devices rather bulky. Second, the ultra-cold sensors necessitate
thermal insulation between them and the subject’s head setting the sensor-
to-scalp distance to at least 2 cm. As described in Sec. 3.1.4, the field
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energy (especially at high spatial frequencies) has decayed at that distance,
so that spatial resolution of SQUID devices is compromised. Third, the
rigid helmet is not adjustable to head size and shape, further increasing
the measurement distance, especially with children.
Novel sensors have lately matured that could be used inMEG to overcome
the limitations of the SQUID devices. Such sensors include optically-
pumped magnetometers (OPMs; [8]) and high-Tc SQUIDs [79, 80]. Both
sensors allow construction of on-scalpMEG, where the sensors are placed
within millimetres of the scalp. Simulations have shown that on-scalp
MEG arrays should yield higher signals, better spatial resolution and
higher total information (Publication I; [53, 81]).
High-Tc SQUIDs are based on superconductivity and need similar instru-
mentation as low-Tc SQUIDs such as a dewar. OPMs in contrast are based
on very different physical principles, namely interactions between light,
atoms and magnetic field. OPM instrumentation is therefore somewhat
different, e.g., no cryogenics are needed so that individual sensors with
small footprints can be made [82].
In this Thesis, one of the aims was to develop an on-scalp MEG system

with OPMs. In this section, I will give an introduction to the measurement
principles and physics of OPMs as well as a general overview of MEG-
related OPM technology.

3.3.1 Overview

Spin is a fundamental quantum-mechanical property of a particle repre-
senting its intrinsic angular momentum. In a non-zero magnetic field �B,
spin precesses around the field with Larmor frequency

ω= γ|�B|, (3.20)

where γ is the gyromagnetic ratio. This simple principle is the basis of
OPMs as the precession frequency serves as an indicator of the magnetic
field strength. To use Larmor precession for detecting magnetic field in
practice, an ensemble of coherent spins has to be created and its precession
monitored. In OPMs, both of these steps are done using light.
In a nutshell, the working principle of an OPM is the following (see
Fig. 3.6). A collection of atoms, or an atom ensemble, is spin polarized
using a method called optical pumping [83]. In optical pumping, resonant
polarized light is used to transfer angular momentum to the atoms so
that most of them will occupy the same magnetically sensitive energy
level. The atom ensemble has then a non-zero average spin. The spin
polarization undergoes Larmor precession in a magnetic field, which alters
the optical properties of the ensemble. By monitoring the transmission of
light through the atom ensemble, the alterations can be detected giving an
indicator of the magnetic field strength.
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Figure 3.6. Schematic illustration of the working principle of an optically-pumped magne-
tometer. Light is used to spin polarize atom ensemble inside a vapor cell. The
spin polarization undergoes Larmor precession in a magnetic field. By moni-
toring light transmission, the precession can be detected giving an indicator
of the magnetic field strength.

3.3.2 Physics

I will give an introduction to OPM physics using the rubidium isotope
87Rb as the example atomic species. I will not go to details but present the
general principles that are needed to understand OPMs from atomic energy
levels to obtained field readings. For a more comprehensive introduction
tailored to neuroimaging experts, I refer to the review by Tierney et al.
[84].

Energy levels and angular momentum The atom energy levels are given
by the time-independent Schrödinger equation as the eigenvalues of the
Hamiltonian operator. For an atom, the eigenvalues (energy levels) and
eigenstates (wave functions) are discrete. The energy and the quantum
state of the atom depends on the states of its nucleus and electrons.

Only atom states with specific angular momentum of the nucleus and the
electrons are eigenstates of the Hamiltonian, so that angular momentum
is an important factor defining the possible energy levels of the atom. As
already mentioned, spin (�S) is one (quantum) form of angular momentum
that is intrinsic to the particle. Another form of angular momentum is
orbital angular momentum (�L) that can be interpreted "classically" as
a result from the orbital motion of the particle. In quantum mechanics,
the angular momenta are operators, whose amplitude is given by |�X | =�

X (X +1)�, where � is the reduced Planck constant, �X is the angular
momenta and X is the angular momentum quantum number.

Rubidium and other alkali metal atoms have only one valence electron;
their energy can be approximated by considering the nucleus and just
the valence electron [85]. This simplifies both the theoretical treatment
and the practical manipulation of the quantum state of these atoms. The
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total angular momentum (�F) of a 87Rb atom is then the sum of the nuclear
angular momentum (�I) and the angular momentum of the valence electron
(�J): �F =�I+�J. Further, the electron angular momentum is the sum of its
spin and orbital angular momentum: �J = �S+�L. The quantum numbers
for these angular momenta assume only certain values that define the
possible values of the total atom angular momentum and also energy.
These possible values for 87Rb are examined next.
In 87Rb, the electron spin quantum number S is 1/2 and orbital angular
momentum L can take values 0, 1, 2, 3 and 4 [84]. The quantum number
L defines the gross energy structure that is further split due to different
interactions (illustrated in Fig. 3.7 for the ground state and the first
excited state of 87Rb). The interaction between the orbital motion of the
electron and its spin results in fine structure splitting. The resulting
allowed values of J defining the total angular momentum of the electron
are integers between |L−S| and L+S. For the 87Rb ground state, L = 0,
only J = 1/2 is allowed, while for the L = 1 state, J is either 1/2 or 3/2.
Again, the fine structure is split due to interaction between the angular
momenta of the nucleus and the electron yielding the hyperfine structure.
The allowed values of F range from |J− I| to J+ I. For 87Rb I = 3/2 [86], so
L = 0, J = 1/2 and L = 1, J = 1/2 states are split into F = 1 and F = 2 states.
Correspondingly, L= 1, J = 3/2 state is split into four states in which F is
either 0, 1, 2 or 3.
In a magnetic field, the hyperfine states are further split into Zeeman
sublevels which are parameterized by a quantum number |mF | ≤ F de-
scribing the projection of the angular momentum on some quantization
axis z: Fz = mF� [87]. The Zeeman energy-level splitting ΔEL depends
on the magnetic-field amplitude and gives rise to Larmor precession with
frequency ω=ΔEL/�= γ|�B| [85]. For 87Rb, gyromagnetic ratio is γ≈ 2π×7
Hz/nT [85]. The energy-level diagram of 87Rb with the splittings is shown
in Fig. 3.7.

