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Next-generation magnetoencephalography (MEG) sensors, optically-pumped magnetometers
(OPMs), can be placed closer to the head and are expected to measure signals with improved
spatial resolutions. This introduces many challenges and opportunities. For one, presently-
used methods for lower frequency signals, especially approximations, may now require
improvements in order to adequately resolve the new signals’ higher frequency components.
Moreover, underlying errors may become more pronounced, since they are also measured
with higher resolutions. The Nyquist sampling theorem indicates that a denser sensor array
is required for OPM systems; however, this may not always be practical, hence inquiries into
areas such as sensor selection are can also be opened.

In this dissertation, three mathematical considerations that may be found in each of the
three contexts described above are assessed. First, we consider cubature approximations
of the flux signal. Novel (near)-analytical methods of flux evaluations are developed, and
the errors due to cubature approximations are evaluated. Second, we consider the effects of
inaccurate boundary element head models on the signal and source localizations at varying
sensor array distances. An approximate signal-to-noise ratio bound is established such that

any sufficiently noiseless signal above bound will experience a noticeable effect from head



model inaccuracies. Third, we propose using the QR pivoting algorithm to determine a sparse
number of optimal sensor locations, deviating from the usual strive towards denser sensor
arrays. As part of establishing the theory that leads up to these three specific considerations,
we also derive novel quasi-static magnetic equations that are the general forms of current
equations used in MEG. From these equations, the translational non-invariances of open
current segments can be observed, which leads to many implications in forward and inverse

models especially when it comes to source interpretations.
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Chapter 1

INTRODUCTION

The human brain, with its billions of neurons and trillions of inter-neuronal connections
[67, 68, |, is undoubtedly the most complex organ of the human body. The way it
processes the vast amounts of information it receives constantly still eludes us for the most
part. In an attempt to decode the mysteries of brain processing, numerous functional

imaging methods have been developed to detect measurable indicators of brain activity.

Some of these methods include functional magnetic resonance imaging (fMRI) [50, 97],
position emission tomography (PET) |7, : |, functional near-infrared spectroscopy
(INIS) |11, 96], electroencephalography (EEG) [89, 115], and magnetoencephalography (MEG)

[ ? ? ) ]

This dissertation focuses on MEG, which is a non-invasive method of detecting the
magnetic fields above the head produced by the electric currents of brain activity. The signal
measured is then used to infer the underlying brain activity locations and spatiotemporal
dynamics via inverse models [28, 29, 1316, 60, 102, 106, 107, 117, 130, 151, 152]. These inverse
models are non-unique [66] and hence pose many complications in obtaining reliable results.
However, with the help of forward models that construct the signal, an understanding of the
behavior and useful decompositions of the signal allows us to apply reasonable inverse model
constraints for more accurate results. This dissertation primarily discusses the mathematical
techniques used in the forward calculations of MEG signals. As we will discuss shortly, the
advancement of instrumentation that allow for higher-resolution signals to be measured calls
for the re-examination of the validity and accuracy of these mathematical methods when

used for these signals.

The magnetic fields produced by the brain are extremely weak, and are on the order



of femtoteslas in the region immediately outside the head [17, 21, 59]. Sensors with high
sensitivities are thus required to discernibly pick up these signals. Superconducting quantum
interference devices (SQUID) are an example of sensors with sufficiently high sensitivity
[24, 91], and is currently the most widely-employed sensor type. The signal measured by
a SQUID sensor is the magnetic flux through a flat pick-up loop. In order to maintain its
superconducting state, SQUIDs must be operated at cryogenic temperatures and are thus
confined within dewars containing liquid helium (boiling point of around 4 K). The necessity
of these thick-walled dewars to insulate the head from the liquid helium renders the closest
possible distance between SQUID sensors and the scalp to be around 2 cm [741]. As will be
elaborated in Section 4.2, this distance between the sensors and the head/neural activity
is a factor that compromises the detection of high spatial resolution signals. The spatially

complex components of the weak magnetic fields decay quickly as a function of distance to

below either the sensing capabilities of the sensor, or sensor noise levels.

Recently, advancements have been made in developing another viable sensor candidate,
namely, optically pumped magnetometers (OPM) [1, 11, 14, 70, 74, 85, 87, 90, , , 157].
As opposed to a SQUID sensor, the signal measured by an OPM is the total magnetic field
within a cylindrical sensing volume along some sensing direction. OPMs are able to operate at
room temperatures and thus may be placed directly on the scalp without causing harm to the
subject; its reduced distance to the head /neural activity allows for the detection of signals with
higher spatial resolutions. This improvement in signal resolution, in addition to the perpetual
strive towards improving sensor sensitivities for increased signal-to-noise ratios (SNR), mean
that current methods that utilize approximationsor coarse-grained approaches may need to be
revised in order to resolve the now-detectable high spatial frequency signal components. Only
then can the additional information provided by these high-resolution signals be fully harnessed
for improved signal reconstructions and inverse models. New challenges or capabilities that
arise from this new technology may also warrant the development of new methods. For

instance, OPMs have the flexibility of placing sensors anywhere on the head (as opposed

SQUID sensor arrays which are rigid); it may thus be advantageous to further the area of



MEG sensor design.
Figure 1.1 shows the general setup of SQUID (left) and OPM (right) sensor arrays. It is
inspired by Figure 1 of [$2]. The MRI image of the head is generated using Brainstorm [141].

SQUID sensors OPM sensors

Dewar

Figure 1.1: General setup of SQUID and OPM sensor arrays. The former resides within a
dewar and is a few centimeters from the head, whereas the latter can be placed directly on
the head.

The organization of this dissertation is as follows. In Chapter 2, the overarching elec-
tromagnetic theory in MEG is presented. A novel form of the quasi-static magnetic scalar
potential and magnetic field are derived, and they are shown to be the generalized forms
of equations that are presently used in the field of MEG. This is under the widely-made
assumption that neural activity can be modeled as a current loop; we offer a quantitative
justification that this assumption is valid.

In our generalized derivation of the magnetic field, a previously unreported source of
forward and inverse model interpretation error is also revealed — computational origin choice.
Our formalism indicates that open current segment contributions to the magnetic scalar
potential and magnetic field are translationally non-invariant. This leads to non-unique
forward and inverse models in different origin choices, which may have extensive implications

in the fundamental interpretations and implementations of common MEG methods, as



discussed in Chapter 3.

After the electromagnetic background for MEG is established, three specific topics that
may face potential issues associated with next-generation OPM sensor arrays and its improved
signal resolutions are considered.

First, cubature approximations that are presently used for flux calculations are discussed
in Chapter 4. Analytical forms to calculate the signal contributions from individual spatial
frequency bands are formulated so that one may have near-analytical evaluations of the
magnetic flux to arbitrary accuracy. This was then used to assess the errors of cubature
approximations in the context of closer sensor arrays and higher resolution signals.

Next, in Chapter 5, we study how head model inaccuracies may affect signal reconstruction
and source localization accuracies when sensor arrays are placed closer to the head. This was
done in the boundary element method (BEM) framework, via perturbing a spherical head
model to varying degrees and calculating the errors at varying sensor array distances.

Finally, we propose the use of a data-driven sparse sensor selection algorithm in Chapter 6,
specifically for cases of focal neural sources that result in signals exhibiting latent low-
dimensional spatiotemporal dynamics. This algorithm involves the QR pivoted factorization
on the singular value decomposition (SVD) basis of the signal. Since OPMs allows for the
flexible placement of sensors, this approach may be helpful for sparse MEG sensor array
designs. It is also a deviation from perceptions driven by the Nyquist sampling theorem,
which suggest that sensor array densities should increase to resolve higher spatial resolutions
signals.

In Chapter 7, we conclude by summarizing the findings presented in this dissertation, and
discuss future directions. Note that in between each chapter, the notations are re-set and

re-defined; the only exception is between Chapters 2 and 3.



Chapter 2

THEORETICAL BACKGROUND

We first derive general expressions for the electro-quasi-static magnetic scalar potential
and magnetic field in a source-less region. In Section 2.2, their validity for use in the context

of MEG will be elaborated.

2.1 The electro-quasi-static magnetic scalar potential and magnetic field

The magnetic field due to a steady current flow with amplitude I along a closed loop C is
given by the Biot-Savart law

B(r>_@/clall'><(1“—r’)7 (2.1)

N 47 |r—r’|3

where r = (r,,7,,7.) is the field point, ' = (17,7}, 7) are source points along C, and 4 is the
vacuum permeability. Under the electro-quasi-static approximation, i.e., setting 0E /0t = 0,

the curl of the magnetic field satisfies
V xB(r)=0 (2.2)

in any source-free region where J = 0 due to Ampere’s law. This allows us to write B as the

gradient of a magnetic scalar potential U,
B(r) = —poVU(r). (2.3)

Note that the Biot-Savart law does not strictly apply to closed current loops (see, e.g.,
[55, 80, , | for further treatments and discussions of the Biot-Savart law). However,

since we want it to hold true simultaneously with Ampere’s law, which requires a closed



current loop, we have defined the Biot-Savart law (2.1) from the start with a closed loop C

for convenience.

The additional condition of a curl-less magnetic field (2.2) allows us to rewrite the Biot-
Savart law via the gradient theorem as follows (this is a strategy used by Sarvas in [127] as
well). Assuming B(r) is smooth (i.e. no change in permeability), (2.2) indicates that B(r) is
conservative. Since B(r) is (proportional to) the gradient of U(r), we may arbitrarily choose
a path to integrate over it in the gradient theorem to obtain U(r). For convenience, let us

integrate along the radial path along e, = r/||r|| = r/r. This leads to

Ulr) = — /OOO VU(r +te,) - e, di (2.4)

1 oo
= — B(r + te,) - e, dt. (2.5)
Ho

Substituting in Biot-Savart law (2.1) gives

o) ’ _ .
r>:i/ /dl X (r 4+ te, r3) e

4 ]r+ter—r’|

— dr
/ /r v)xe di (2.6)

r + te, — /|’
dt

= r’xdl’-eT/ @ 2.7
47r/c( ) o |r+te, —r® 27

where we have used the scalar triple product to simplify the expressions in the second and

third equalities. Let a=r —r', k =a-e, and y =t + k. Then dy = dt and we have

o dt > dy 1
—— = 575 = : (2.8)
0o |r+te, —1/| k(2 +a2— k) ala+k)




If we further define the quantities

F(r,r') =a(ra+a-r) (2.9)

VEF(r,v) = (“— + 2T Log 27«) r— (a v+ E) v, (2.10)
T a a

which are chosen for consistency of notation with Sarvas [127], then we see that (2.8) is

equivalently
1 r
= . 2.11
ala+k)  F(r,r) (2.11)
Finally, if we define dL” = —I(r’ x dl’), then the magnetic scalar potential may now be written
as

U(r) = —ﬁ/c% (2.12)

The magnetic field B can be obtained via (2.3),

B(r) = Z—;/CdL'-V [F(;r,)} , (2.13)

where the gradient is taken with respect to r. The gradient portion is a 3 X 3 Jacobian matrix,

with entries defined as

{V[FéwJLJZEZﬁ0+m%<Fé?Q

_ 67, B TiaT].F(I', I") (2 14)
F(r,r) F2(r,r") ’ '

where 7, j, = x,y, 2, and 9;; is the Kronecker delta function. Thus,

' _ Mo ' )y B Tiar]-F(rar/>
&m‘ml;“{mw> Pr,r) |



ie.,

_ Ho . I rVF(,r)
B(r) = 47r/ch [F(r,r’) o) | (2.15)

To our knowledge, equations (2.12) and (2.15) are novel.

In both equations, dL indicates that whenever segments of C have r’ parallel to dl’, then
U(r) = 0 and B(r) = 0. In other words, straight line current segments that are radial
with respect to the origin have zero field contribution. Only non-radial components of a
current loop have nonzero contributions to the U(r) and B(r) fields. This observation has
implications in MEG forward and inverse model interpretations, as we will see in Chapter 3.
We also note that the same conclusion can be reached via an expansion of the magnetic field

using vector spherical harmonics (VSH) [143], which will be seen later on in Section 4.1.

2.1.1 The far-field approximation: a simple check

As a simple check for correctness, we show that in the far-field approximation, (2.12) and
(2.15) reduce to the expected expressions for a magnetic dipole. First, note that the vector

area K is defined

1

K=——
21 J,

dL, (2.16)

and that the magnetic dipole moment is m = IK. When |r| >> |r'|, we see that (2.9) and

(2.10) are approximately

F(r,r') =~ 2r° (2.17)

VF(r,r') ~ 6rr. (2.18)



By substituting the above into (2.12) and (2.15), it is easy to see that in the far-field region,

they are approximately

lm-r
U(r) ~ E 7’2 (219)
and
B(r) ~ L 3m . #)i - m] (2.20)
47 r3

respectively, as desired.
2.1.2  An alternative form of the line integral for flat loops: an aside

As an aside here, we also show that in the case where the closed loop is flat and the origin
is in the plane of the loop, equations (2.12) and (2.15) can be written as an equivalent line
integral that is integrated with respect to outward pointing vectors of the loop (not necessarily
normal), instead of along its tangential direction. This is an extension to a similar current
setup considered in Figure 3.3(f) of [63].

Let us denote the area unit normal vector of the flat loop to be ny. Green’s theorem tells

us that (2.12) may be written as

Ur) = ﬁ//AC V' x {;(::)} “ny dA, (2.21)

where V' acts only on the primed coordinates, and Ac denotes the area enclosed by the closed
loop C. Using the vector identity V/(x xy) =x(V' y) —y(V' - x)+ (y - V)x — (x- V)y

with x =r and y = r//F(r, '), we have

U(r) = %//A {(r-nA)V'~ (F(::r,)) - [(r-V')F(::r/)} ~nA} dA. (2.22)

If the origin is in the plane of the loop, i.e. if ny -1’ = 0, then the second term in the integrand

vanishes. This may be seen from applying the the product rule (dx) -y = d(x-y) — (dy) - x,
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with x =r//F(r,r’) and y = n4. The above equation thus becomes

r

U(r):ﬁ(r-nA)/ v (W) dA, (2.23)

and the 2D divergence theorem tells us that it may again be reverted into a line integral

/

I r
Z(r. —  .ndl 2.24
47 (r nA) /c I (I'> r’) e ( )

where n; is the outward pointing normal along the loop. By taking the gradient of this

Ur) =

magnetic scalar potential expression, we finally obtain the magnetic field,

B(r) = —% C(r’ -1n;)V (ﬁ) ‘ny dl, (2.25)

where the gradient in the integrand is given by (2.14). We see that when r’ is perpendicular
to ng, i.e. when the current segment is radial, then B vanishes. This is consistent with what
is expected from (2.15).

Note that (2.23) implies that loop-preserving transformations of the parametrization,
r" — '+ F(r,r')V xz where z is some arbitrary vector field, yields an invariant magnetic scalar
potential U(r) (and thus invariant magnetic field B(r)) in our setup. This is in agreement
with the non-uniqueness of magnetic inverse models; as pointed out by von Helmholtz [66],
there exists more than one current distribution that produces the same magnetic field. For
instance, an arbitrary number of toroidal current loops may be added without changing the

magnetic field pattern outside of the toroid.

2.2 Electromagnetism in MEG

The results in the previous section, Section 2.1, hold for electro-quasi-static approximation,
but they only apply for current loops. In this section, we present the conventional neuronal
current configuration used in MEG, then assert that they can be equivalently expressed as a
closed current loop as well. Thus, the electro-quasi-static expressions (2.12) and (2.15) hold

in the context of MEG. These equations are also seen to be able to reproduce and/or are
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consistent with Geselowitz’s formula and Sarvas’ formula, two well-known formulas used in

MEG.