Optical pumping The quantum state of the atom changes if the atom
absorbs or emits energy. Light can be used to manipulate the state of the
atom by making it either absorb or emit energy. To drive an energy-state
transition with light, it has to meet certain conditions for its energy and
angular momentum, which are examined next.
Light is quantized and the light quantums are called photons. A photon

with frequency ω carries energy E = �ω= hc/λ, where c is the speed of light
in vacuum and λ is the wavelength of the light. The photon also carries
angular momentum of � [87]. The projection of the photon angular mo-
mentum on a quantization axis depends on its polarization: left and right
circular polarized photons have projections of +1 and −1, while linearly
polarized photons have a projection of 0 [87].
In radiative atom transitions driven by light both energy and angular
momentum must be conserved. If the atom is absorbing or emitting a pho-
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Figure 3.7. Energy level diagram of 87Rb showcasing the energy level splittings of the
lowest energy states. The transition from L = 0, J = 1/2 to L = 1, J = 1/2 is
called D1 transition, while that from L = 0, J = 1/2 to L = 1, J = 3/2 is D2
transition. The wavelengths of the D1 and D2 transitions are about 795 and
780 nm, respectively [86]. The hyperfine splitting of L= 1, J = 3/2 state is not
shown.

ton, the energy of the photon must be equal to the energy-level difference
of the states involved in the transition. For example, the D1 transition of
87Rb (see Fig. 3.7) can be driven using light with a wavelength of ∼795
nm [86]. Additionally, the conservation of angular momentum means that
only certain transitions are allowed. For alkali atom electric-dipole transi-
tions, the following angular momentum selection rules apply for the atom:
ΔL=±1, ΔS = 0 and ΔmF = 0, ±1 [87]. These transitions can be driven with
photons with proper energy and polarization.

In addition to light-driven transitions, transitions may occur via spon-
taneous emission in which an atom in the excited state decays to a lower
energy state by spontaneously emitting a photon with a wavelength given
by the energy-level difference of the states. For spontaneous emission, the
same angular momentum conservation rules apply.

In OPMs, the atom ensemble should be spin polarized meaning that the
majority of the atoms should occupy the same Zeeman sublevel. In optical
pumping, the ensemble is spin polarized by driving atomic transitions
with light. As the atoms decay from the excited states spontaneously,
there is inherently "competition" between the light-driven transitions and
spontaneous decay. Next, the optical pumping of 87Rb by exciting D1
transitions with (left) circularly polarized light with a wavelength ∼795
nm is described.

Due to the circular polarization, the light photons carry angular mo-
mentum with a projection of +1. In the D1 transition, the atom magnetic
quantum number will then increase by one and the atom will occupy the
Zeeman sublevel of the excited state with mF +1 with respect to the initial
hyperfine state (see Fig. 3.7). The atom in the excited state will decay by
spontaneous emission to any of the ground state Zeeman sublevels allowed
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by the selection rules (ΔmF = 0, ±1) with an equal probability. As the pump-
ing continues, the atoms are continuously excited from the ground state
and decay spontaneously from the excited state. The atoms will evidently
become trapped to the ground state Zeeman sublevel F = 2, mF = 2 as the
light cannot excite these atoms: there is no excited state matching the
transition energy with mF = 3. The majority of the atoms now occupy the
same Zeeman sublevel: the atom ensemble is spin polarized. The light now
passes through the atomic medium without absorption. The atoms precess
coherently in a magnetic field.

Relaxation The spin polarization has a certain lifetime T as the pop-
ulation of the atoms in the Zeeman sublevel decreases due to various
mechanisms. The precessing atoms lose their phase coherence, and the
spin polarization relaxes. The relaxation mechanisms include collisions
of the atoms with each other and collisions of the atoms with the walls of
the cell they reside. Moreover, the cells include also other atoms than the
optically-pumped atoms for, e.g., slowing down diffusion. These atoms also
cause relaxation as the polarized atoms collide with them as well. Also,
magnetic field inhomogeneities cause relaxation.
The collisions between the atoms can be divided to spin-exchange (SE)
and spin-destruction (SD) collisions. In SE collisions, total spin is conserved
but the direction of the electron spins of the colliding atoms can reverse.
When colliding, the polarized 87Rb atoms then move between the hyperfine
levels F = 2 and F = 1. The SE collisions "scramble" the population of the
two hyperfine levels causing relaxation of the spin polarization as the
atoms in the two hyperfine levels precess approximately with the same
frequency, but in opposite directions [85]. In SD collisions, total spin is not
conserved and the spin is transferred to orbital angular momentum [85],
relaxing the spin polarization as well.
The total relaxation rate can be written as a sum of the rates of individual
relaxation processes [85, 88]