First, we note that MEG sensors are located outside of the head, which is assumed to
be a source-less region. Moreover, the electro- and magneto-quasi-static approximations are
valid since the characteristic length scale of the electric and magnetic field spatial variations
are much larger than the size of the head [59, 122]|. Thus, in addition to (2.2) and (2.3) being
valid under the electro-quasi-static and source-less assumptions, the magneto-quasi-static

approximation (i.e. 9B/0t = 0) means that in the context of MEG, Faraday’s law reads

V x E(r) = 0. (2.26)

and the electric field E may be written as the gradient of an electric scalar potential V|

E(r) = —VV(r). (2.27)

2.2.1 The primary and volume currents

It is customary to express the total neuronal current density J(r') as the sum of a primary

current component J,,;(r") and a volume current component J,q(r’),

J(r') = T (2)) + Jpar(r'). (2.28)

The primary current corresponds to physiologically interesting active brain sources, whereas
the volume current corresponds to the passive return currents that necessarily complete
current loops together with the primary current (due to the conservation of charge). The
current density is defined within the head, which is commonly modelled as a multi-layered

conducting medium with closed and bounded surfaces [31, 61, , , , .

The primary current density J,,;(r’) is often modeled as one or more focal sources, with

each represented by either a short and straight line segment, or an electric current dipole. If
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we assume N dipolar primary sources, each of them may be written as D;0(r" — rlp ;), where
D; and 1, ; are the moment and location of the ith current dipole respectively, i = 1,..., N.

The primary current density in this case will be

N
Joni(@') = Dis(r' — 1) (2.29)
=1

where 0(x) refers to the Dirac delta function.

Biologically, each of these measurable focal sources corresponds to the net temporal
summation of post-synaptic dendrite currents in close proximity to each other [59, 77|, not
action potentials as intuition may assume. The post-synaptic dendrite currents are electrically
dipolar in nature and last for tens of milliseconds, whereas axonal action potentials are
quadrupolar in nature [34, 6, | (due to backpropagation |31, |) and last for only a
few miliseconds. Hence, the latter has more rapidly decaying magnetic fields as a function of
distance, and its short lifespan makes it unlikely that a sufficient number of neurons fire at

the same time to cause a temporal summation strong enough to be measured .

The volume currents J,q(r’) correspond to the ohmic currents in the surrounding conduc-
tive medium, driven by the electric fields associated with the changing membrane potentials
during neuronal activity [99, , |. Within a medium of conductivity o, the volume
current is given by

Joot (') =0E (') = —oVV (1), (2.30)
where the last equality is obtained from (2.27).

One common forward calculation method is the boundary element method (BEM), which
typically uses triangulated, decimated surface meshes for the head model so that the electric
potential, which is implicitly defined and difficult to determine in the continuous case, may
be more easily calculated through some assumptions, such as uniform conductivity within

Y Y ]

compartments |
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2.2.2  Geselowitz’s formula

Let us assume that the head is modeled as a bounded conductor G with piecewise conductivities
o in Ng regions, j = 1,..., Ng, and each of these regions is bounded by surface S;. From the
decomposition of the total current density into primary and volume portions, the magnetic

field may be expressed as

B(r) = byyi(r) + byu(r) (2.31)

where
Ho / r—r /
b, (r)="2[ 73 . W, 9.32
prilT) 47T/G pri () r—r/|? ! (2:32)
Ho ok r—r1
2 : / " AN A /
bvol(r):—g : (UJ—U])/SV(Y)HJ<T)deS, (233)

and n(r’) is the outward unit normal of surface Sj, o} and o7 are the inner and outer
conductivities with respect to S;, and V(r') is the electric scalar potential on S;. Equation

(2.31), with its terms defined by (2.32) and (2.33), is known as Geselowitz’s formula [19].

In Geselowitz’s formula, b,,; (2.32) corresponds to the primary current contribution
to the magnetic field, whereas b,y (2.33) corresponds to the volume current contribution.
Geselowitz’s formula can be derived by substituting the total current expression (2.28) into
Biot-Savart law (2.1), then using vector identities and Stoke’s theorem to obtain its final
form. If we assume N dipole sources as in (2.29), then the primary current contribution of

Geselowitz’s formula (2.32) collapses due to the Dirac delta function to become
o N r—rp,
pm = 4_ Z , : 3 - (234)
— \r — 1’|
For simplicity, we will assume N = 1 subsequently and drop the dipole-specific subscripts.

Note that Geselowitz’s formula also implies that volume currents can be equivalently
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expressed as surface current densities on S; with outward orientations n’(r’); as such, the
accuracy of head models are intrinsically tied to the accuracy of volume current contributions.

This topic will be explored in detail in Chapter 5.
2.2.3 The magneto- and electro-quasi-static form of Geselowitz’s formula

Geselowitz’s formula assumes the magneto-quasi-static approximation only. Here, we show a
form of it that satisfies the electro-quastatic approximation as well. By assuming that (2.31)
can be written in the form of (2.3) and following the steps of (2.5), we see that the magnetic
scalar potential for the primary and volume contributions are

1 Jori(r) X1’ 1
At Jo  F(r,r')

dv’ (2.35)

Upri(T) =
n

ool (T) = i S (o) - o)) /S ey Xy (2.36)

j=1 i

and the magnetic field contributions are

Lo F(r,x")J x ' —Jp x ' - rVF(r, 1) ,
b, .(r) = == d 2.
i) =22 [ ( s : 237)
o Zn , " , F(r,r’)n; (r') xr’—n;- (r) xr'-rVF(r,x')
bvd(r) B _E j=1 (Uj N Uj) /Sj v (r> F2<I', I',) a5’
(2.38)

As a check, we verify that radially-oriented current segments have zero contributions, consistent
with (2.12) and (2.15). Indeed, when J,,; is parallel to r’ in the primary current case, or

when n/(r’) is parallel to r’ in the volume current case, by,; = 0 and b,, = 0 respectively.
2.2.4  Formulating the volume current as a line current

As previously stated in Section 2.2.1, a focal primary current source may be modeled as
a short line current segment of current I. The start and end of the this current segment
represent a sink and source respectively, with the associated volume current emanating from

the source and ending at the sink |76, 78|. However, the formulations of Section 2.1 hold for
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current loops only, hence in order for them to also hold in the context of MEG, it is necessary
to show that the volume current may be equivalently written as a line current that forms a

closed loop with the primary current.

By Kirchoft’s junction rule, the volume current may be equivalently represented as a finite
sum of P line current contributions, each flowing from the source to the sink. Let the p'"
line current have current I, and be parametrized from t € [0, 1] as r),(t), with h}(¢) as the
vector that points in the tangential direction of the line current. From the volume current
expression equivalent to (2.35) (which is the precursor to (2.36) before Stoke’s theorem was

performed), the contribution of the volume current towards the magnetic scalar potential

may thus be written as

tea(r) = — = 3 Ly () (2:39)
where
Ly r-h
Q’p(r> = /U p(}t7)<: r (t)I;(t> dt, (2.40)

and 25:1 I, = I necessarily. We want to show that the sum over all P line integrals in the

above equation can be reduced to one equivalent line integral with current I.

Let us consider two of these distinct line currents, say [;r}(t) and Iori(¢), and their
corresponding line integrals ¢;(r) and go(r). We may then consider a set of lines parametrized
from w € [0, 1] that sweep out an open surface s'(t,w) with r{ and r/, forming its boundary;
ie., s(t,0) = ri(¢t) and s(t,1) = r(t). The intermediate value theorem tells us that there
must exist a w = w,, (the subscript “eq” denotes “equivalent”), i.e., a line s(t,w.,) = 1, (t)

with tangential direction vector h{,(t), such that

tr, r-h 1q1(r 2G2(r
Geq(T) E/O qu?(:r,eq(t;)q@dt _ g (Iziqu (r) (2.41)
= (I + 12)(1511(1') = Nqi(r) + Lrqa(r). (2.42)

This means that within the conductor, the total magnetic scalar potential contribution from
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two line currents can always be equivalently expressed as the contribution from one line
current with a current density that is the sum of the original currents’. With this result, the
sum in (2.39) can be collapsed in a pair-wise manner to obtain an equivalent line current with
current density I that produces an equivalent magnetic scalar potential (and hence equivalent

magnetic field).

Therefore, volume currents may always be represented by a line current that form a closed
loop with the primary current; we may now write Jdv' = |J|dl' = Idl’ for the total current

density. The formulations from Section 2.1 thus hold, with dl' = dI’ ,

+dl ;. Moreover,
we readily see how (2.37) and (2.35) (for the total current density J instead of J,,;, before
Stoke’s theorem was invoked for the volume current portion) are equivalent to (2.15) and
(2.12) respectively. This asserts that (2.12) and (2.15) are the generalized forms of the electro-

and magneto-quasi-static Geselowitz’s formula, since they were derived without head model

assumptions.

2.2.5 The current triangle formulation for spherical head models

Now, let us assume a spherical head model. In this special case, the current density can
always be written as a triangle loop with one vertex coinciding with the center of the sphere.
This result, which has been presented in |76, 78], is a specific case of the conclusion made in
the previous section. I.e., an equivalent line current for the volume currents within a spherical

conductor is two radial straight line segments that intersect at its center.

/

If the origin is set to be at the center of the sphere, then n'(r’) = r’'/r’. By a direct
inspection of the specialized Geselowitz’s formula that was derived (2.38), we see that the
volume current contribution to the magnetic field b, (r) vanishes with this substitution due
to the cross product. Le., B(r) = b,,;(r) everywhere outside the conductor and b, (r) = 0.
In the past, this observation was made in a less direct manner as follows (see, e.g., [50, 127]):
the original Geselowitz’s formula (2.33) indicates that the radial component of the volume

current contribution b, (r) - e, is zero when n'(r’) = r’/r’ due to the scalar triple product;

this tells us uy, = 0 from (2.5), which in turn leads to b,, = 0 from (2.3). We also know
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from (2.15) that radial current segments give zero magnetic field contributions. This means
that the volume current for a spherical head model with origin set at its center can always be
modeled as two radial segments that connect from the center of the sphere to either ends of
the primary current line segment, forming a current triangle.

If the head model is not spherically symmetric, the current triangle formulation does
not hold in general. There will always be regions of the head model where n’(x") # r'/r’/,
which results in nonzero volume current contributions. Magnetically silent radial current
segments thus cannot account for these nonzero contributions, and the construction of an
equivalent current loop, which now requires nontrivial (and likely non-unique [66]) inclusions
of non-radial segments, becomes less straightforward. There may be exceptions in the case

where symmetries can be exploited, e.g. axially symmetric head models [50].
2.2.6 Sarvas’ formula

In addition to assuming a spherical head model and a current triangle source formulation, let
us now also assume that the primary current segment is infinitesimally short, i.e., a dipolar
primary current source D(r’ — ;). As we have just discussed, the volume current has a
zero contribution if the origin is taken to be at the center of the sphere. The total magnetic
field outside the conductor is given by the primary current contribution, which may be found

in this case via substituting the dipolar current form into either (2.15) or (2.37),

B(I‘) = bpri
_ Mo F(r,v,)D xr, =D x 1), - rVF(r, 1)) (2.43)
47t F2(r,r’) ‘

This is precisely Sarvas’ formula [127]. Again, we see that (2.15) may be considered as a
generalized form of the magnetic field in MEG contexts, since Sarvas’ formula can be obtained

from it with assumptions (in this case, assuming a spherical head and dipolar source).
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Chapter 3

THE TRANSLATIONAL NON-INVARIANCE OF MAGNETIC
CONTRIBUTIONS BY OPEN CURRENT SEGMENTS

In this chapter, we delve deeper into the effects of the observation from (2.12) and (2.15)
that radial current segments are magnetically silent. Since the concept of being radial is
always relative to an origin choice, this means that the magnetic scalar potential and magnetic
field contributions of open current segments are translationally non-invariant.

This has implications in forward and inverse models of MEG, especially when there is a
disagreement between the true origin of the physical setup and the origin that is reported and
used for computations (co-registration errors). In the presence of such co-registration errors,
source currents are inaccurately localized via inverse models, and any physical interpretations
assigned to them may be misleading.

Although the contents of this chapter do not strictly pertain to the issue of signal resolutions
nor next-generation sensor instrumentation considerations, it highlights a fundamental source
of systematic error that affects many methods implemented in resolution-based analyses.
One of these methods is the equivalent current dipole (ECD) inverse model, which will be
elaborated further in Section 3.2. In Chapter 5, ECD fits are used to determine how inaccurate
high-resolution signals due to head model inaccuracies affect source localization performances,
and in in Chapter 6, they are performed on signals reconstructed from sparse sensor array
measurements in order to assess their performance and potential future implementation in

high-resolution signal measurements.

3.1 Effects of origin translations in the magnetic forward problem

First, we formally establish that the magnetic scalar potential U(r) and magnetic field B(r)

of closed current loos are translationally invariant. Then, we show that the open current
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segment contributions are translationally non-invariant and has interpretation effects on ECD

inverse model fits.

3.1.1  Translational invariance of U(r) and B(r) for closed current loops

Recall (2.6), which is the magnetic scalar potential U(r) due to a closed current loop. If we

translate the origin by ry, i.e.

r—»Tr=r—r; (3.1)

v =1 =1 —r, (3.2)

where tildes denote translated coordinates, then we have

r—r') X ez dl
. dt 3.3
47T/ / r +te; —r'|? (3.3)

= B( + te;) - e dt (3.4)
Mo Jo

= U(r) (35)

where the last equation holds by the fundamental theorem of calculus, since B due to a
closed current loop is conservative. Since the scalar potentials are equivalent, (2.3) indicates
that the magnetic fields corresponding to the original and translated coordinate systems are
necessarily equal as well, i.e. B(f‘) = B(r). Note that (3.4) also tells us that any arbitrary
integration path taken to infinity in any direction will yield invariant results; this is consistent

with the path independence of (2.5).

Therefore, under the electro-quasi-static assumption in a source-free region, there is
translational symmetry for the magnetic potentials and magnetic fields produced by closed

current loops.
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3.1.2  Translational non-invariance of u(r) and b(r) for open current segments

The result of having translationally invariant magnetic contributions above do not extend to
open current segments. For clarity, we will denote the magnetic scalar potential and magnetic

field for open segments with lowercase letters, i.e. u(r) and b(r) respectively.

Let us consider an open segment D here in place of the closed loop C. The integral bounds
of (3.3) now become D. Since (2.2) holds only for closed loops, the magnetic field in this
case is not necessarily conservative. Therefore, (3.5) is not generally true for u(r), and the
magnetic scalar potential is hence not always invariant under translations. In other words,
@(T) is not necessarily equal to u(r) for open current segments. We may explicitly write this

result out as follows.

Let us define

F(r,v',r,) =a(fa—ra—a-r). (3.6)
Under a coordinate translation by ry,

E(F,#) = F(r,v') + F(r,r', 1), (3.7)

dL' = —I(¥ x dl') = dL' + Ir, x d, (3.8)

and thus the translated version of (2.12) becomes

1 dL/ - ¥ (3.9)
dm Jp F(E,¥) '

_i i [(dL’ v —(dL' + Ir x dl') - 1) - < - (rl’ 5t F(i(:”)? (I;’)f/)ﬂ (3.10)

= u(r) + u(r,ry), (3.11)

a(F) =




21

where

1 F(r,r’ L' L'+1 ) -
a(r,r,) = / { (r,r,ra)d~ o, (L' +_ 1:><~d )1 (3.12)
am Jp | F(r,v')F (v, 1) F(r,1)

is not necessarily zero. This tells us that open current segment contributions toward the
magnetic scalar potential are not necessarily invariant under coordinate translations. As a
simple check, we see that when there is no coordinate translation, i.e. when r; = 0, then
F =0, and hence @ = 0 as expected.

Now, we show the translational non-invariant in the case of b(¥) as well. A simple

rearrangement of (3.11) gives us u = @ — u. Clearly then, Vu(r,r;) # 0, since
b(r) = —poVu(r) # —po Va(r). (3.13)

This indicates that a translation by —r; results in a difference of the magnetic field produced
by an open line segment by —Va(r, ry).

Note that from (3.8), it is clear that in the translated coordinate system where r’ —
1/, radial current segments with respect to the translated origin (dl' parallel to 1) are

magnetically silent as well. Figure 3.1 summarizes the main results of the previous two

sections, Sections 3.1.1 and 3.1.2.
3.1.8 Verification of the translational non-invariance of u(r)

We now verify the results in the previous section numerically. This is done by considering the
contributions from a simple triangle current loop and its individual edges in various origin
choices as follows.

The triangle loop was defined by specifying three random vertices of up to length 5 cm
from (0,0,0) cm. The contribution from each edge was defined as @;(T), ¢ = 1,2,3. Then, 12
origins were used to evaluate the contributions of each edge: 9 origins were spaced evenly on
the triangle loop (labeled with origin indices 1 to 9), and 3 random origins of up to 5 cm from

(0,0,0) cm that do not lie on the triangle were specified (indices 10 to 12). The field point
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Figure 3.1: Illustration on how an open current segment has a non-invariant magnetic scalar
potential and magnetic field when different origins are chosen. In the coordinate system with
origin O, the current segment is non-radial and hence not magnetically silent. However, with
respect to the translated origin O, the current segment becomes radial and is magnetically
silent because dL/ = 0 when r’ is parallel to dl'.

was randomly picked to be 12 cm away from (0,0,0) cm, and the magnetic scalar potential
for each triangle edge was evaluated with (3.9).

The physical setup of the triangle and origin points are shown in the left subplot of
Figure 3.2, and the contributions from each edge when evaluated with respect to each of the
12 origins using are shown in the right subplot of Figure 3.2. We see that indeed, @;(F) is not
invariant for each edge under coordinate translations. However, the closed loop contribution
when all three components are added together is invariant under coordinate translations
(magenta line), as expected from Section 3.1.1. When for origins located at the vertices or
along an edge, only the non-radial edges relative to that origin had non-zero scalar potential

contributions as expected.
3.1.4  Translational invariance of the electric forward problem: an aside

As an aside, we explore the electric counterpart of our magnetic considerations. We show
here that the contributions towards the electric scalar potential and electric field by charges
under the magneto-quasi-static assumption are always translationally invariant. This applies

to EEG setups, which measure (the difference of) electric scalar potentials.
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Figure 3.2: (Left) Current triangle setup and the 12 computational origins considered.
(Right) Show the varying @;(T) contribution by each line segment of the current triangle at
various origins. Each edge and their corresponding ;(r) contributions have matching colors.
Only non-radial current segments have non-zero contributions. The magenta line shows the
translationally invariant U(r) of the closed loop.

Coulomb’s law states that the electric field of a line charge with charge density A(r’) along

a line segment D is given by

1 A (r =1
E(r) = / (r')( 3 ) dar’, (3.14)
dmey Jp v —1/|

where € is the vacuum permittivity. Let us assume a straight line charge of length [, with
constant charge density A(r’) = A. This charge segment can be parametrized as r’ = ry + h't/,
t' € [0,1], where rj, is the position of one end of the line segment and h’ is the vector pointing
towards the other end. Its electric field contribution can thus also be written as
A Yr—r)—ht

= 3.15
4meq Jo |r —r) — Wt (3.15)

E(r)

Under magneto-quasi-static approximation, (2.26) and (2.27) allow us to find the electric
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scalar potential via the gradient theorem approach as presented in Section 2.1,

V(r)=— /OOO VV(r+te,)- e dt (3.16)

:/ E(r+te,) - e, dt. (3.17)
0

If welet ag =r —r) —h't', kg = ag - e, and yg =t + kg, then we have

l 00 1 l 0o t
(/ k/ — dtdt —|—/ / P — dtdt’) ) (3.18)
0 0 |aE+er| 0o Jo |aE+ter|

The inner integral in the first term is given by (2.8), whereas the inner integral of the second

A
Vir) = 4dmeq

term is easily evaluated in a similar manner to be

< 1
/U Tt iep dt = . (3.19)

lag + te, ap +k

Thus, we have

V(r) = A [ dt' (3.20)
_47'('6() 0o 4E ' .

Since ag is independent of origin choice, this expression indicates that the electric scalar
potential of an open straight line charge (and hence the electric field as well) is translationally
invariant. Note that the condition of a source-less region is not required in this electric

forward model.

This result is expected to be consistent with the current loop magnetic field counterpart;
point charges are analogous to current loops (magnetic dipoles) since they are the the
fundamental electric and magnetic sources respectively. This result also tells us that the
subsequent discussions about complications arising from translational non-invariance of open

line sources do not apply for electric measurements such as EEG measurements.

For completeness, we evaluate the integral of (3.20) and state its final form. Let b = r —rg,
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c=b-h',and 2 =t — ¢ so dz = dt’. Then, the magnetic scalar potential is found to be

V(r)=

8meg

A 1n<\/l2—2lc+b2+(l—c) b—i—c). (3.21)

VE—2ct2—(l—¢c) b—c

This expression is presented in many electromagnetism textbooks, though likely in slightly

different forms. For instance, see Problem 2.25 in [55].

3.2 Effect on ECD inverse models

We have shown that closed current loops have invariant contributions to the magnetic field
under coordinate translations, but not its individual segments/open current segments. This
has effects on MEG ECD inverse models as will be shown in this section. For simplicity, we

have considered a spherical head model.

In general, ECD fits attempt to fit the signal produced by one or more electric dipole
sources (calculated using Sarvas’ formula (2.43)) to a reference measured signal. This is done
by finding an ideal location and orientation for the dipoles so that the error between the

signal produced by the dipoles and the reference signal is minimized.

Two methods in which the ideal dipole locations/orientations may be found are by directly
varying their locations/orientations in an iterative manner to minimize the signal error, or
by setting up a grid of plausible dipole locations, then exhaustively finding a grid point
that results in the lowest signal error for some ideal orientation there. The former iterative
method has the advantage of being more computationally efficient; however it runs the risk of
converging to a local minimum that is not at the desired solution [25] (see Figure 4.2, which
show multiple local minima if using the relative error metric (4.27)). The latter exhaustive
method circumvents this issue, but may not accurately find the global solution if the grid is
coarse. Having a fine grid also tends to be computationally slow. In our case, we employ the
latter exhaustive search, since our main goal is to find the global solution. The fit procedure
that we implemented will be further detailed in Section 3.2.3. For a detailed introduction to

ECD fits for neural activity, one may refer to [125].
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3.2.1 Validity of ECD fits

Before presenting the results of the MEG ECD fits, the validity of ECD fits should first be
discussed. In literature, it is often assumed that dipoles can accurately reproduce the signals
produced by models of focal neural sources. This assumption is, of course, true by definition
if the focal sources are modeled as electric dipoles. However, for sources modeled by finite

lengths of currents, the validity of this assumption becomes less trivial.

We justify that for a straight line current segment, there exists an equivalent dipole that
exactly reproduces its magnetic field.

Let us define a straight line current segment with length [, current strength I, and
parametrization r'(t) = r{, + h't, ¢t € [0, 1], where r{ is the position of the starting end of the
segment and h' is the unit vector pointing in the direction of current flow. By (2.1), the
magnetic field produced by this current source may be written in a form mathematically
similar to (2.7),

MOI / / : dt
b(r) =" [h' x (r - — 22
(r) = 2= ' x (r ro)]/0 i (3.22)

The mean value theorem for integrals with scalar field integrands tells us that there must
exist a t = tp € [0,1] such that the above magnetic field produced by an open line segment

(3.22) is equivalently

~ poll b x (r —rp)

AT |r — 1) — Witp|*

b(r) (3.23)

This is precisely the form of the magnetic field produced by a dipole, given by (2.34) with
N =1,D = Ilh', and rp = r{+ h'tp. There is thus a guaranteed ECD fit with strength 11
that produces an identical signal as a line segment. The equivalent dipole lies on the line

segment itself, and has orientation that points along the current flow.

In theory, by the principle of superposition, multi-dipole inverse models are valid for

source configurations made up of straight line segments; an N-edged current loop will have an
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exact N dipole fit. However, since the mean value theorem only guarantees a solution along
the line and not an exact position, the dipole solutions are are likely informative only for short
line segments where the position variation is restricted to be small. Moreover, constraints are
expected to be required to accurately find these solutions, again due to the ill-posed nature

of inverse problems [66].

As discussed in Section 2.2.5, for a spherical head model with the current triangle
formulation and origin taken to be at the center of the sphere, the only contributing current
segment is the non-radial primary current. A single dipole ECD fit is thus sufficient to
locate this primary current segment, and the resulting dipole is justifiably interpreted as the
primary current source. In MEG, this is one of the most commonly used and validated source
localization methods, even in clinical settings [0, 62, 95]. However, in Section 3.2.3, we show
that the physical interpretation of a single dipole ECD fit as the primary current should be
made with caution, especially if the exact location of the computational origin is not known
accurately. Despite the ECD fit being valid with an exact solution at certain shifted origin
points, the localized dipoles may correspond to volume current contributions or possibly have
no meaning at all.

Note that the ability of an iterative ECD fit algorithm to find an exact solution on the
straight line segment may depend on factors such as a sufficiently accurate initial guess, the

objective function choice, and the stability of the solution.

3.2.2  Verification of the validity of ECD fits

Here, we perform a simple computational verification of our claim above in Section 3.2.1 that
for a triangular current loop with origin at any of its vertices, there always exists a dipole on
the opposite edge that exactly reproduces the magnetic field of that edge.

An arbitrary current triangle with current strength I = 1 A was first specified, with each
vertex being up to 5 cm away from the (0,0,0) cm origin. Each edge was discretized into 50
points, and each point was taken to be an origin. For each origin, the signal due to a dipole

located at every other point was calculated. As suggested by (3.23) about the exact solution,
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each of these dipoles was set to have strength I multiplied by that edge’s length, as well as
orientation parallel to the edge it was located on. Let us denote the signal produced by such

a dipole (relative to some origin) to be ¢p.

The forward magnetic field of the entire triangle loop (that was then used to calculate the
reference flux signal) was obtained by performing the closed loop Biot-Savart line integral.
This calculation was done with respect to the (0,0,0) cm origin for convenience and used for
all origin cases; we know from Section 3.1.1 it will be translationally invariant. Let us denote

this reference signal as ¢,..

The MEG sensor array that was considered was the standard placement of the 102
magnetometers of the Elekta Neuromag TRIUX system (Megin, Helsinki, Finland). Each
magnetometer is square with side length 2.1 cm, and the signal for each sensor was calculated
via a 9-point cubature sampling approximation of the magnetic field over the sensor area (see

Chapter 4 for more details). The sensor array is shown in the left subplot of Figure 3.4.

Let the error between ¢,.; and ¢p be quantified by

o bves —onl”

3.24
IpreslI” 324

which ranges from € = 0 when ¢,y = ¢p to ¢ = 1 when ¢pp = 0 or ¢p = —2¢,.s. This
means that we may define a goodness of fit (GOF),

GOF =1 — ¢, (3.25)

with GOF = 0 indicating the worst possible agreement between ¢,.; and ¢p, and GOF =1

indicating perfect agreement.

Figure 3.3 shows the highest GOF value attainable at every origin for some dipole along
the triangle. We see that indeed, when the origins are at the triangle vertices, GOF =~ 1.
Each of the three vertex origins is marked by a colored “x”, and the dipole that yielded the
highest GOF value is marked with a solid circle with the corresponding color. The dipoles
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reside on the opposite edge of each vertex as expected from 3.2.1.

Goodness of fit
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Figure 3.3: Shows the maximum ECD GOF attainable at each origin point that lies along an
arbitrary current triangle when the dipole solutions are constrained to be parallel along the
triangle edges. When the origin coincides with a triangle vertex, the dipole with maximum
GOF lies approximately at the middle of the opposite edge. Each vertex origin is marked by
an “x”, and the ECD location is marked by a solid circle with matching color.

For origins on the triangle that do not coincide with the vertices, the highest attainable
GOF for dipole sources also located on the triangle and parallel along its edges is less than 1,
reaching a minimum for origins near the center of each edge. In Section 3.2.5 later on however,
we observe via an unconstrained ECD fit that there exist dipoles not necessarily lying on the

triangle that yield a high GOF whenever the origin lies in the plane of the triangle.
3.2.3 Unconstrained ECD fit procedure

The validity of the ECD inverse method is now verified for source models involving straight
line current segments, including triangle current loops. We now proceed to show how the

property of open current segments having translationally non-invariant magnetic contributions
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affects the results of a simple unconstrained MEG ECD fit.

We again considered a spherical head model with a current triangle source. The three
triangle vertices were defined to be at (0,0,0) cm and (£0.25,0,3.3) cm, corresponding to
the deep-source of the Elekta Neuromag dry phantom (Megin Oy, Helsinki, Finland), and the
current strength was arbitrarily set to be 1 A. Conventionally, the short horizontal edge at
z = 3.3 cm is interpreted to be the primary current segment. The sensor array and method
of calculating the forward signal was identical to the previous section (Section 3.2.2). The

left subplot of Figure 3.4 shows the current triangle and sensor array setup.
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Figure 3.4: (Left) Magnetometer sensor array setup and current triangle configuration used
for the unconstrained exhaustive ECD search. (Right) Unconstrained ECD fit results when
the origin choice coincides with one of the triangle vertices. Each of the three origins is marked
by an “x”, and the corresponding ECD fit result is marked by a solid square with matching
color. The center of each triangle edge is marked by a hollow circle. The unconstrained fits
shown here are in agreement with the constrained fits shown in Figure 3.3.

Two planes of 20 x 20 grids of translated origins was defined: one in the y = 0 (x2)
plane from x € [-3,3] cm and z € [—1,5] cm, and the other in the z = 0 (zy) plane from
x,y € [—3,3] cm. These planes are parallel and perpendicular to the plane defined by the

current triangle respectively. Let us denote the (0,0,0) cm origin (center of the sphere) to be
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the “reference origin”.

As mentioned in Section 3.2, we opted for an exhaustive search for the optimal dipole
location instead of an iterative search. Every grid point in both the xz and xy planes was set
to be a translated origin, and for each of these origins, an optimal zz grid point (not equal
to itself) was identified as the ECD location, where some dipole orientation minimizes the
error between ¢,.r and ¢p to give the highest attainable GOF. This procedure is described

as below.

Let us consider one particular origin, and an zz grid point not equal to this origin. First,
the corresponding topography matrix vp at that zz grid point (or lead field) was calculated.
The lead field of a given point is a matrix of size Ng x 3, with each column corresponding to
the signal measured by a Ng-sensor array due to a unit dipole located at that point oriented
in each of the 3 orthogonal coordinate directions. In our case then, the lead field vp is a
102 x 3 matrix. If we define ap to be a 3 x 1 vector corresponding to the dipole strength in

each of the 3 orthogonal coordinate directions, we may write

$p = YpOp. (3.26)

Note that ap is unit-less by construction; however, it has exactly the same values as the
dipole moment. We will simply refer to ap as the dipole moment from hereon. The dipole

moment ap = ap s that minimizes the objective function e (3.24) was then obtained,

2
otp ext = argmin | 19ref b ol ). (3.27)
D ||¢7"ef”

This was done using Matlab’s fminsearch with an arbitrary initial guess of ap = (1,1, 1); the
results obtained were found to be insensitive to this initial guess. Then, the GOF was found

with (3.25),

GOF = 1 — ¢(@p cst)- (3.28)
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This process is repeated for all other zz grid points for this particular origin. The zz grid
point and optimized dipole moment corresponding to the highest GOF was determined to be
the ECD solution for this origin. Let us denote this highest GOF value as GOFgcp, and the
corresponding optimal dipole position and moment as 'y, and agcp respectively.

Note that the immediate solution ry., that an ECD fit provides is relative to the
translated origin. In order to compare this with the expected true solution r’, ;,.,., which is
relative to the reference origin, one needs to translate r'y., back into the reference coordinate
system (or choose a common coordinate system to work in). For notational simplicity, we have
denoted all 1’5, used here refer to the ECD fit solution that has already been appropriately
translated back into the reference coordinate system.

Finally, the localization error (LE) of the ECD solution was found via taking the Euclidean

distance between ryop and the expected ECD solution 7, 4.,

LEECD = Hr/ECD - rID,trueH‘ (329)

The expected solution was set to be at the center of the short horizontal edge, 1 ;... =
(0,0, 3.3) cmy; this is inferred from our results as shown in Figure 3.3, which indicates that
the exact ECD fit should lie approximately in the center of the edge.