1
T

=RSD+RSE+RW+RO, (3.21)

where RSE and RSD are relaxation rates due to atom–atom SE and SD
collisions, RW is the relaxation rate caused by the cell walls and RO includes
all other relaxation mechanisms. The relaxation rate due to collisions can
be described using a general collision rate: R = nσv̄, where n is the density
of the atoms, σ is the collision cross section and v̄ is the relative thermal
velocity [85].
Usually, SE collisions dominate the total relaxation rate as their collision
cross section is large. For example, for rubidium atoms, the SE cross section
is σSE = 1.9×10−14 cm2 [85, 89], while SD cross section is about 10−3 times
smaller σSD = 1.6×10−17 cm2 [85, 90]. The relaxation due to SE collisions
can be, however, suppressed, when the SE rate is larger than the Larmor
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frequency. The conditions to achieve this suppression include low magnetic
field and high atom density, usually called spin-exchange relaxation free
(SERF) regime [91]. In this regime, due to rapid collision rate, the atom
spends only small amount of time in one hyperfine state during a period of
Larmor precession. Because of the larger atom population in the F = 2 state,
the atoms spend more time in that state, effectively leading to a coherent
precession of the atom ensemble. In the SERF regime, the relaxation time
is therefore dictated by processes with much smaller relaxation rates: SD
collisions, relaxation due to walls and other additional mechanisms. The
disappearance of spin-exchange broadening was first discovered by Happer
and Tang [92] and subsequently analysed by Happer and Tam [93]. The
idea was then utilized in magnetometry to increase the sensitivity [91].

Bloch equation When the atoms are probed with a light beam by monitor-
ing the absorption or polarization rotation of the beam with photodiodes,
the output voltage of the photodiode will be proportional to the component
of the spin polarization along the light beam direction [94]. To get the
voltage reading or the output of the magnetometer, the behaviour of the
spin polarization in the magnetic field has to be quantified.
In the SERF regime, the spins precess coherently and their behavior can
be described using a single Bloch equation for the spin polarization vector
�P [95, 96, 97, 98]

d�P
dt

= γ�P ×�B− 1
T
�P + 1

Tp
(�P0−�P). (3.22)

The first term describes the spin precession around the magnetic field.
The second term describes the spin relaxation with a relaxation time T.
The third term describes the optical pumping towards the steady-state
polarization �P0 with rate 1/Tp. With a little modification, equation (3.22)
can be simplified to [96, 97]

d�P
dt

= γ�P ×�B+ 1
τ
(�P0 ′ −�P), (3.23)

where 1/τ= 1/Tp +1/T is the spin coherence time and �P0 ′ = �P0T/(T +Tp).
A steady-state solution (d�P/dt = 0) for the spin polarization in Eq. (3.23)
can be obtained. Assuming that the pump beam is along x (�P0 ′ = P0 ′ êx),
the solution is [85]

Px = P0 ′
1+γτB2x

1+ (γτ)2(B2x +B2y +B2z)
≈ P0 ′

1
1+ (γτBz)2

(3.24)

Py = P0 ′
−γτBz + (γτ)2BxBy

1+ (γτ)2(B2x +B2y +B2z)
≈ P0 ′

−γτBz

1+ (γτBz)2
(3.25)

Pz = P0 ′
γτBy + (γτ)2BxBz

1+ (γτ)2(B2x +B2y +B2z)
≈ 0, (3.26)
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Figure 3.8. Absorption (left) and dispersion (right) curves.

where the approximations are obtained when Bx ≈ By ≈ 0. The x-component
of the polarization Px has an absorption shape as a function of Bz (Eq.
(3.24)), while Py (Eq. (3.25)) has a dispersion shape. The curves are
illustrated in Fig. 3.8.

Often it is convenient to use field modulation to decrease 1/ f technical
noise as well to shift the dispersion curve of Eq. (3.25) to Px [99]. When field
modulation B1 cos(ωt) is applied along z, the solution for the modulation
harmonics of the x-component of the spin polarization is worked out in Ref.
[96]. The solution for Px for even m is

Px = P0
′J0

(
γB1

ω

)
Jm

(
γB1

ω

)
1

1+ (γτBz)2 cos(mωt), (3.27)

and for odd m

Px = P0
′J0

(
γB1

ω

)
Jm

(
γB1

ω

)
γτBz

1+ (γτBz)2 sin(mωt), (3.28)

where Jm is an mth-order Bessel function of the first kind. The even and
odd harmonics give the absorption and dispersion shapes, respectively. For
Py these shapes are reversed [97]. When transverse field components Bx

and By are not exactly zero, these equations will have a dependence on
them as well similarly to Eqs. (3.24) and (3.25) (see [96, 97]; also examined
in Publication III).

The dispersive lineshape of Eqs. (3.25) and (3.28) is linear near zero field.
Thus, when probing that component of the polarization, the voltage near
zero field will be V = kBz, where k is a gain, which can be calibrated. When
field modulation is not used, Py is described by the dispersive curve so that
pump beam along x and probe beam along y are needed to get the linear
signal. With field modulation, the dispersive curve can be measured from
Px so that only one light beam is needed, simplifying the setup.