The above procedure is repeated for all other origins. The final result is thus a GOFgep,

LEgcp, 'gop, and oy p, assigned to each origin.
3.2.4 Results

The LEgcp and GOF gep results for each origin of the xz and xy grids are shown in Figure 3.5.

The first column of Figure 3.5 shows the LEgcp and GOFgeop values for origins in the
xz plane. Despite the LE having a minimum only at the reference origin, the GOF has a
maxima not only at this reference origin, but also the region around the other two triangle
vertices. This may be explained as follows. When the origin coincides with any of the three
triangle vertices, only the opposite edge is non-radial and hence contributes entirely to the

total magnetic field of the loop. From Section 3.2.1, this means that there is an exact ECD
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Figure 3.5: LEgcp and GOF gep plots for the ECD fits at various origin choices. The current
triangle had vertices at (0,0,0) cm and (40.25,0,3.3) cm on the xz plane. LE increases when
the origin choice is further from the (0,0,0) cm origin, but GOF is high for all origins in the
xz plane, especially in areas near the triangle vertices. GOF falls off much quicker for origin
translations in directions perpendicular to the triangle plane. LE is comparable for origin
translations of the same amount in both the xz plane and the zy plane.
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solution that lies on the opposite edge, resulting in a high GOF. However, this means a high
LE as well for the two origins not at (0,0,0) cm.

The locations of the ECD fits when the origin coincides with the three triangle vertices
are shown in the right subplot of Figure 3.4. Each origin is denoted by a colored “x”, and the
corresponding ECD fit is denoted by a solid square marker with the matching color. The
hollow circles denote the center of each edge. We see that indeed, an unconstrained ECD fit
localizes the dipole to the opposite edge as expected, which is consistent with the theory in

Section 3.2.1 and its verification in Section 3.2.2.

The second column of Figure 3.5 shows the LE and GOF for origins in the zy plane. We
see that the LE amounts are similar to the results of xz plane. However, the GOF decays
much more rapidly for origins that are translated away from the xz plane. This may be
explained by how a single dipole/current line segment cannot replicate the signal produced
by more than one current segment when the origin does not coincide with one of the three
triangle vertices and does not lie on the triangle’s plane.

The results of Figure 3.5 indicate that GOF is generally not an accurate indicator of LE
in any way. If one performs an ECD fit and obtains a high GOF, any conclusions about the
dipole’s LE (and hence physical interpretation) should still be made with caution.

We also note again that other objective function choices may be used to obtain an ECD
fit. We found that by iteratively minimizing the subspace angle between ¢,.; and ¢p via
varying the dipole position rp, Figure 3.5 was replicated. In this instance of using an iterative

method, the convergence to any potentially existing local minima was avoided.

3.2.5 Origins in the plane of the current triangle

An interesting observation is that in the bottom left subplot of Figure 3.5, the GOF values
for all origins are high and approximately 1 for all origins in the zz plane. Upon further
inspection of oy, the ECD fits were all found to be oriented in the xz plane. We also know
from the cross product in (2.43) that only the tangential projection of the dipole has nonzero

contribution to the signal. This implies that there exists an infinite number of (near)-perfect
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ECD fits in the plane of the triangle if the origin choice also lies in the same plane; each
of these solutions has the same tangential dipole moment component and location as the
original ECD fit, but varying radial components.

To inspect the purely tangential dipole, we projected o'y onto the line perpendicular
to the line connecting the origin and r’;, in the xzz plane (of the triangle). Let us denote
the projected @y for the i™™ z2 grid origin to be Q'pep, 4 the origin position to be rorigin,i,
and the ECD fit position to be rzop; (these are all defined relative to the reference origin).
We notice that ||apop 4| is approximately inversely proportional to |[rpop; — Torigin.ill, as
shown in Figure 3.6. The GOF for the projected dipole is necessarily (and verified to be)

equivalent to the unprojected 'y case.

From the results in Section 3.2.1, the observations above are equivalent to saying that
when the origin lies in the plane of the current triangle there exists infinite number of current
triangles also in the same plane, each having two radial edges, that produces approximately
the same signal as the reference signal. At least one of these triangles (the triangle constructed
from the tangential projection of the ECD fit) has the same surface area as the original
triangle.

The infinite triangles observation is consistent with the non-uniqueness of inverse models.
The constant surface area observation for the triangle constructed from the tangential
projection of the ECD fit is plausible in the sense that in the far-field approximation, having
the same surface area guarantees that the magnetic field contribution of the equivalent
triangle agrees with that of the original triangle. Both are equal to the field corresponding to

a magnetic dipole with moment m = I'K as shown in Section 2.1.1.

3.3 Further discussions into the implications in MEG methods
3.8.1 Assigning physical meaning to current segments

It is commonly stated in the field of MEG that for a spherical head model, the radial
component of the magnetic field has no contribution from volume currents and that radially

oriented MEG sensors are only sensitive to the tangential components of the primary current
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Figure 3.6: For all origins that lie in the current triangle plane, the distance between the
origin and ECD fit, |[vzop ;i — Torigin,l|, is inversely proportional to the norm of the ECD
moment projected onto the line perpendicular to r'y- D.i — Lorigin,i- Since all of these fits have
high GOF, it implies there for every origin in the original current triangle’s plane, there
exists an equivalent current triangle with two radial edges and equivalent surface area that
reproduces the reference signal.
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[2, 3, 8, 59, 77, 79]. The Sarvas approach of obtaining the full magnetic field via only its
radial component (shown in Section 2.1) also leads to a common conclusion that we can
reconstruct the entire magnetic field with just the primary current contribution.

However, from our formalism, the above statements are only true when the origin is taken
to be at the center of the sphere. We have shown that in a source-less region and under the
electro-quasi-static field approximation, an alternative formula to the Biot-Savart law can be
derived in which radially-oriented current segments are magnetically silent. A simple shift
in origin can thus force volume current segments to become non-radial, meaning that all
components of the magnetic field, including the radial component, contain volume current
contributions. This is regardless of the head conducting geometry.

In the case of a current triangle for a spherical head model, we have shown that while an
origin at the center of the spherical head model results in primary current contributions only
(B(r) = byi(r), by (r) = 0), it is possible to choose an origin that coincides with either of

the other two triangle vertices, leading to volume current contributions only (B(F) = by,
b,i(F) = 0). It is thus possible to obtain the full magnetic field from volume current
contributions only at specific choices of origins. The sensitivity of MEG sensors to different
components of the underlying current is just a matter of convention of origin choice used in
the forward model.

Moreover, as mentioned briefly in Sections 3.2.1 and 3.2.4, this causes misleading physical
interpretations of inverse model solutions if the computational origin is not known definitively.
For an origin coinciding with a triangle vertex opposite to a volume current edge, an ECD fit
localizes the dipole to the volume current edge with high GOF (but significant LE as well) as
seen in the right subplot of Figure 3.4. If one were to interpret this fit as a primary current
based on the high GOF, it results in an incorrect physical interpretation. Furthermore, in
Section 3.2.5, we also observed that for any origin that lies in the plane of the triangle, there
are infinite near-perfect dipoles (or, equivalently, current triangles) in the same plane, due to

the fact that an arbitrary amount of the magnetically-silent radial dipole moment component

(up to the boundary of the head) can be introduced. These equivalent current triangles with
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high GOF do not coincide with the primary current edge as can be seen by the high LE in
Figure 3.5, and may not necessarily mean anything physically at all. Assigning any meaning

to these equivalent currents may again, be misleading.

3.3.2  Co-registration errors and mitigations

In practice, physical misinterpretations are especially relevant in scenarios with a co-registration
error, where the reported computational origin does not agree with the true origin. Short,
near-radial and/or deep primary current segments are more prone to ECD fit errors and
misinterpretations, since a smaller co-registration error may more easily result in the primary

current segment becoming radial and magnetically silent.

From Figure 3.5, we see that compared to the plane parallel to the current triangle,
co-registration errors in directions perpendicular to the current triangle result in a fast decay
of GOF despite having comparable LE. This suggests that for an unconstrained ECD fit, one
may (with high caution) infer that there is a co-registration error off the plane of the triangle
if the GOF is low. More care may need to be taken to minimize co-registration errors in
the plane of the current triangle, since the consistently high GOF provides little information

about the LE that may be used for correcting the co-registration error.

In Figure 3.7, we show source configurations that yield equivalent MEG signal contributions
in the spherical head case, as well as how short, near-radial and/or deep primary current
segments are more sensitive to co-registration errors. In the figure, black colored arrows
represent current segments with non-zero MEG signal contributions, whereas gray colored
arrows represent radial /magnetically silent current segments. Black colored dots represent
the computational origin in question, and a black colored circle represents the corresponding
spherical head model that has the black dot located at its center. Gray colored dots and
circles represent the computational origin and corresponding spherical head model used in
a previous equality. Red dotted arrows represent the origin translations. This figure is an

extension of Figure 1.5(d) presented in [63], and similar figures presented in [76, 78].

In order to mitigate the errors of potential co-registration errors, for forward signal
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Figure 3.7: (First row) Illustrates two magnetically-silent radial volume current edges being
introduced in a spherical head model to form a closed current loop with the primary current.
This is equivalent to a translated origin case where all edges are now non-radial; all three edges
now have non-zero signal contributions. (Second, third rows) Deep and near-radial current
sources are more sensitive to co-registration errors respectively; a small origin translation is
sufficient to render them radial and magnetically silent.
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calculations, the translational invariance of closed current loop magnetic contributions suggest
that the contribution from the entire current should always be considered, instead of just
primary (or seemingly non-radial) current segments. This fully mitigates any non-invariant
calculations of forward models, even in the event that unknown co-registration errors are
present.

For the inverse model, as mentioned in Section 3.2.1, there is in theory an exact N-dipole
ECD fit for the signal produced by any closed current loop with NV straight edges, though
constraints are likely required to find them. Constrained multi-dipole ECD fits may thus be
able to mitigate the effects of co-registration errors on ECD fits by accurately identifying (one
point of) every primary and volume current segment. Further investigation into multi-dipole
fits for current loops is left as future work. Since single dipole ECD fits have been used with
success as also mentioned in Section 3.2.1, the effects of co-registration errors as described in

this chapter are likely more relevant with deep and near-radial focal neural sources.
3.3.8  Sensor orientations

Our results may also have an influence in deciding sensor orientations. There have been
discussions into how radially-oriented sensors have higher sensitivity to primary currents,
whereas tangentially-oriented sensors have higher sensitivity to volume currents |18, 74]. It has
also been shown that sensor arrays with diversely-oriented sensors improves the performance
of source reconstruction and software shielding capabilities |72, |. It was suggested that the
detection of a mixture of both primary and volume contributions with such a sensor array may
be a reason behind the improved performance over arrays with purely radially-oriented sensors
[72]. From our discussions above, due to the freedom to choose a computational origin in our
formalism, it is possible to alter primary and volume current contributions independently
of sensor orientations via origin shifts. Origin choice needs to be taken into consideration,
before conclusions about the sensitivity of differently positioned/oriented sensors to primary
or volume currents can be made. There is thus room for investigations into the priority of

sensors and their orientations for inverse modeling with respect to origin choice.
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Chapter 4

NEAR-ANALYTICAL MAGNETIC FLUX CALCULATIONS

As mentioned in the introduction, in order to utilize the increased spatial information
provided by MEG signals measured by closer sensors to the head, it is important to investigate
whether the accuracy of currently implemented approximation methods can resolve these
higher-resolution signals sufficiently. In this chapter, the accuracy of approximations used to
calculate the magnetic flux through circular and square pick-up loops is assessed in relation to
novel near-analytical methods of magnetic flux evaluations. Due to their equivalence, “signal”

and “(magnetic) flux” will be used interchangeably in this chapter.

In MEG, the measured magnetic flux signal through a magnetometer is either the surface
integral or volume integral of the magnetic field over the sensor geometry; the former
corresponds to SQUID pick-up loops, and the latter corresponds to OPM sensing volumes.
Even with the help of computational software, these integrals are difficult to evaluate directly
due to their complicated forms, and numerical approximations are hence utilized. However,
by their very definition, numerical approximations are not exact and result in forward signal
calculation errors. Depending on the method of approximation, these errors may become

especially large when considering increasingly spatially complex magnetic fields.

Currently, cubature approximations are used to calculate the signal for MEG pick-up loops
(see [1, 26, 74]). That is, the signal is calculated by taking the sum of the integrand evaluated at
a discrete number of weighted sampling points across the sensor surface. Although it is possible
to improve the accuracy of the approximation by increasing the number of sampling points,
this may become increasingly time-consuming, especially when different source configurations
are considered and each requires a separate evaluation of the flux. Another issue that may

arise when using cubature approximations to sample spatially complex magnetic fields is
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aliasing. The distances between the discrete sampling points may fall below the spatial
Nyquist sampling rate, and hence high frequency components of the signal may become
aliased. This results in artificial low frequency signal patterns, which act as unexplained noise
that decreases the forward signal resolutions 132, |. Being able to calculate the fluxes

analytically without the use of discrete sampling points will avoid this problem entirely.

In this chapter, we first express the quasi-static magnetic field in terms of a VSH basis
expansion. The VSH representation decomposes the magnetic field into spatial frequency
bands which correspond to the various harmonic [ degrees. Then, for each [ degree, we show
that their flux contribution surface integral can be simplified into a line integral. This allows
for an easier evaluation by computational software, as long as the pick-up loop, which can be
arbitrarily shaped, has a known parametrization. An iterative method to exactly calculate
the flux contribution from each [ degree is additionally developed for the special case of
circular tangential sensors. Finally, the relative errors of cubature approximations for the
flux measured by tangential circular and square sensor are evaluated for each [ degree. These
relative errors are calculated with respect to exact evaluations of the flux using our analytical

formulae.

4.1 Vector spherical harmonic expansion of the magnetic field

In this section, we present the multipolar VSH decomposition of the magnetic field relevant
for MEG measurements. As mentioned, the VSH decomposition fundamentally organizes
the field into spatial frequency bands. This is similar to the Fourier series, and allows for

analyses to be done in the spatial frequency domain.

First, let the field coordinates be r = (R, 0, ¢), and let us assume the electro-quasi-static
approximation within a source-free region as shown in Chapter 2. Hence, (2.3) holds. Together
with V - B = 0 (no magnetic monopoles), this means that the magnetic scalar potential U

necessarily satisfies Laplace’s equation, i.e., V2U = 0. When solved in spherical coordinates,
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it gives us an expansion of U in terms of (surface) spherical harmonics Y,

Z Z Qim Rl+1 +Z Z B R'Y, im (0, 0), (4.1)

=1 m=—1 =1 m=-I

where the spherical harmonics are defined by

204+ 1 (1 — I
Ylmw,qb):\/ e cos), (42)

with I € N, =1 <m <[, and P/" are the Legendre polynomials defined by

——(2* — 14 (4.3)

24!

Notice that [ = 0 has been excluded in the expansion (4.1) due to the absence of magnetic

monopoles. Substituting (4.1) into (2.3) gives us

Y 2 Y03 e 0.0)

=1 m=—1 =1 m=—1

= B,,(r) + Bow (1), (4.4)

where the coefficients «y,, and 3, (or multipole moments), which may be obtained using

orthogonality relations of the VSH, are [112]

l
T A 4.
2l+1 l+ 2l+1 [+1 7™ (45)

i [l X i [l+1
b = 377 l y R’l+1"]"“t W= lAﬁlm' (4.6)

The notations used to define these multipole moment expressions are as follows: i is the

Xi T dv' =

Ay =

imaginary unit, v;,,, W, X, are vector spherical harmonics defined as the components of
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V (Yim/R*) and V(R'Yin) [69],

Nin(6:9) . 1mYin(6,9)

Yin(0,6) = —(1+ 1)¥in (0, O)e, + 22y 4 ML)

= VI DT 1)Vi(6,0), (4.7)
Wi (0, 6) = 1Y (0, 3)e, + ayl"é(;’ %) ey + Zm}z;”’r‘l(g e,

= V121 + )Wy, (6, 9), (4.8)
Xim (0, §) = % m€s + iagém%

I+ DX (6, 0), (4.9)

and J;, and J,,; are source current distributions with radial distance smaller or greater than
the sensor array radial distance respectively. We have also defined A,,, and Ag,  to be the

respective volume integrals over the source space in the multipole moment expressions.

Let primed coordinates r' = (R, 0, ¢’) refer to source coordinates. As hinted by the
notations By, Bout, Jin and J,y, the first expansions of (4.1) and (4.4), denoted with the
subscripts “in”, correspond to contributions where R’ < R. In other words, they correspond
to contributions from sources within the head, assuming no sources within the sensor-scalp
gap. The second expansions, denoted with the subscripts “out”, correspond to contributions
from beyond the sensor array radius where R’ > R. With the source-less sensor-scalp gap
assumption, the second expansion term equivalently corresponds to contributions from all
sources outside the head. We can verify this by observing that terms of the first expansion
necessarily converge to zero as 1/R!"? when R — oo, whereas terms of the second expansion

converge as R~ when R — 0.

4.1.1  Magnetic fluz through planar pick-up loops

In the case of SQUID MEG systems, planar pick-up loops are utilized for signal detection.

The magnetic flux signal ®,,; obtained from such a sensor with surface C and orientation
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n = (ng,ny,n,) is given by the surface integral of the magnetic field across C,

(I’Surf = /CB(I‘) -n dS. (410)

Similar to (4.4), the flux ®,,f may be separated into two components ®;, and ®,,, that

correspond to contributions from sources within and outside the head,

D= /CBm(r) -n dS +/cBout(r) -n dS

= ¢in + Qout (411)
Vim _
- —NDZ Z / le+2 ‘0 dS — po Z Z 5lm/Rl Ywim (0, ¢) - 1 dS.
=1 m=-—I =1 m=—1

This can be written more compactly in matrix form as

a
@su'r‘f = |:Szn Sout] y (412)

b

where
vi_1 Vip Vig V22
sm:/C[R3 Mo M e | mas, (4.13)
Sout = / [(4)17_1 s w170 N (4)171 y Rw27_2 y o ] -n dS, (414)
C

a = —Mlo [a1,—1 , 10, 011, Qg 2, --~]T, (4-15)
b = — Mo [ﬁl,—1 ) 51,0 ) 51,1 ) 52,—2 ) ]T (4-16)

This matrix representation is the foundation of the Signal Space Separation (SSS) methodology,

which was first presented in [1412].

In this form, we see that S;,, and S,,; contain the [ degree basis vectors that span the signal

subspace due to contributions from sources located inside and outside the head respectively.
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Since they are independent of any source coordinates, they can be constructed solely with
knowledge about the sensor geometry. On the other hand, the multipole moment vectors a

and b contain information about the source distribution only.

For a fixed sensor configuration, the basis matrices thus needs to be calculated only
once; the forward signal for any source configuration may then be obtained via updating
the multipole moments. This is a faster operation than re-calculating the flux whenever the
source configuration changes. As such, the elements of the basis matrices are what we aim
to accurately calculate. To implement such a forward calculation, the series (4.11) must be
truncated at an appropriate degree of [ = L such that the signal space is spanned sufficiently
accurately by the bases matrices. It has been determined that a truncation degree of L = 8

for S;, and L = 4 for S,,; is sufficient for typical SQUID-based MEG system applications

[144].

We are typically only interested in signals due to activity within the head, so from here
on, we only consider S;, which specifies ®;,. The subsequent discussions for the rest of the
chapter follow analogously for S,,;. Denote each entry of S;, as v;,,. Converting v, from
spherical coordinates to Cartesian coordinates, then carrying out the dot product with sensor

orientation n, we have

Vi, = /CW {—(l + 1)Yimer(6, ¢) + %0 co(0,0) + -~ co(0,0)| dS, (4.17)
where
cr(0,¢) = n,sinf cos ¢ + n, sinfsin ¢ + n, cos b, (4.18)
co(8, ¢) = ny cosBcos ¢ + n, cosfsinp — n, sinb, (4.19)
cy(0, ¢) = —ng sin ¢ + n, cos ¢. (4.20)

The accurate evaluation of these signal basis matrix elements is beneficial for many applications

utilizing the VSH expansion. Most trivially, it allows for a more accurate forward flux
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calculation ®;, = S;,a up to truncation degree L (assuming we have knowledge about
the source and thus can calculate a). It also provides a more effective filtering of external
interferences in SSS applications [112, 144]. The current method to calculate (4.17) is via
cubature approximations which results in increasingly inaccurate evaluations of the higher
[ degree basis vectors as seen in Section 4.7. From Section 4.3 and beyond, improved
near-analytical evaluation methods are presented.

In our discussions above, only one sensor has been considered, and so the basis matrix S;,
is 1 X ((L +1)? — 1)-dimensional and the multipole moment vector a is ((L +1)? — 1) x T~-
dimensional, where T is the number of temporal sampling points. This can be extended to
more realistic applications with an array of N sensors, where S;,, will be N x ((L +1)? — 1)-

dimensional and a will be ((L + 1) — 1) x T-dimensional.

4.1.2  Volumetric magnetic flux through cylindrical sensing volumes

As opposed to a flux measurement across a pick-up loop, the signal measured by OPM sensors
is the volumetric flux of the magnetic field across a cylindrical sensing volume V), projected
along some sensing direction n. The sensing direction can be modulated and is independent
of sensor coordinates. Hence, instead of a surface integral, the volumetric flux is instead

obtained via the volume integral
b, = / B(r) - ndV. (4.21)
v

We may express n as a rotation of n, i.e. n = Rn where R is a rotation matrix. The rotation
matrix can be obtained by using Rodrigues’ rotation formula (see Section 4.5), with rotation

axis k = n x n and angle of rotation 6; = arccos(n - n/|n|[n|). So we equivalently have
D, = / B(r) - RndV. (4.22)
%

Furthermore, the cylindrical volume can be discretized into k cross-sectional “slices” of V. The

volume integral may thus be approximated as a sum of k surface integrals over cross-sectional
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areas C;, 1 = 1,..., k, multiplied by their thicknesses Aw;,

k
B~ Y Aw / B(r) - RndS. (4.23)
i=1 Ci

This expression, along with the fact that R has constant entries, mean that the discussions
in this chapter which are for pick-up loops may still be used to approximate the volumetric
flux that OPMs measure. It is expected that the sum of analytical flux evaluations over
cross-sectional areas will yield more accurate results than that of cubature approximations over
the cylindrical volume, since the cubature approximation is reduced from three dimensions to
one dimension. The [ degre truncation required for OPMs is also expected to be higher due
to higher signal resolutions as we will discuss in the next section (Section 4.2).

In Section 4.8, we suggest the possibility of using cylindrical harmonics to analytically
evaluate the volume integrals for OPMs instead of spherical harmonics, since it may more
naturally describe the fields within the cylindrical sensor geometry.

4.2 Higher | degree portions correspond to higher spatial frequency bands

In this section, we discuss how each spherical harmonic | degree in the expansion (4.1)
corresponds to spatial frequency bands; the higher the [ degree, the higher the spatial
frequency.

This may be qualitatively seen from the plots of the real part of spherical harmonic basis
modes on a sphere as shown in Figure 4.1. For higher [ degrees, the m-order orthonormal
basis modes are more spatially complex. The [-degree subspace which they span are thus
more spatially complex as well, corresponding to having a higher spatial frequency. Note
that negative m-order modes are not shown since they exhibit the same patterns as the
positive m-order modes up to a sign flip; by our adopted spherical harmonics definition,
Y;:, = (—=1)™Y, _. The plots were done with the code provided in [120].

Quantitatively, we know that for some [ degree, the spherical harmonics Y}, are the
corresponding eigenfunctions to the —[(l 4+ 1) eigenvalue of the Helmholtz equation defined

with the surface Laplacian operator (or, Laplace-Beltrami operator) V?(,’ o = R*V? — ROAR
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[105, 119],
Ve Yim = =11+ 1)V (4.24)

The eigenvalue is the negative squared of the wave number /spatial frequency on a spherical
surface [5, 121], thus each I-degree subspace corresponds to the y/I(l + 1) spatial frequency
band. Since the components of an [-degree VSH consist of combinations of these [-degree
(scalar) spherical harmonics Y,,, this means that the higher [-degree expansion terms of (4.4)

correspond to higher spatial frequency basis modes that span the total magnetic field as well.
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Figure 4.1: Plots of the real part of spherical harmonic modes Y},,, on a sphere, from degrees
Il =1 to [l =4. Higher [ degree subspaces correspond to higher spatial frequencies, since the
orthonormal m-order basis modes that span the space are more spatially complex.

We very briefly note here that determining the spatial frequency bands of each component
of the VSH may be a useful contribution towards future work regarding ideal sensor orientations
as discussed in Section 3.3.3. It can be seen easily that the radial component of the VSHs are

eigenfunctions corresponding to the —I(I + 1) eigenvalues of the Helmholtz equation (4.24)
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as well, and hence measurements in the radial direction of the magnetic field offer signal
resolutions up to the \/I(I + 1) spatial frequency band for some [. However, the exact spatial
frequency bands for the tangential components of the VSHs are less are less clear. As such,
further investigations can be made to determine the relative spatial resolutions that each

magnetic field component has to offer.

The 1/R*? decay behaviour of each [-degree term in the first expansion of (4.4) tells us
that higher spatial frequency components of the magnetic field produced by sources within
the head decay quicker as a function of distance. This is the reason why higher resolution
signals are expected to be measured for closer sensor array distances to the head; these high
spatial frequency components will now be at detectable levels since they have not decayed to
be below noise or sensor sensitivity levels. If we let R; be a sensor distance that is closer
to the head than Ry (R; < Rs), then the relative signal amplitude for each [ degree for
the further sensor compared to the closer sensor is ((1/Ry)/(1/R;))!™ = (R1/Rs)'™2. Since

R1/Ry < 1, this quantity converges to zero as [ — oo.

4.2.1 Improved forward and inverse models

We also present an illustration as to how including higher [ degree portions of the basis matrix
and multipole moments allow for forward signals with improved spatial resolutions. In turn,

improved inverse solutions are expected.

Let us assume a dipolar primary current source, described by (2.29) with N = 1. Let
us further specify the components of the dipole location and moment as D = (a,, ap, ay)
/

and r, = (R}, 07, ¢). Substituting this expression of a dipolar primary source into the

multipole moment expression (4.5) gives us

Qi = —

iR/l ma i ) , - ay;kn g’ ’d)/
(21 + 1)?l+ 1) <sin90;3Ylm< D+ ¥p) _Z%%) ) (4.25)
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and a direct evaluation of the spherical harmonic derivative allows us to further express it as

iRl mag
= — o t 0 x (nl /
Qq (2l + 1) (l + 1) (sin Q/D tagm cottp lm( D> ng)
~iage o /T 1) —m (m DYy (0, %)] . (420
Expressions for spherical harmonic derivatives may also be obtained from, for example, [153].

To observe the resolution abilities of each spatial frequency component, a dipole located
at (R, 05, d) = (0.07,7/2, ) with moment D = (1,1, 1) nAm was specified, and the sensor
setup used was the standard placement of the 102 magnetometers of the Elekta Neuromag
TRIUX system (see Section 3.2.3). The forward signal of the dipole ¢, = S;,;a; for each
Il =1,...,9 degree was then calculated. The dipole was then shifted tangentially across the
sphere of r = 77, to obtain the perturbed signal ¢;. For each | degree portion at each dipole

location, the relative error (RE) between ¢ and ¢’ was calculated using

RE = 19 =9l (4.27)

]|

Note that S;,; was obtained by evaluating (4.13) using a 9-point cubature; it will be shown
in Section 4.7 that for such a sensor setup, a 9-point cubature approximation of the basis

matrix is still accurate. The multipole moment elements in a;, were calculated with (4.26).

The colored topographic plots in Figure 4.2 show the RE at each shifted dipole location
for the odd [ degree signal portions, whereas the grayscale plots show a top-down view of the
area of convergence for RE < 0.8 (i.e., the intersection between the topographic RE plots
and the z < 0.8 domain). The location of the original dipole (or “true solution”) corresponds

to the center of the xy plane, and is marked by a red dot in the area of convergence plots.

We see that for higher [ degrees, the steepness of descent into the true solution with zero
RE increases, indicating that for a given perturbed dipole position, a larger RE is obtained

in general. Conversely, this means that dipolar sources are able to be localized with higher
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accuracies for a given error tolerance amount, since a smaller margin of spatial error from the
true solution is allowed (represented by the area of convergence). This is, however, assuming
an initial guess sufficiently close to the true solution. As mentioned in Section 3.2, the
multiple local minima that can be seen from the RE plots (especially for higher [ degrees)
may result in a mis-localization of the dipole if they have lower values than the specified
error tolerance. For instance, we see that in the [ =9 disc of convergence plot in Figure 4.2,
more than one spatial location has RE < 0.8. Specifying a tolerance of RE = 0.8 (which is
unrealistically high, but serves as an example) may result in an incorrect dipole localization

for initial guesses away from the true solution.

One way to mitigate such a convergence into an incorrect local minima may be exploit
the increased smoothness and hence decreased number of local minima for low [-degree RE
plots (which can be seen by either observing the topographic plots of Figure 4.2, or noting
that they correspond to lower-degree harmonic polynomials). A decreased number of local
minima means that an initial guess near the true solution may be more safely obtained by
performing an inverse model (with sufficiently low tolerance) on a low [-degree signal portion.
This initial guess will then likely fall within the correct area of convergence corresponding to
higher [-degree portions, and can then be refined with inverse models on these higher [-degree
portions. Utilizing individual /-degree signal portions for inverse modeling is, however, still

under study.

4.2.2  Analytical first-order multipole moment errors: an aside

As an aside here, we provide the first-order error expressions of the multipole moments (4.25),

which apply for small dipole position displacements.

For a small perturbation in the radial direction, R}, — R, + 6 R/, the multipole moment
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2 27

Figure 4.2: (Top row) Topographic plots of [-degree signal RE due to tangentially-displaced
dipole positions. The original dipole position corresponds to the center of the zy plane.
(Bottom row) Areas of convergence for RE < 0.8. For higher [ degrees, the steepness of
descent into the true solution increases, corresponding to a smaller area of convergence.

error 0oy, r/ is approximately

aalm

OR/ r'=r/,
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@2+ (1+1)
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For a small perturbation of the elevation, 67, — 0}, + 66’, the multipole moment error
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daum, ¢ is approximately

8alm
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(cos” 0 mﬂ Yy, (0, 6p)

mag

- {ei¢b\/l(l+1)—m(m+1) (
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sin 07,

For a small perturbation in the azimuthal direction ¢, — ¢, +d¢’, the multipole moment

eITor 00y, ¢ 1s approximately

8alm ,
50élm’¢/ =~ ; 6¢
agb r’:r’D
iR'o¢! iagm® N
ICEDIGEY K_sinefD —mag cot 9D) Y (05, 6)
—omagy/I(1+1) —m (m+ )Y/, (6, qu)} _ (4.30)

The multipole moment error due to an arbitrary small perturbation direction can thus be

approximated via the sum of (4.28), (4.29), and (4.30) above,

Sy, =~ (ao‘lm 5 + 20m sy  Ocim 5¢’) (4.31)

OR' a0’ 9/

y——
r —I‘D

4.3 Line integral formula for an arbitrary sensor geometry

We now proceed with the goal of presenting near-analytical flux evaluation methods. Here,
we convert vy, (4.17) into a line integral formula, which can be more easily evaluated by

computer software as long as a parametrization for the pick-up loop boundary can be written.
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First, recall that the magnetic vector potential A is defined as
V x A =B. (4.32)

If we can find an A, then we can apply Stoke’s theorem to convert the flux integral (4.10) to

a line integral over the boundary 9C of C,

Burs= p A-dl= / tQA[r(t)]-dz(tt> dt, (4.33)

where dl points along OC in the direction n, and r(t) = (r,(t), r,(¢), 7.(t)) is a parametrization

of OC in t € [t, ts].