The slope (gain) of the dispersive shape is γτ in zero field; sensitivity
can then be enhanced by increasing either γ or τ. Both of them generally
depend on the degree of atom polarization [91, 98, 100]. However, there
is an inherent compromise between the sensitivity and the bandwidth of
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the magnetometer. Sensitivity increases when τ is increased by decreasing
the relaxation rate of the spin polarization. The spin coherence time τ,
however, represents the memory of the spin system, i.e., it is approximately
the time that is needed to wait between the field measurements to make
them independent. The frequency response of the spin system is s( f ) =
1/(1+ (2π f τ)2)1/2 [101], i.e., that of a first-order low-pass filter with a 3-dB
bandwidth 1/τ. Larger τ gives better sensitivity but a lower bandwidth.
As seen from the dispersive shape, the gain changes depending on the
value of field component Bz. Further, the transverse field components (Bx

and By) will also affect the shape of the curve and the sensor gain. For the
operation of the OPM, it is then important that the amplitudes of the field
components are small and do not drift so that the gain will be constant. In
Publication III, the calibration fluctuation of an OPM caused by fields with
relatively large amplitudes is quantified.

3.3.3 Sensor elements

In the following, I will briefly present the main components of a typical
OPM sensor element and give an overview of the (MEG-suitable) sensors
presented in the literature. Generally, OPMs have been shown capable
of achieving very high sensitivities. Already in 1969, a zero-field OPM
with a sensitivity of 10 fT/

�
Hz was demonstrated [102]. More recently,

a sensitivity of 0.54 fT/
�
Hz was achieved with a 0.3-cm3 measurement

volume [103]. OPM sensor elements with dimensions suitable for MEG
and sensitivities approaching those of SQUIDs (3 fT/

�
Hz) have been as

well described. MEG-suitable 87Rb OPMs have achieved sensitivities of 10
[99], 20 [104] and 10 [105] fT/

�
Hz with 3-dB bandwidths of 135, 130 and

90 Hz, respectively. Also, a 4He OPM with a noise level of 210 fT/
�
Hz and

a bandwidth of 300 Hz has been demonstrated with MEG [106].
The main components of the OPM include light source(s) (typically laser),
optics for controlling light beams and their polarization, photodiodes for
collecting light, and a vapor cell containing the atoms. The components
and their configurations can be chosen quite flexibly making various real-
izations of OPMs possible. The atom is typically an alkali metal such as
rubidium (e.g., [101, 105, 107]), potassium [108] or cesium [109], though
also other atoms such as helium [106, 110] may be used. The atoms are
contained in a vapor cell that can be produced, e.g., with microfabrication
techniques [111]. The vapor cell contains typically buffer gas to reduce the
diffusion of atoms and is possibly anti-relaxation coated [112]. The cell is
usually heated to achieve sufficient atom density for SERF operation (for
87Rb, the cell is heated to about 150 ◦C [101]).
The OPM can include one or many lasers. As shown in the previous
section, in the simplest case only one laser can be used to pump and probe
the atoms. Also, configurations using two lasers with perpendicular beams
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are typically used (e.g., [108, 109]). The two beams do not have to be
necessarily orthogonal: configurations where the beams are nearly parallel
have been demonstrated [113].
The dimensions of the vapor cell also vary. With small millimeter-scale
cells, sensor elements with small footprints can be made. For example,
an OPM with a 3×3×3-mm3 cell and a footprint of 13×19 mm2 has been
demonstrated [99]. Instead of using a small cell and one beam, a larger
cell and multiple beams (possibly split from the same light source) can
be used to create several independent magnetometers with one cell. For
example, OPM by Schwindt and colleagues [105] has a vapor cell and
sensor footprints of about 25×25 mm2 and 40×40 mm2, respectively. In
the OPM, the light from two lasers is split to four beams that pump and
probe the atoms with a separation of 18 mm. The transmitted light from
the four beams is detected with a four-channel photodiode. The vapor cells
can be even larger and split to more channels. An OPM has a vapor cell
with dimensions of 12×12×4 cm3 [114]. The OPM uses wide beams to
pump and probe the atoms and detects the light with a 16×16 photodiode
array. The atom diffusion in the cell is so slow that all 256 channels are
independent.
OPMs usually include built-in coils for nulling the background field to
reach the SERF regime. Depending on the operation mode, the coils may
be also used to provide field modulation. For example, in one OPM, the
three static components of the ambient field are nulled with the built-in
coils before operation [99]. As described in Sec. 3.3.2, the sensor should be
operated under negative feedback which maintains a stable zero field in the
vapor cell and prevents calibration changes. Because of the sensitivity to all
three components of the field, the negative feedback should be preferably
operated in all three axes. One single-beam OPM uses field modulation
along one axis and operates under negative feedback along the same axis
[104]. In a two-beam OPM with separate orthogonal beams for pumping
and probing, two modulation fields are applied along the transverse axes
with respect to the light beam to get vector measurement and feedback
along the three orthogonal axes [108]. The single-beam 4He-OPM [106]
uses field modulation with two separate frequencies along two orthogonal
axes transverse to the light beam to get vector sensitivity [115] and to
apply feedback along the three axes.