From [09], we know that for some scalar function f(R),

v %] =iy 5 [ D - ()] Vin
iy 2ll++11 {dj;f) 4 121 f(R)} Wi (4.34)

This is in the same form as the expansion terms of the magnetic field (4.4)-(4.6). A
Ag

and

Am

., can be treated as constants since they are in the source coordinates and independent of

field coordinates. Comparing coefficients gives us

1 df(R)
e 7z = g~ B
o df [+1
~ oA, R = % ——f(R)
W Aw,,
— [ =57 2 ( Rt Aﬁszl> (4.35)
( R T Aﬁlle) Xum (0, ). (4.36)
=1 m=—

As mentioned in Section 4.1.1, we will consider sources within the head only; calculations

hold analogously for sources outside the head. So, we take Ag, = 0. We will also drop the
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“in” and “out” subscripts from now on, since only the former is relevant.

For an easier dot product evaluation in (4.33), we convert the vector spherical harmonics
Xim = —/ (Il + 1)X},,, seen in (4.36) into Cartesian coordinates, in agreement with r(¢). We

have

Xim = 1'1(6, ¢)e$ + £C2<9, (b)ey + 33'3(9, (b)eZ? (437)

where

x1(0,9) = <% cos ¢ — zayma—(;’gb) sin gb) (4.38)
xo(0,0) = <% sinng—z'aYma—(:’gb) cos gzﬁ) (4.39)

Substituting (4.5) and (4.37)-(4.40) into (4.36), then evaluating (4.33) leads to the flux

contribution

wur 1 [ 210, 0)r; + x2(0, @)y + x3(6, P)r’
(I)lmf = (—Hotum) {E/t RI+1 : dt| (4.41)

1

where we have placed the “surf” label as a superscript now, and

R(t) = /rz +r)+72, 0(t) = arccos \/ﬂ_:;ﬁ, ¢(t) = arctan :—y (4.42)
x y z x

Note that the prime notation here refers to the time derivative, not source coordinates. Also
note that in the evaluation of the coordinate conversions, the arctan function must be defined
appropriately to match polar coordinates. In particular, if r, < 0, we need to add or subtract

m if r, > 0 or r, < 0 respectively.

It is clear from a comparison between (4.41) and the expansion terms of (4.11) that the
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expression contained within the parenthesis of (4.41) are vy,

Vim

L[ 210, 0)r, + x2(0, ¢)r), + x3(6, 9)1)
= — dt. 4.43
i/ — (1.43)

If the parametrization r(t) of the boundary of an arbitrarily-shaped sensor can be written, we
are in practice able to find the exact magnetic flux across it by evaluating this line integral.
In this form, we have reduced the surface integral (4.17) into a line integral, which helps
computing softwares evaluate it more easily. Although most softwares utilize numerical
integration methods, a tolerance can be set so that an arbitrary accuracy is obtained. One
should note, however, that the integral evaluation for complicated parametrizations may be

computationally demanding.

We now focus on rectangular/square and circular sensors respectively, two of the most
common sensor geometries. For tangential circular sensors, an additional computationally-

efficient analytical recursion is obtained in Section 4.4 by exploiting symmetry.

4.83.1 Rectangular/square sensors

For a rectangular sensor, the line integral (4.33) is the sum of the integrals over the 4 straight

edges.

Let the center of the rectangle be re, and let X, Y and Z denote the local sensor
Cartesian coordinates. The unit basis vectors pointing in the X and Y directions that span
the plane containing the flat sensor can be written in terms of the global coordinates as ny =
(Nxa, Nxy, Nx>) and Ny = (ny,, Nyy, Ny ), whereas the unit normal ny = (nz,,nzy, nz.) is
equivalent to n as defined before in (4.10). Also let the half-width of the pair of edges parallel
to nx be dx, and the other pair parallel to ny be dy (for square sensors, dx = dy.). The

coordinates of the 4 corner points of the rectangular sensor can be written as

g =TI¢ + anX + dyl’ly7 (444)
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and the parametrization for one of the edges is thus

r(t) = ro + n,t, t €[0,2d,] (4.45)

= r'(t) =n,, (4.46)

where 7 = X or Y, chosen appropriately depending on which edge we are integrating along.
Substituting the parametrization derivative into (4.43), we see that the contribution to vy,

from one edge is

vedge - 1 /2dT «Tl(‘ga ¢)nTI + x2(07 Qb)nry + (133(9, ¢)n7'z dt. (447)
0

Im — E RI+1

The sum of 4 such integrals gives vy, for rectangular sensors.

4.3.2  Circular sensors

Let us now consider a circular sensor of radius d and center r¢ lying on a plane spanned by

orthogonal unit vectors vi and vy. The parametrization for the circle is given by

r(t) =rc + d(vycost + vysint), t €[0,2n] (4.48)

= 1'(t) = d(—vysint + vy cost), (4.49)

which tells us that

Vim

1 2" 210, @)1l + 22(0, @)1y, + 23(0, d)rl
- /O o dt. (4.50)

Note that the sine and cosine functions of the parametrization may be interchanged to ensure

the correct orientation consistent with the unit normal of the sensor n.

The slightly more complicated form of r/(¢) than the square sensor case may result in
a longer computational time for this integral (though still an improvement over a surface

integral). In the next section, we show that with the additional assumption of having a
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radial unit normal (i.e. tangential circular sensors), a purely recursive formula for vy, can be
derived, which allows for a quick computation of v, without any approximations or numerical
integration.

4.4 Analytical recursion formula for tangential circular sensors

Consider again a circular sensor of radius d, but this time with its center lying on the z-axis,
rc = (0,0,7¢), and being tangential relative to the origin with ro - n = r¢. In this case,

ny =n, = 0 and n, = 1 in equations (4.18)-(4.20), and so (4.17) simplifies to become

1 .
Ui = / e H +1)Yim (6, 0) cos § — sinf | dady, (451)

where

R=\/a?+y>+r}, 0 = arccos e , ¢ = arctan g (4.52)
Vaz+y? +rd T

Again, the arctan function should be defined appropriately.

By symmetry of the e term in Yj,,, one observes that v, = 0 whenever m # 0. Thus,
we may concentrate only on the m = 0 case. This reduces the number of terms to evaluate
drastically from (L 4+ 1)> — 1 to L — 1. Note that this is not true in general for any sensor
geometry; it is shown in Section 4.6 that for square sensors, v, = 0 whenever m is not a
multiple of 4. Evaluating only the nonzero v, terms may improve accuracy of flux calculation,
since possible computer software round-off errors from calculating the zero terms will be
eliminated. Figure 4.3b shows the individual vsz ,, terms for a tangential circular sensor along
the z axis, evaluated using the recursion formulas that are to follow. Indeed, the only the
m = 0 term is nonzero.

Let us define

d
S 0 e;
by = Pl dc, 453
Ya,b,u, A (CQ —{-T%)bﬂ ( /—C2 —}—T%) C ( )

where a, b, u,v are non-negative integers, and P>*(x) is the u'* derivative of P%(x). Note

that 7,440 equals 0 whenever u > v. By substituting z = ( cos ¢ and y = (sin into (4.51)
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and using the identity
ai/Z,O(ea ¢) —

o I+ De i (0, ), (454

we see that when m = 0,

20+ 1
=4/ 1)PY(
o drr / / C2+7" wom| U l\/62+r \/<2+ro

ccw

\/C2 T 7“ \/@

20+ 1
(—(I+ V)revisso00 + V30441,0) - (4.55)

47

=27

If [ < 1, then the second term vanishes.

It is now clear that computing v; o amounts to providing an algorithm to calculate 45 4,0

Let us recall two well-known recurrences for Legendre polynomials (Bonnet’s formulas):

20+ 1 l

Pli(z) = H—lelO(:z:) T 130_1(13% (4.56)
AP, (x) 0 dP(x)
——= =+ 1P e 4.57
D _ (14 )P a) + 0L (457
From the definition of 744, Bonnet’s formulas give us the relations

Yapi41 = (L 4+ 1)Vapog + TcVapt1,105 (4.58)

20+ 1 l
a = a —% 4.59
Ya,b,0,14+-1 11 TCcYa,b4+1,0,0 — n 1’7 b,0,l—1- ( )

If we repeatedly apply equation (4.58) to itself by substituting the left hand side into the
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second term on the right hand side, we have

Yab 141 = (U + D)Yapo0i + 7 Vapt1,1,

= (I 4+ DYapos + relVapr1,01-1 + TQCVa,b+2,1,z—1

= (L + DYapos + 7clVaprr00-1 + 760 = DVapi20i-2 + * + TeVapiioo-  (4.60)

Notice that the last term vanishes (7444110 = 0), hence it has been excluded in (4.60). The
recursions (4.58) and (4.59) reduce the problem to computing the integrals

d a
Ya,b,0,0 :/0 (CQ_EW d¢ (4.61)

and

d CaTC
Ya,b,0,1 = ) (<2 T T%)(b+1)/2 d( (462)

= TcYa,b+1,0,0- (4-63)

The one-dimensional integral 7,500 (4.61) can be easily evaluated, but we can also give a

recipe to recursively compute it more efficiently.

Let us write v, := Yap0,0- By equation (4.55), we also restrict ourselves to the case of

b > a + 2. Integration by parts gives

B (a+ 1) da-‘rl
Yat2p+2 = 7 Tap b(d? + r2 )b/’

(4.64)

so it suffices to compute 7, , and . The former has the form

1 1 1
= — — , 4.65
Y16 b_9 <(d2 + T%)(b—Z)/2 Tbcz) ( )
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whereas the latter can be found by substituting ¢ = r¢ tanw into (4.61) to give

1 b—3 d
= — | — Y0 b>4 4.66
with base cases
1 d d
0,2 . arctan (Tc) ) 70,3 7% ZR 7’20 ( )

Equations (4.55), (4.59), (4.60), (4.63)-(4.67), when evaluated in reverse order, provide an

efficient way to recursively compute vy, analytically as desired.

To generalize the above to sensors not aligned on the z axis, we may passively rotate the
B field so that the z axis now aligns with the center of the new sensor. This is shown in the
next section (Section 4.5). The same recursion formulas can still be used; only the coefficients

of the recursive form of vy, (4.55) are changed.

4.5 Passive rotations of vector fields

The rotation matrix R for a proper rotation about the axis k = (k,, ky, k), |k| =k =1, by

an angle v can be written using Rodrigues’ rotation formula [10],

cosy + k2(1 —cosy)  kyky(1—cosy) —k,siny  kyk.(1 —cosvy) + k,sin~y
R = |kyke(1 —cosy) + k,siny  cosy+kj(1 —cosy)  kyk.(1 —cosy) — k,siny

k.ky(1 —cosvy) — k,siny  k,k,(1 —cosvy)+ kysiny  cosy+ k(1 — cosv)
(1.68)

Since we aim to passively rotate B such that the z axis coincides with an arbitrary tangential
sensor, B is rotated with R~! instead of R. The sensor coordinates must be rotated by R as
well, so that the field coordinates still line up correctly with the passively rotated magnetic
field. Let the sensor be located at ry = (Rs, 0, ¢5) (Cartesian coordinates ry = (xg, ys, 25))-

The rotation axis k is obtained via the normalized cross product between ry and e,, and
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always lies on the zy plane with k, = 0. Thus, (4.68) simplifies to become

cos s + k2(1 — cos 6y) Kk, (1 — cos By) k, sin 6
R = kyk.(1 — cos 0y) cosfs + k(1 — cosby) —kgsinf| - (4.69)

—k, sin 0, k, sin @, cos 0,

The passively rotated B field is given by R™'B(Rr).

4.5.1 Passive rotation of vy, for tangential circular sensors along z-axis

Now, consider some tangential circular sensor C located at ry = (Rs, 0s, ¢5). If we align the
z axis along this sensor via a passive rotation of the B field as described above, v, (4.17)

becomes

1
Ui, = /c s {Rzﬂl (Bj sin 0 cos ¢s + By cos 05 cos o5 — Bs sin ¢)
+ ,R’3T21 (Bl sin 95 sin ¢s + B2 COs 93 sin ¢s + Bg COS ¢s)

+ R34 (By cosfy — Bysinb,) | dS, (4.70)

where R;jl is the 75" entry of R™!, and

Bl = _(l + 1>Y2m(03, (bs) (471)
_ OYin(0s,05)  OYim(0s, @) dOs

By = o0 - a0, do (4.72)
o ZmYEm(st Qbs)

Bs = vy (4.73)

The integral (4.70) can be simplified by observing that due to the symmetry of the circle,
integrals over terms explicitly dependent on sin ¢ and cos ¢ vanish. Thus, the first two

integrand terms vanish. Moreover, if we denote R;; as the i entry of R, an explicit
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evaluation tells us that dfs/df = Ras. So, we get

-1
R33

_ OYin (0., 6)
Rl+2
C

00,

sin | dS. (4.74)

Vim

|:_(l + 1)Ylm(937 ¢s) COS 08 - RQQ

Recall from the previous section (Section 4.4) the notation s .., as well as the fact that we
are only interested in m = 0 terms since they are the only terms that are possibly nonzero.
Then, the passively rotated vy can be written as

20+1

V0 = 21 ?Rgg,l (—(l + 1)7"C’Yl,l+3,0,l + R22’73,1+4,171) . (475)

This is exactly the form of (4.55), only with different coefficients. The flux through sensors
not aligned on the z axis can thus be obtained with the same recurrences established in

Section 4.4, if they are rotation to align with the z axis.

4.6 Nonzero v, terms for tangential square sensors along the z-axis

For tangential square sensors along the z axis, a clean recursive formula seems to be difficult
to obtain, but useful comments can still be made about which v, terms are nonzero based on
symmetry. Similar to the passive rotation of the B field as discussed in Section 4.5, arbitrary
tangential square sensors can be aligned with the z axis via a passive rotation of the magnetic
vector potential A. This allows for a line integral evaluation of the magnetic flux in the form
of (4.33).

In this section, we show that for tangential square sensors centered along the z-axis,
Ui = 0 in the following two cases: when m is odd, and when m = 2k, where k is an odd
integer satisfying 0 < |2k| < [. In other words, v, can be nonzero only when m is a multiple
of 4 (with 0 < |m| <). This cuts down the number of v, terms required to be evaluated
from (L +1)% — 1 to 321, (2[1/4] +1). Intuitively, this result follows from the dihedral D,

symmetry of the square, but we will justify this assertion explicitly here.

Consider a tangential square sensor with half-width d along the z axis, similar to the

setup in the previous section (Section 4.4). Equation (4.51) for vy, thus holds, except with C
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being the square area.

First, let us assume that m is odd. Then, pick four points on the square sensor, P, = (z,y),
Py = (—z,y), Ps = (—x,—y), and P, = (x,—y), with P, lying in the first quadrant. The only
difference in the integrand of (4.51) at these four points is the exponential portions dependent
on ¢ in Yj,. Denote the exponential portions for each of the four points as ep, = emor €,

where § = 1,...,4, and ¢p, is calculated using (4.52). It is clear that for odd m, we have

ep, = cos(meop,) + isin(meop, )

ep, = cos(m(m — ¢p,)) + isin(m(m — ¢p,)) = — cos(mop,) + isin(meop,)
ep, = cos(m(m + ¢p,)) + isin(m(m + ¢p,)) = — cos(mop,) — isin(mop, )
ep, = cos(m(2m — ¢p,)) + isin(m(2m — ¢p,)) = cos(mep,) — isin(mop,).

The sum of these four integrands is zero, hence it is clear that (4.51) is zero for odd m due to
the symmetry of the square.