3.4 On-scalp magnetoencephalography

To date, many on-scalp MEG systems comprised of OPMs have been pre-
sented. These systems have been also used to measure MEG. In this
section, I will give an overview of the literature describing OPM-MEG
instrumentation and introduce the studies demonstrating OPM-MEG.
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3.4.1 Instrumentation

The efforts of building multi-channel OPM-MEG systems have included
construction of sensor supports as well as OPM-specific magnetic shields
and field-cancellation systems. Also, methods to accurately co-register MR
images and OPM measurements have been developed. The numbers of
sensors or channels in most of the OPM-MEG systems have ranged from a
couple of sensors to about 20 sensors.
For building OPM-MEG systems from individual (commercially-available)
sensor elements, sensor supports are needed. Typically, 3D-printed hel-
mets with slots for sensors have been used (Publication III; Publication
IV; [116, 117]), or, even bicycle helmets with drilled sensor holes [118].
The 3D-printed supports have been either large one-size-fits-all helmets in
which the sensors have been pressed against the head ([117]; Publication
III; Publication IV) or ’scanner-casts’, where the support follows the shape
of the subject’s head as derived from MR images [116]. Altogether, com-
pared to the cryogenic SQUID systems, with OPMs light sensor arrays and
their supports can be made. This has motivated wearable MEG in which
the subject is free to move with the sensor support mounted on head [119].
Active and passive magnetic shielding of OPMs has also been a subject of
many studies. In a typical MSR, the static remanent field can be ∼100 nT
([54]; Publication III). The field inside MSR may also have low-frequency
fluctuations on the order of nT. Together, with near-zero field requirements
of the SERF OPMs, these aspects have motivated construction of external
active field-cancellation systems to augment both the passive shielding by
the MSR and the field nulling by the built-in coils of the OPMs. Moreover,
in wearable MEG, active field nulling is of particular importance to reduce
artefacts due to sensor movement in the ambient field [119].
In this Thesis, I constructed a cubical shielding system comprised of
eight rectangular coils that can be placed inside MSRs (Publication III).
Holmes et al. have constructed more accessible field-cancellation sys-
tems comprised of coils with complex windings [60, 62]. In addition to
the augmentation of the shielding by an MSR, custom magnetic shields
have been constructed. As OPM-MEG systems can potentially be made
much smaller than cryogenic systems, ’person-sized’ magnetic shields have
been designed and constructed to replace the expensive MSRs in certain
applications [120, 121].
The sensor positions and orientations with respect to the head and brain
are needed for data interpretation and for estimating the neuronal sources
(Sec. 3.2.3). Several methods have been so far applied to get the OPM
positions in relation to the brain. The scanner-casts that snugly fit the
subjects’ heads fix the overall measurement geometry so that the sensor
positions in the coordinate system of the head can be obtained from the
geometry of the cast [116, 119]. At Aalto University, we have developed an

41



Background

optical method that uses a consumer-graded optical scanner for accurate
determination of the sensor locations [117]. In addition, a magnetic method
in which an array of magnetic dipoles is used for sensor localization has
been developed [122].

3.4.2 Measurements

Most of the demonstrations of OPM-MEG have been proof-of-concept
recordings of well-established MEG responses. These include record-
ings of auditory (e.g., [101, 106, 109, 114, 120, 123]), somatosensory (e.g.,
[107, 116, 120, 124]; Publication III), and visual responses ([106, 124]; Pub-
lication IV) as well as measurements of modulation of spontanenous brain
activity (e.g., [107]). High-Tc SQUID-based on-scalp MEG has also been
used to measure auditory [125] and somatosensory [125, 126] responses as
well as modulation of spontaneous activity [79].
Recently, the possibility of wearable MEG with OPMs has given rise to
studies where stimulus paradigms involving subject movement have been
used. For example, somatosensory MEG responses have been measured
while the subject continually bounces a table tennis ball off a bat [119] and
retinotopy has been measured using fixed stimuli with head movements
shifting the visual stimulus presentation [62]. Also, language lateralization
has been quantified with wearable arrays [127], "inherently" wearable EEG
has been compared to wearable MEG [124] and wearable MEG has been
combined with virtual reality [128]. The flexibility in the positioning of
OPMs has motivated recordings of brain regions that have been challenging
for the rigid cryogenic MEG. These include measurements of the cerebellum
[129] and hippocampus [130]. Moreover, the wearability and flexibility
of the OPMs make OPM-MEG attractive to study subject groups that
are difficult to record with the cryogenic system. These subjects include
those who have difficulties to stay still (children or patients affected by
certain disorders) and those who have small heads so that signal quality
in cryogenic MEG is compromised due to non-optimality of the SQUID
helmet (e.g., children). Wearable MEG has been recently applied to record
responses from toddlers, young children and teenagers [118].
Besides the aforementioned advantages of the on-scalp MEG, the in-
creased spatial detail of the on-scalp magnetic field should provide better
noninvasive measurements of the brain which could give new insights to
the brain function at least in two ways. First, the increased spatial detail
gives better spatial resolution in source imaging (Publication I) meaning
that the brain regions generating the data can be delineated better. Second,
the increased detail could allow measurement of brain responses that non-
invasive recordings have previously lacked such as gamma-band responses
[131, 132]. As described in Sec. 3.1.3, the responses in gamma band are
spatially more focal than those in the lower frequency bands. Moreover,
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the gamma band seems to contain two different phenomena with different
spatial properties (NBG and BBG). The use of on-scalp MEG and its high
spatial fidelity to noninvasively study gamma-band activity is therefore
attractive and motivated Publication IV, where we studied gamma-band
responses in the visual cortex to a grating pattern. Publication IV contains
a thorough discussion on the use of on-scalp MEG to study gamma-band
signals with focal origins and to gain knowledge of NBG and BBG.
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4. Summary of Publications

In this section, the main results of the publications are shortly described.

4.1 Publication I: "Measuring MEG closer to the brain:
Performance of on-scalp sensor arrays"

The purpose of this study was to compare on-scalp OPM arrays to a SQUID
array by simulating their performance in realistic geometries. Three OPM
arrays that consisted of sensors in 102 positions on the subjects’ scalps were
considered: one array measured the normal component of the magnetic
field (nOPM), another the tangential components (tOPM) and the last all
three orthogonal components (aOPM). For comparison, the 306-channel
commercial SQUID array was used (MEGIN Oy). Ten head models derived
from MR images were used and the magnetic field was computed using
BEM with three conductive compartments.
Compared to the SQUID magnetometers, the OPM arrays yielded higher
signal powers as expected due to the closer distance to the sources (see Fig.
4.1). The signal powers were 8 and 5 times higher in nOPM and tOPM
compared to the SQUID magnetometers (for superficial sources the ratios
were more than 9 and 7). The lower signal power in the measurement of
the tangential field component compared to the measurement of the normal
component was shown to be partly due to the masking of the field of the
primary current by that of the volume currents in tangential measurement.
Overall, the tangential field component was much more sensitive to volume
currents than the normal component.
When the noise level was two times higher in the OPMs than in the
SQUID magnetometers, OPM arrays yielded higher total information. Nor-
mal field component had the highest information per channel partly due to
higher signal power. Information increased when other field components
were also sampled so that aOPM had the highest information. Additionally,
the MNEs were more focal in OPM arrays: they were about 2.5 times more
spread in SQUIDs (Fig. 4.1).
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Figure 4.1. Signal power and the spread of MNE across sources in four sensor arrays
(nOPM: 102 OPMs measuring normal field component; tOPM: 204 OPMs
measuring tangential components; mSQUID: 102 SQUID magnetometers;
SQUID: magnetometers and 204 planar gradiometers). Top: Relative signal
power between arrays. Bottom: MNE spread in percentage of total cortical
area. Modified from Publication I with permission.

Overall the study demonstrates that the OPM arrays sample components
with higher spatial frequencies with similar number of sensors as SQUIDs,
even when the noise level is higher. The more detailed sampled components
give more focal MNEs as well as higher total information.

4.2 Publication II: "Sampling theory for spatial field sensing:
Application to electro- and magnetoencephalography"

This study presents a theoretical framework to analyze spatial sampling
of a field on a curved surface. In the framework, the field is represented
using a set of basis functions and is considered a Gaussian random field
that is defined by the coefficient covariance in the basis. It is described
how relevant basis functions can be constructed on surfaces. One basis is
the eigenbasis of the Laplace–Beltrami operator, i.e., the spatial-frequency
basis (Eq. (3.7)). The framework is used to analyze the number of spatial
degrees of freedom of the neuromagnetic field.
A method is developed that can be used to design optimal sensor arrays.
In the method, total information (Eq. (3.15)) is maximized with a given
number of spatial samples using prior knowledge of the field encoded in the
coefficient covariance of the random field. It is shown that uniform sam-
pling on the surface can be obtained with a bandlimited spatial-frequency
prior. Model-informed sampling grids can be generated with more informa-
tive priors. The method is used to generate optimal sampling of MEG in
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Figure 4.2. Spatial sampling of the normal component of the neuromagnetic field on
a curved measurement surface. A: Representation of the magnetic field of
a neural source with an increasing number of spatial-frequency (SF) basis
functions. Number of components in the expansion as well as the cumulative
energy of the expansion are shown. B: Number of SF components to reach 99%
energy in on- and off-scalp MEG as a function of source distance to scalp. C:
Examples of sampling grids generated with bandlimited SF (top) and model-
informed (bottom) priors. D: Total information as a function of number of
samples with SNR = 1 (solid lines: SF prior; crosses: model-informed prior).
E: Ratio of information in on-scalp MEG obtained with model-informed and
uniform sampling with different spatial white noise levels σ2.

cases where the whole brain or a part of it is of interest.
The main results of the study are summarized in Fig. 4.2. Generally, on-
scalp MEG benefits from three times more samples than “off-scalp” MEG.
The uniform sensor spacing for achieving 99% energy of the neuromagnetic
field of every source in the brain (Sec. 3.1.4) is roughly the same as the
distance to the closest neural source, giving spacing of 1.5 cm in on-scalp
MEG. On-scalp MEG has higher total information than off-scalp MEG
with similar SNR and the same number of samples. When noise level is
high or the sensor count is limited, model-informed sensing is beneficial.

4.3 Publication III: "On-scalp MEG system utilizing an actively
shielded array of optically-pumped magnetometers"

The publication describes a multichannel OPM-MEG system that uses
commercial SERF-OPMs (Gen-1.0 QZFM, QuSpin Inc., Louisville, CO,
USA). To actively shield the OPMs against ambient field and its fluctu-
ations inside MSRs, a coil set was constructed. The set comprises eight
rectangular coils that produce homogeneous and gradient fields so that
first-order field cancellation near the center of the coils can be achieved.
A method is developed that allows the zeroing of the static and dynamic
fields using flexibly positioned sensors inside the coils. The method es-
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Figure 4.3. Active shielding system for multichannel OPM arrays. A: Photograph of the
system. B: Static shielding performance, i.e., the reduction of one component
of the ambient field with the system. The field is visualized on a topographic
layout of the sensor array. C: Shielding factor provided by the system as a
function of frequency for eight OPMs. D: Reference-field amplitude measured
with OPMs without (orange) and with (blue) dynamic shielding. E: Somatosen-
sory evoked responses measured with the eight OPMs of the system. Modified
from Publication III with permission.

timates the linear mapping of the coil currents to the fields the sensors
measure. By inverting the mapping, linear combinations of the sensor
outputs can be used to calculate the coil currents that zero the desired
field components in the OPM array. The system implements negative
feedback loops with high bandwidth proportional–integral controllers for
maintaining near-zero field in the array. The article provides a detailed
description of the system and its electronics as well as demonstrates an
on-scalp MEG measurement of responses to somatosensory stimulation.
The system and the main results of the study are shown in Fig. 4.3.