Now, assume m = 2k, where k is an odd integer satisfying 0 < |2k| < [. As before, pick
any point P; = (z,y) in the first quadrant of the square. Instead of obtaining the three

other points by reflections, we obtain P, P3, P, by rotating P; counterclockwise about the

3

origin by an angle of 7,7, =% respectively. Notice once again that the only difference in the

integrand of (4.51) is the exponential term ep,. In this case,

ep, = eXkom (4.76)
ep, = e2ik(m/2+dpy) eikﬂrepl = —ep, (4.77)
ep, = e2kmror) — ikme — op (4.78)
ep, = e2ik(3m/2+¢p) _ €3ik7repl = —ep,, (4.79)

which means the sum of the four integrands equals zero again. Hence, (4.51) is zero for
m = 2k, where k is an odd integer,

The above arguments do not apply when m is a multiple of 4, including m = 0. Figure 4.3a
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shows the individual vss ,,, terms for a tangential square sensor along the z axis, evaluated
using the line integral (4.47). Indeed, the only nonzero terms are when m is a multiple of 4,

including m = 0.

102 Yazm for tangential z-axis square sensor <102 Vazm for tangential z-axis circular sensor
35 05
3t
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> 15k >
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1t
3r
05 7 U u 7
or L* 1 351
ol 7 T S SRR
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Figure 4.3: Plots of vss,, terms for: (a) a tangential square sensor, and (b) a tangential
circular sensor, both on the z-axis. For the square sensor, vss,, 7# 0 only when m is a multiple
of 4, including m = 0. For the circular sensor, vs3 is nonzero.

4.7 Cubature approximation errors

In Sections 4.3 and 4.4, we have presented methods offering (near)-analytical evaluations of
Uim. The former applies for arbitrary pick-up loops with parametrizations that can be found,
whereas the latter applies for tangential circular sensors. In this section, we show the results
when these analytical methods are utilized to determine the relative errors (RE) for cubature

approximations of vy,,. Similar to (4.27), the RE in this section is defined as

”Ufm _UlcmH

RE = , (4.80)

[

where vfl and vf  denote the (near)-analytical evaluations and cubature approximations of

Ui Tespectively.
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Let us consider the simple cases of tangential square sensors and tangential circular sensors
oriented along the z-axis. For the circular sensors, the recursions in Section 4.4 were used to
obtain fully analytical calculations of vy,,. For square sensors, the line integral (4.47) was
evaluated using Matlab’s default numerical integration. It was observed that using the default
tolerance yielded the same results as having a decreased tolerance, hence the former was used

since it appears to be accurate and near-analytical.

The sampling points and weights of various cubature approximations were obtained from
Section 25.4 of [1]. Namely, we considered 4- and 9-point cubatures for square sensors, and
4-, 7- and 21-point cubatures for circular sensors. In addition, for both sensor geometries,
we also considered a 1-point cubature with the sampling point located at the center of the

sensor; this is a common approximation, since point-like sensors are frequently assumed.

We will only evaluate v, terms, since it has been determined in Section 4.4 that only
m = 0 terms are possibly nonzero for tangential circular sensors. Unless explicitly stated, the
distance of the sensor from the origin is rc = 9 cm, which corresponds to the average size
of an adult head, and the half-width /radius of the sensor is d = 1 c¢m, approximately the
half-width of the square pick-up loops of the Elekta Neuromag TRIUX system.

4.7.1 Errors for each | degree

In Figure 4.4, the cubature approximation errors of v; for various [ degrees are shown. We
see that utilizing fewer sampling points yielded the greatest errors, and higher [ degree/higher
spatial frequency terms had higher RE. This is expected given that discrete sampling points
become increasingly inaccurate in sampling more spatially complex signal portions.

Recall from Section 4.1.1 that an L = 8 truncation degree has been determined to be
sufficient for most SQUID-based applications [111]. From our plots however, we see that for
point-like approximations of vg ¢, significant RE of around 0.16 and 0.11 for square and circular
sensors respectively are already seen. This indicates that even for current SQUID sensors,
using point-like sensor approximations may introduce significant errors in flux calculations.

The errors for the other cubatures remain relatively small (RE < 1072) up to [ = 8.
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However, up to [ = 20, only the 9-point cubature for square sensors, and 7- and 21-point
cubatures for circular sensors have small errors with RE < 0.02. This means that utilizing
1- and 4-point cubature approximations will likely result in inaccurate high resolution flux

calculations that require higher L-degree truncations, e.g. OPM signals.

Relative error for v, , terms (square sensor) Relative error for v, , terms (circular sensor)
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Figure 4.4: Relative error plots of v, for a (a) tangential square sensor and (b) tangential
circular sensor, both located on the z-axis. The errors increase as [ increases, which means that
cubature approximations of higher frequency signal portions become increasingly inaccurate.
Fewer sampling points result in larger errors as well.

4.7.2  Varying sensor distances

As discussed in Section 4.1, reduced brain-to-sensor distances allow us to detect higher [
degree signal portions. According to the results of Figure 4.4 then, we expect a higher RE for
closer sensor distances due to the inclusion of these increasingly inaccurately approximated
high frequency portions. Here, we additionally show that [ degree signal portions at closer
sensor distances have increasing cubature approximation errors as well. There are thus two
factors at play that contribute to increased cubature errors for closer sensor array distances:
the inclusion of more inaccurate higher frequency terms, and each frequency term becoming

more inaccurate themselves.
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Figure 4.5 shows the cubature approximation REs of the [ = 8 signal portion, vgg, at
sensor distances r¢ = 5 cm to r¢ = 10 cm. This range is approximately applicable for all

head sizes from infants to adults.

We see that for the [ = 8 signal portion, there is a significant error of RE > 0.4 for the
point-like square and circular sensors that are located at around 6 cm from the origin. Such
sensor distances correspond to the approximate size of an infant head. A truncation degree of
L > 8 is required for these sensor distances, since the usual L = 8 truncation was determined
using sensor distances corresponding to average adult head sizes. Together with the results of
Figure 4.4, this suggests that for infant MEG measurements with sensors that can be placed
close to the head (and having d ~ 1 c¢cm), point-like approximations of the flux may be highly
inaccurate. The important high-frequency components beyond L = 8 may be especially
inaccurate, with RE much larger than 0.4. In turn, the spatial resolution of inverse source

estimates may be significantly compromised.

As before, the 9-point cubature for square sensors and 7- and 21-point cubatures for

circular sensors had small errors for all sensor distances, with RE < 0.02.

4.7.8  Varying sensor sizes

Here, we verify that having closer cubature sampling points results in more accurate v
signal portion calculations. The half-width of the square sensor and radius of the circular
sensor sizes was varied from d = 0.25 cm to d = 2.5 cm. A decreased sensor size means that
the sampling points become closer to each other, and hence they are expected to resolve
higher spatial frequency components more accurately with lower RE. Figure 4.6 verifies this
with plots of vg o cubature errors as a function of sensor size.

We see that when d ~ 0.5 cm, the cubature error for a tangential circular sensor at
re = 9 cm has a RE of less than 0.01. Recent OPM sensor considerations have cylindrical
cap surfaces with d &~ 0.5 cm to d =~ 1 c¢m [70, 74], which are smaller than typical SQUID
pick-up loops. This feature may thus mitigate the increased cubature errors that are to be

expected for due to the factors discussed in the previous sections (namely, having closer
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Figure 4.5: Relative error plots of vgy for a (a) tangential square sensor and (b) tangential
circular sensor with varying distances from the origin, both located on the z-axis. The error
of | degree signal portions increase as the sensor is placed closer to the origin.

sensor distances and increasingly inaccurate higher frequency components).
4.7.4  Comments

All the results in this section demonstrate that a higher number of cubature points results
in decreased cubature errors. This is due to their reduced distances from each other, which
allows for an increased accuracy when sampling a given spatial frequency signal component.
It is thus recommended that one implements cubature approximations with a large number
of sampling points, or calculates the flux (near)-exactly using our formulas whenever possible.
(Near)-exact flux evaluations will always be more advantageous however; they have the added
benefits of entirely eliminating the possibility of signal aliasing, as well as ensuring that the
important higher spatial frequency components that ensure higher inverse model resolutions
(see Section 4.2.1) are accurately evaluated.

Our results also indicate that for current SQUID-based MEG setups, the 9-point cubature
for square sensors and 7-point cubature for circular sensors seem to provide sufficiently

accurate evaluations of the signal. However, for OPM-based systems which are able to



71

Relative error for v , terms (square sensor) Relative error for v, , terms (circular sensor)
102 . . . — . . . . 102 . . . — . . . .

Relative error
Relative error

—— 21-point cubature

— 7-point cubature

~———4-point cubature
1-point cubature

~———9-point cubature
~———4-point cubature
1-point cubature

108 I I I I I L L L 1012 L L I I L
0.5 1 1.5 2 25 3 35 4 4.5 5 0.5 1 1.5 2 25 3 3.5 4 4.5 5

Side length / cm Sensor radius / cm
(a) (b)

Figure 4.6: Relative error plots of vgy for a (a) tangential square sensor and (b) tangential
circular sensor with varying sensor sizes. The errors increase as side length increases, since the
sampling points are further apart and hence resolve the given spatial frequency component
with decreased accuracies.

detect higher frequency components and can be placed directly on the head, these cubature
approximations (and thus inverse models performed with them) will likely become increasingly
inaccurate. This may become an increasingly crucial issue especially for OPM-based on-scalp
infant MEG, since source mis-localizations have more severe implications relative to smaller
heads/brains (e.g. they may point to an entirely different brain region of interest).

Note that a verification that increasingly inaccurate signals result in increasingly inaccurate

source localizations can be seen via the noiseless case example presented in 5.3.

4.8 Cylindrical harmonics

As additional consideration, we present a possible starting point for flux calculations in
cylindrical harmonics here. Since OPM-based systems typically utilize cylindrical sensing
volumes, cylindrical harmonics may offer a more natural description of the signals than

spherical harmonics.

We first state the following expressions from |71, 84] that convert the (solid) spherical
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harmonics into cylindrical harmonics,

Ylm(9:¢)_ Cim ime s
R _(l—m)!e /0)\6 T (Ap) dX

Cim

= em™K 4.81
(l— ) lm(p, ) ( 8 )
' _ am(l—m)! imé /°° e
R Yim(07 ¢) - 271'1 e 0 /\H—l J (Ap) d)‘
_ |
=l =M nsp ), (4.82)
271

In these expressions, (p, ¢, z) = (Rsinf, ¢, R cos ) are the cylindrical coordinates, ¢, are the
spherical harmonic coefficients as seen in (4.2), J,, are Bessel functions of the first kind, and
Ky, and Ly, are the definite integrals defined in the first and second expressions respectively.
One can arrive at these expressions by solving Laplace’s equation in cylindrical coordinates —

see for example [30].

Substituting these conversions into the magnetic scalar potential expansion (4.1) gives us

[eS) l

Cim 1m¢ Clm B ) zmd)
S IELIETNARES 35 DY ST NP
I=1 m=—1 =1 m=-l
Observe that

, , 0K, . im - .
V(€M Kiy) = €™ ( (’9; p+ 7sz¢ - Kl+1,mz) = Kiiim (4.84)

. . 0Ly, . im ~ R
V (€ Lyy) = €™ (8—;p + 7le¢ + Lz-1,mz) =Li1m; (4.85)

where we have defined K;,, and L;,, as the vector cylindrical harmonics. The derivatives of

Ky, and L;,, with respect to p can be evaluated using

d d d(\p

—Jm(Ap)Z—)— m(Ap) =

dp (Jm-1(Ap) = Jms1(Ap)) (4.86)

o | >



73

which gives

0K, 1

a; = 5 Kinmat = Kipr ] (4.87)
oLy, 1

a; =5 Limat = Licim] (4.88)

The magnetic field is thus

= _NOZ Z U )t Kl+1m p,$,2) MOZ Z ﬁlmqm —m)! Li_1.m(p, ¢, 2).

1=1 m=—1 1=1 m=—1 (459)

Let us assume a cylindrical sensor aligned along the z-axis, i.e., the axis that passes through
the center of the cylinder caps aligns with the z axis (as discussed in Section 4.5, we can
passively rotate the magnetic field to align the z axis with any tangential cylindrical sensor).
Then, we can reduce the volume integral into a surface integral by evaluating out the integral

with respect to z from the lower cylinder cap at z = z; to the upper cap at z = 29,

q)sm“f [MOZ Z alm/ (P7 ¢7 Z) -0 dS
- NOZ Z Blm/cv ClmQ/\;”m)!Lm(p’ ¢7 Z) ‘N dS]

=1 m=—1

z2

(4.90)

z=z1

This is a similar form to (4.11); if one were to utilize the SSS formalism in cylindrical
harmonics, the elements of the basis matrices are similarly specified by the surface integrals.

Evaluating these surface integrals in a simpler way is a topic for future study.
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Chapter 5

EFFECTS OF INACCURATE HEAD MODELS ON FORWARD
AND INVERSE MODEL ACCURACIES

Geselowitz’s formula, which was presented in Section 2.2.2, tells us that for a head
that is modeled as a bounded conductor with piecewise homogeneous conductivities, the
volume currents are mathematically equivalent to surface currents that lie on the conductivity
boundaries [19]. Any inaccuracies in the head model is thus equivalent to inaccuracies in the
volume current model, resulting in forward model errors. We also know from Section 4.2.1

that closer sensor arrays measure higher resolution signals.

These two pieces of information when combined together tell us that one may need to
become increasingly vigilant in constructing accurate head models for closer sensor arrays.
Not only will the primary current contributions be measured with higher resolutions, any
inaccurate volume current contributions due to inaccurate head models will be measured
with higher resolutions as well. Due to exact volume current contributions towards signals
being non-trivial for arbitrary head geometries (as will be elaborated further in Section 5.1,
and also as expected by the discussion in Section 2.2.5 about constructing current loops), it
is not immediately obvious to what extent the amount of head model errors affects the signal

error for varying sensor array distances. In this chapter, we attempt to elucidate this issue.

First, an overview of boundary element method (BEM) is presented. BEM triangularizes
the head model, and allows for a way for us to estimate the volume current contribution to
the signal. Then, to simulate inaccurate head models, we perturbed the vertices of a spherical
BEM head model, and determined the resulting signal error and ECD source localization
errors for varying sensor array distances. Errors for various spatial frequency bands are also

investigated via the VSH expansion formalism as shown in Section 4.1. Finally, an analytical
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expression for the first-order signal error due to a small vertex perturbation (and conductivity
perturbation) is presented for our BEM choice.

In literature, there have been a few studies done that address similar concerns, although
in less general ways. For instance, studies on head geometry errors have been done with
focus on the skull |27, 94], or with the assumption that the head model errors are sufficiently
smooth such that they can be accurately described with a spherical harmonic expansion [112].
Since our approach accounts for individual perturbations to the head model vertices, it may
offer a solution to more precise corrections to discretized head models.

We note that there are many other sources of errors for BEM in addition to the geometrical
head model errors that we consider in this chapter. These errors can be broadly categorized as
anatomical modeling errors and /or numerical errors, with geometrical head model errors falling
into the former category. Anatomical errors also include conductivity errors [65, , , |,
and numerical errors include different mesh triangulation methods and the various methods
of estimating the electric potential within each triangle [104, 129]. An overview of many of
these errors can be found in [39].

We also briefly note here that it may be possible to develop an algorithm to construct
volume current line segments from a triangulated BEM head model. As mentioned in
Section 2.2.5, although we have shown that an equivalent volume current line segment exists,
its construction or shape is non-trivial in general. However, since they are equivalent to
boundary surface currents with a surface normal orientation (e.g. spherical head models
with origin at its center have surface normal vectors and equivalent volume current segments
that are both radial), one may construct line segments with the same orientations as each
triangle. The challenge comes in determining the appropriate length (multiplied by current)
and spatial placement for all the line segments, since they must necessarily form a continuous

line current.

5.1 Boundary Element Method overview

A common forward signal calculation method is the BEM, which triangulates the head model

into a decimated surface mesh. This allows for the electric potential V' in Geselowitz’s
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equation (2.33), which is implicitly defined and difficult to determine in the continuous case,
to be approximated at the triangle locations [98, , |. With discrete values of V| the

magnetic field and signal can then be approximated.