The shielding system allowed the use of the commercial SERF-OPMs in a
two-layer shielded room (MSD-2S, ETS-Lindgren Oy, Eura, Finland) by
providing a stable near-zero field inside the coils. With only static shielding,
the OPM calibration drifted together with the ambient field (Sec. 3.3.2).
With dynamic shielding, the OPM calibration drifts were reduced. Both
evoked and induced responses to the stimulation could be measured with
the system.

4.4 Publication IV: "Potential of on-scalp MEG: Robust detection of
human visual gamma-band responses"

In this study, visual gamma-band responses were measured using the on-
scalp MEG system developed in Publication III and a commercial SQUID
system (MEGIN Oy). Measurements were performed in a three-layer
MSR (Imedco AG, Hägendorf, Switzerland) without active shielding. The
OPMs were configured to measure the field component normal to the scalp.
A paradigm that employs grating pattern as a visual stimulus and an
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Figure 4.4. Visual gamma-band responses measured using OPMs, SQUID magnetometers
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sentations of the responses. C: The NBG powers with respect to the baseline
across subjects. D: Estimates of the sources of NBG responses. Modified from
Publication IV with permission.

attention task [133, 134] was used to evoke NBG responses in ten subjects.
The OPM and SQUID responses were compared both in sensor and source
space. DICS beamforming was used in source estimation.
The results of the study are summarized in Fig. 4.4. OPMs showed
similar NBG responses as SQUIDs. Due to the closer proximity to the brain,
the NBG amplitudes were larger in OPMs as expected by simulations
in Publication I and Publication II. The NBG powers with respect to
the baseline were also larger in OPMs so that the OPMs demonstrated
higher SNR. The study showed that group-level source estimates obtained
with eight OPMs were comparable to those obtained with 102 SQUID
magnetometers. Both OPMs and SQUIDs also had BBG responses. The
study shows the overall potential of OPMs to record gamma-band activity
even with restricted sensor coverage and count.
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5. Discussion

This Thesis shows the potential of increasing the spatial resolution of
MEG, or the amount of spatial information in MEG, with sensor arrays
that measure the field on the scalp of the subject. Next, I will discuss the
implications of this Thesis to various aspects related to on-scalp MEG.

5.1 Spatial sampling of MEG

To leverage the full potential of on-scalp MEG, spatial sampling of the
neuromagnetic field should be optimized. The optimization can be achieved
both with practical and theoretical means. Practically, low noise sensors
should be constructed that can measure the field as close to the scalp
as possible. The sensors should also allow sufficiently dense packing
of the channels on the subject’s scalp. One practical threshold for the
sensor and measurement noise can be derived from the spectrum of the
spontaneous brain activity (Fig. 3.4): the measurement should be limited
by the background activity within the sensor bandwidth. With a bandwidth
of 0–130 Hz, this threshold is estimated in Publication IV to be ∼3 fT/�Hz
for an on-scalp sensor. Though, more data and more rigorous analysis
would be needed for a more definite threshold.
Theoretical analysis of the neuromagnetic field can be used to estimate
the beneficial sensor spacing as well as the sensor count. The calculations
done in this Thesis generally suggest that on-scalp sensing of the normal
component of the neuromagnetic field benefits from three times more
uniform spatial samples than field sampling at measurement distances
typical to SQUIDs. The beneficial sensor count for on-scalp field sensing is
then roughly 300 for a typical adult head. That sensor count corresponds
to sensor spacing that is roughly the same as the distance to the nearest
neural source ([37]; Publication II). Even if the number of sensors is not
optimized in on-scalp arrays to achieve all detail in the field, they have
a higher total information and better spatial resolution with the same of
number of sensors as SQUIDs.
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The Thesis also describes how sampling can be optimized in cases where
the sensors are placed nonuniformly or covering just parts of the scalp.
These results can be used to design sensor arrays that give the best in-
formation transfer rate in specific research questions. These may include
optimization of similar measurement setups as in Publication IV in which
only restricted number of sensors can be used to measure a certain brain
area. Another application which may benefit from nonuniform sampling is
a case where the whole cortex is of interest but the number of available
sensors is limited (Publication II).
Besides sampling just the normal component of the neuromagnetic field,
information can be increased by sampling also the tangential components
as shown in Publication I. This result is particularly interesting for OPMs
as they can, in principle, measure multiple components of the field (Sec.
3.3.2). Additionally, tangential measurements may be useful in software
interference rejection. Generally, to facilitate software shielding, the sen-
sor arrays should also sample the interference fields. Studies have shown
that the interference fields can be made better separable from the neuro-
magnetic fields when tangential field components are sampled in addition
to the normal component [135] as well as when the sensors are placed
on multiple layers with different distances to the head [136]. Altogether,
the OPM array optimization in this respect is an interesting question for
future research.
Theory and simulations can give insight to the necessary number of sen-
sors and their spacing, but ultimately these should be based on measure-
ments. In such measurements, the field should be spatially oversampled
so that the sensor spacing can be determined [137, 138]. Different criteria
may be used to obtain the sensor spacing; one option would be to use the
spatial coherence of the spontaneous brain activity as a reference (Fig. 3.4).
OPM constructed with a single vapor cell with a dense channel spacing
could be useful in such measurements.

5.2 Instrumentation for on-scalp MEG

One aspect of OPM-MEG instrumentation highlighted in this Thesis is
magnetic shielding. The sensitivity, calibration and sensitive axis of the
OPM depends on the magnetic field. As suggested by this Thesis, the
magnetic field should be kept close to zero at the sensor volume. Here,
close to zero roughly means that the amplitude of the ambient field should
be comparable to the neuromagnetic field of interest (Publication III).
The Thesis suggests that shielding with external compensation coils is
enough to stabilize the OPM operation at least with sensor arrays that
do not move during the measurements. The coil feedback used in the
compensation may be driven with reference sensors not measuring the
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field of interest or with the measurement sensors. The measurement-
sensor approach to run the feedback as in Publication III needs more
validation and more accurate calibration to ensure the separation of the
neuromagnetic and compensation fields.
Besides shielding the OPMs using external coils, the sensors should
be also run with built-in negative feedback as discussed in Sec. 3.3.2
and Publication III. Whether single-axis feedback is adequate or if three-
axis feedback is needed may depend on the application as well as the
environment where the sensors are used.
Shielding of wearable MEG arrays was not studied in this Thesis. Gen-
erally, the hardware and software shielding of wearable arrays is more
complicated than shielding of static arrays. The sensor movement in the
static field causes both sensor calibration errors and artefacts (or noise).
Nulling of the background static field in an MSR to a level that all move-
ment artefacts are below the sensor noise level is extremely hard. The
movement artefacts may be reduced with software shielding methods such
as described in Sec. 3.2.2. Efficient software shielding, however, necessi-
tates constant calibration. The recipe for tackling the shielding of wearable
OPM-MEG could be then following. Stabilize OPM calibration both with
sensor-wise negative feedback (in one or multiple axes) and with external
field compensation (static or dynamic). Use software shielding to reduce
movement artefacts. Software shielding methods of wearable MEG may
exploit, e.g., the spatial properties of the neuromagnetic field and interfer-
ence fields (Eq. (3.12)), prior information about the background field inside
the room and tracking of the subject’s movement [62].

5.3 Prospects for on-scalp MEG

Compared to the bulky SQUID-MEG systems, OPM-based on-scalp MEG
systems have various advantages discussed throughout this Thesis. Next,
the discussion on these advantages is expanded.
On-scalp MEG has better spatial resolution and higher spatial band-
width than SQUID-MEG as shown in this Thesis. To get the best spatial
resolution, the spatial sampling by the array should be optimized and
the noise level should be minimized. With such an optimized system,
we could in principle measure noninvasively brain activity that we have
not previously seen in noninvasive measurements. Gamma-band activity
may be an example of such activity as its detection with MEG has been
previously noted to be complicated due to low SNR at gamma frequencies
[131, 132]. Whether it is the NBG or BBG or both that have previously
been characterized as difficult to detect is not clear.
NBG response to a grating pattern seems to be quite visible in MEG. For
example, in Publication IV we measured responses to a grating pattern
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and detected NBG responses in seven of the ten subjects. In three subjects,
NBG responses were not seen either with OPMs or SQUIDs. This might
be due to the absence of neuronal NBG responses in those subjects or the
limited spatial resolution. Whether optimizing the OPM spatial sampling
and better data analysis methods could reveal NBG responses in those
subjects could be studied further. BBG responses were also seen in both
OPMs and SQUIDs in some subjects. The quantitative differences of those
in OPMs and SQUIDs were not thoroughly analyzed. Comparing BBG
responses in OPMs and SQUIDs is an interesting task for future research.
Another advantage of OPMs over SQUIDs is that small individual sen-
sors and sensor arrays can be constructed. Instead of having a whole-head
sensor array, for some applications it is enough to have an array that
covers only a certain brain region. With OPMs, such partial-coverage
arrays can be constructed, providing a less expensive option for MEG than
the whole-head devices. Additionally, the OPM arrays can be operated
in smaller shields than whole-head SQUID devices that need expensive
and massive MSRs. Both of these aspects should increase the cost and the
availability of MEG. Moreover, with wearable arrays, the experimental
paradigm space of MEG can be expanded and new subject groups can be
measured better.
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6. Conclusion

This Thesis showed theoretically and with simulations that the spatial
resolution of MEG as well as the information transfer rate of brain activity
in MEG can be improved from those of the state-of-the-art superconducting
systems. The improvements are achieved when the neuromagnetic field is
sampled on the subject’s scalp so that the amplitude as well as the spatial
detail of the field measurement is optimized noninvasively. The Thesis
shows that optically-pumped magnetometers can be used to measure the
neuromagnetic field close to the scalp, i.e., to implement on-scalp MEG for
achieving the improvements.
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Errata

Publication I

Fig. 6: Y-axis tick values 400 and 600 should be so that 400 is at the bottom.

Fig. 7: gSQUID should be aSQUID.
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