We now give an overview of BEM used in MEG signal forward calculations. More

Y ) ) ) ]'

comprehensive reviews of BEM methods may be found in |

5.1.1 Triangularizing the head model

Let us assume all the results and assumptions in Chapter 2. For a piecewise homogeneous
conductor head model with Ng conductivity boundary surfaces, recall that the magnetic field

due to the total current density J (1) is given by Geselowitz’s formula (2.31) in Section 2.2.2

[ ) ]7

2 / r—r / 2 — n r—7T I
B(r):ﬁ//.]pri(r)x‘—3dv+ﬁ2(al —afr)/,V(r)ﬁdel (5.1)

r—r|

=B, (r)+ By, (r), (5.2)

where B,,; is the contribution by primary currents, B, is the contribution by volume currents,
v’ is the total head volume, and o; and o, are the conductivities of the inner and outer

regions relative to S;. In order to evaluate B, the electric potential V' in B, must be found.

The electric potential V (r) for a field point r on the k™ surface Sy is given intrinsically

by [59, 115]

Ns

1 o — o r—r
Vir)=Vs(r) — — L L l/Vr’—-dS’, 5.3
)=Vl = 5> T [ V) T s 53
where
1 r—r
Voo (r) = —0——— J,.. () ——— dv'. 5.4
= 5o oy ] ) (54)

Similar to the B field case, the surface integral term in (5.3) corresponds to the volume

current contribution, whereas (5.4) corresponds to the primary current contribution.

The primary current contribution V is easily obtained if we know J,,;. In particular, if



7

we let J,; be a collection of Np current dipoles as described by (2.29), then (5.4) collapses

into the simple form

Ve () L %D roT (5.5)
o (r)= ——M— p s —— .
2m (o +0y) = v — 1|’

As for the volume current contribution, we may discretize each surface S; into N; triangles;

this results in the approximation

Ns  _

1 - r’ ,
V(r)%Voo(r)—%Zak+akZ —S-dS s (5.6)
=1

m=1 Am —I'/|

where A" is the m'™ triangle of surface S;.

If we have chosen a large enough NV, such that the triangle areas are small, then reasonable
assumptions about the behavior of V' within each triangle can be made. This allows us to
define and hence estimate V' with basis and weight functions constructed from the parameters
of relevant triangles. For example, we may use a constant or linear basis with collocation,

Galerkin weighting [133], or other higher-degree basis functions [15].

In this chapter, we choose the simplest and most straightforward BEM methods: the
constant collocation (CC) and linear collocation (LC) approaches. Since we will only be using
BEM as a tool to illustrate the behavior of signal errors at various sensor distances due to
head geometry errors, CC and LC BEM suffice for our purposes. Moreover, the simplicity of
CC BEM has the added advantage of being able easily illustrate the general method that one

may use to find analytical forms of the firtst-order signal errors. This is shown in Section 5.4.

We present the CC case in the next section, which assumes a constant potential V' within
each triangle. The LC approach approximates the potential within each triangle as a linear

function via an interpolation from the potentials at the three vertices (see [30, 133, 130]).

5.1.2  Linearization of discretized electric potentials

Under the assumption that the potential is constant in each triangle, we can write V (r') &

V(c*) when r' € A", where ¢} is the centroid of Aj*. This allows us to pull the potential



78

term out of the integral in (5.6) to get

N r—1 m r—r ,
/ V(r)‘—S-dSA;n%V(cl)/ ——3 dSxp. (5.7)
l

r—r| NG

Notice that the integral on the right hand side is now simply the solid angle spanned by the
triangle A" from the observation point r; let us denote it as Q)" (r). If we let rjp =r; —r be
the three vertices of the triangle relative to r, ¢ = 1,2, 3, and let r;y be their lengths, we may

equivalently express each ()" as [150]

ISR (1‘20 X I'30)
10720730 + (T10 - T20) 730 + (T30 - T'10) 720 + (T20 - T30) 710

Q" = 2arctan { (5.8)

Let r coincide with centroids of the triangles as well. Then, all the potential terms of

(5.3) are discretized at the same locations and it can now be compactly written as

Ns N; _
iy _ 0y 01 m (i
V(eh) = Vo leh) =5 30 30 Ak oo (O (e (5.9)
(rp—y k
or equivalently in matrix form
Vi Vo Gy s G g Vi
S : + : : : (5.10)
Vg Vo, ng Gy, Grgng | | Vg
where
- 1 o O’l ,
ot = —Qm ') . 5.11
kil S or o, + Uk ! (Ck) ( )

A quick inspection reveals that the matrix G is the only term that depends on the head
boundaries’ geometries, and it is dependent only on the geometries and conductivities of
the conductor as well. This means that for different source configurations within the same
head model, G only needs to be calculated only once, as opposed to V, that needs to be

recalculated.
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5.1.3 Matriz deflation

If we write the matrix equation (5.10) as V. = V + GV, then we have

I-G)V =V, (5.12)

where I is the identity matrix. It is seemingly straightforward to solve for V by taking the
inverse of (I — G); however, (I — G) is in fact non-invertible since it is rank-deficient. The
electric potential V has an infinite number of solutions since it is defined up to an additive
constant. This manifests from the fact that the fundamental equation we are trying to solve

is the Poisson equation within the head,

V- (oVV)=V-J,, (5.13)

with Neumann boundary condition at each boundary (normal current continuity)

c"VV -n=0VV -n, (5.14)

where n is the outward-pointing unit surface normal. These equations are specified only up

to the first derivative/gradient of V', hence V' is defined up to a constant.

Let k be a nonzero constant, and let e = (1,1,...,1)T. We thus know that both V and

V + ke are solutions to the matrix equation. In addition to (5.12), we also have

([—G)(V +ke) = V. (5.15)

Subtracting (5.12) from this yields

I-G)e=0 (5.16)

which indicates that (I — G) has a zero eigenvalue with associated eigenvector e # 0, i.e. it
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is indeed singular. Equivalently,

Ge = e, (5.17)

i.e. G has a unit eigenvalue with corresponding eigenvector e. Therefore, one way to avoid
the singularity of (I — G) is to eliminate this unit eigenvalue of G. The standard way to do
this is by deflation, as follows.

First, assume that the unit eigenvalue of G is has a multiplicity of 1 [110]. For any vector

b, we need to find a vector ¢ with constant entries (not all necessarily the same) such that

k if b= ke
c’b = (5.18)

0 otherwise.

The first case imposes the condition of defining a reference potential in some way. For
example, if we pick ¢ to have all the same entries, then it means we let the sum of all
potentials over all boundaries to be zero [61]. We may also pick just a few entries to be
zero, corresponding to a possibly more meaningful reference potential; for example, Wilson

terminals are used in electrocardiogram [12].

The second case ensures that all eigenvalues of G’ = (G — ec?) are equal to those of G,
apart from the unit eigenvalue which is replaced by zero. This ensures that G’ is singular,
which leads to (I — G’) being non-singular and hence invertible by condition (5.17). We may
explicitly show this preservation of eigenvalues for G’ as follows. Let A be eigenvalues of G,

and v, be their corresponding eigenvectors. For v, # e,
G'v, = (G - eCT) v, = Gv, —eclv, = \v. — el = \v,, (5.19)
hence eigenvalues are preserved. For v, = ke,

G'ke = (G — ec”) ke = Gke — ec’ ke = ke — ek = 0, (5.20)
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which tells us that G’ is singular.

Thus, with (5.18) that allows for the construction of the invertible deflated (I — G'), we
can solve for V via

V=(- G—l—ecT)_lVoo. (5.21)

5.1.4 Discretization of the magnetic field

With V., we now have a set of discrete electric potential solutions at the triangle centroids.
If we discretize B, in an identical manner as (5.6), it allows for the approximation of the

magnetic field at an arbitrary field point r as

Ng N
ILL — m m
B (r) ~ B, (r) + ﬁ Y (o =)D Vi, (5.22)
=1 m=1

where we have defined the vector solid angle

/

Qr = /A I X dS. (5.23)

3
e =l
The vector solid angle €] can be evaluated in a simple manner given by [30]

3

= Z (Vi1 — Vi) 14, (5.24)

i=1

where
1 it — 15| + 1 (Tip1 —15)

-In

B riy1 — 1y Fip1|tip1 — 3| + iy - (rigr — 1)

= (5.25)

and 7 = 1,2,3 corresponds to the three vertices of the m'" triangle of surface S;. Note
that ry = r; and ry = r3. This expression, which was derived via an application of Stoke’s
theorem, thus allows for the easy calculation of the magnetic field using (5.22), assuming that
the indexing of vertices and triangles has been done properly during the process of surface

triangulation.

With a way to estimate the magnetic field using (5.22), the flux can finally be computed.
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We consider only the simpler case of SQUID pick-up loop flux measurements (as opposed
to OPM measurements), since they suffice in our primary goal of illustrating how reduced
sensor array distances may affect the signal measured due to BEM head model errors. The
results presented in the next section (Section 5.3) are expected to hold for volumetric flux
measurements of OPM sensors — the cylindrical sensing volumes may be approximated as

thin pick-up loops, as seen in Section 4.1.2.

5.2 Subspace angle as a signal error and spatial complexity measure

From the BEM steps above, it is clear that inaccurate mesh models of the head will lead to
perturbed triangle vertices and centroids. This causes inaccurate forward calculations of the

electric potential V' and magnetic field B, and hence the magnetic flux signal ¢.

The head model errors that we will consider are generated via random radial perturbations
of the mesh vertices. The resulting perturbed quantities V', B’ and ¢’ may be thus be written
with an additive error portion, since the error source is independent of the unperturbed

quantities V, B and ¢. This gives us

V' =V +6V B'=B + /B ¢ =+, (5.26)
where
565 = / SB(r) - dS, (5.27)
S;
for the j'" sensor of a N-sensor array, j = 1,..., N. We re-emphasize that the primary current

contribution B,,; does not depend on the head model by Geselowitz’s formula, thus all errors
come from inaccurate volume contribution. In other words, ¢ = d¢,;. In Section 5.4, we

present an analytical approach to calculate the first-order perturbation contributions of V

and /B.

We also note that BEM errors apply only to forward models of the signal vectors. Real
recorded signal vectors, by definition, do not have errors due to inaccurate head models. The

goal in BEM forward models is to set up a head model that obtains a signal ¢’ that is as
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close as possible to a recorded/true signal ¢. If a BEM head model that perfectly models the
real subject is achieved, then ¢’ = ¢, with ¢ = 0.

There are many metrics that can quantify the error between a recorded /reference data ¢
and modeled /perturbed data ¢'. For instance, one may calculate the relative error between
the signals (similar to (4.27)), or determine the subspace angle between them (as briefly
mentioned in Section 3.2.4). Here, we choose the latter metric to illustrate its versatility in
two ways: first by quantifying signal errors as mentioned, and second by determining the
spatial complexities of signal portions. Since the subspace angle between two matrices (with
the same number of rows) is defined as the angle between their column spaces, it is a compact
metric that can be used to quantify the discrepancy between any two physically meaningful

subspaces of a vector space.

The subspace angle 6 between the signals ¢ and ¢ is [58],

|\Proj¢¢,“) ’ (5.28)

subspace(¢, ¢') = 6 = arccos ( IFdl

where Proj,y refers to the projection of the column space of some matrix y onto the column
space of matrix x (x and y have the same number of rows necessarily). This has a range
of 6 € [0,7/2], with = 0 indicating perfect signal agreement (up to a sign), and 6 = /2

indicating no correlation between the two signals at all.

To determine the spatial complexity of a signal, we may also calculate the subspace angle

01.1, between the signal ¢ (or ¢’) and the L-degree truncated SSS basis matrix Sq.;, (4.13),

(5.29)

Proi
0,.;, = arccos (M) '

]

A high 6,.;, indicates that the space spanned by the basis vectors of degree up to L does not
adequately explain ¢. This indicates that in addition to any low-frequency components, ¢
also contains high frequency components that point in directions independent of the column

space of Si.;, which correspond to [ > L basis modes. As such, more spatially complex
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signals require a higher L degree truncation of the SSS basis matrix to obtain a low 6;.p.
This is consistent with the discussions in Section 4.1 that state that higher L truncations are
required to obtain higher signal resolutions.

Although we do not observe this in our results in the next section (Section 5.3), we
note that signal aliasing may affect the value of 6,.;, in unpredictable ways. As discussed in
Section 4.1 as well, if there exist [ > L signal components, they are forced to be projected
onto the limited low spatial frequency basis vectors of S;,, which may result in spurious
projections into certain basis components [132].

5.3 BEM simulation results

Here, we present our results for the effects of BEM head model inaccuracies on the signal for
varying sensor array and source distances. ECD fits were then performed with the inaccurate
forward calculated signals to determine their effects on source localization in both noiseless

and noisy sensor cases.

5.8.1 Simulation setup

For our reference setup, we used a simple 1-shell spherical head model of radius 9 cm and
conductivity 0.33 S/m with origin located at the center of the sphere. This simple model
was chosen over a more anatomically accurate multiple-shell model, since it allowed for
arbitrary perturbations to its vertices without restrictions. For multiple-shell models, vertex
perturbations are restricted by the distances between the shells, since the (perturbed) shells
must not intersect.

The 1-shell spherical head model was triangulated into 1280 triangles (642 vertices), and a
CC BEM forward calculation was performed as described in Sections 5.1 and 5.2 to obtain ¢.
A 9-point cubature approximation was used to calculate the signal, since it has been shown
in Section 4.7.2 to be accurate for the sensor distances that we will be considering (10 cm to
15 cm). The current sources considered were 4 electric dipoles with varying depths located at
(2,0,0) cm, (4,0,0) cm, (6,0,0) cm, and (8,0,0) cm, each having a moment of (0,10,0) nAm.
The BEM method was implemented using the Matlab library developed in [136].
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Then, to simulate inaccurate mesh modeling, the vertices of the spherical mesh were
randomly perturbed radially up to 2%, 4%, 6%, 8% and 10% relative to the 9 cm radius, and
the signal ¢’ was calculated for each case. Since the vertex perturbations were random, we
generated 100 meshes for each vertex perturbation amount to ensure that any observations
made are not simply a result of random effects. The results presented in the following sections

for each vertex perturbation amount are the averaged quantities over the 100 signals obtained.

The sensor array that we used consisted of 324 square magnetometer pick-up loops, each
with side length 2.1 cm. The sensors were also made to have non-radial orientations (to avoid
linear dependence of the SSS basis [112]), and are uniformly arranged on a spherical shell up

to m/6 below the z = 0 plane. Figure 5.1 illustrates the sensor, head, and source setup.

5.3.2  Total signal error at varying sensor array distances

First, we investigate how the error due to BEM mesh inaccuracy varies according to sensor
array distance using equation (5.28). The sensor array radius was varied from 10 cm to 15 cm,
in increments of 1 cm (i.e. 1 cm to 6 cm from the surface of a 9 cm head model) and the

signal was assumed the be noiseless.

Figure 5.2 shows that for all the source distances considered, the subspace angle between
the reference signal ¢ and perturbed signal ¢’ decreases as sensor array distance increases.
This indicates decreasing relative effects of mesh boundary inaccuracies for further sensor
arrays. Moreover, for a given sensor array distance, smaller perturbations to the spherical
head model resulted in smaller subspace angles as expected.

These results may also be seen via direct plots of ¢ and ¢’ as shown Figure 5.3. The first
row of plots illustrates the former result; it shows the signals measured for varying sensor
array distances with the 2 cm source and one of the 10% vertex perturbation meshes. The
latter result is illustrated in the second row of plots, which shows the signals measured for
varying mesh perturbation amounts with the 2 cm source and 10 cm sensor array.

An interesting observation can be made from the plots of Figure 5.2: we see that the

subspace angles in the plots for the 2 cm and 8 cm sources are higher than that of the 4 cm
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Figure 5.1: The BEM setup: the blue mesh shows a triangulated sphere of radius 9 cm that
has its vertices randomly perturbed by up to 10%, and the red arrow shows a dipolar source

located at (6,0,0) cm. A spherical sensor array of radius 10 cm with 324 randomly-oriented
square pick-up loops is also shown.
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Figure 5.2: In the noiseless case, the subspace angle between ¢ and ¢’ decreases as sensor
array distances increase. Signals measured by distant sensor arrays are thus less impacted by
head model inaccuracies. Also, as mesh perturbations increase, the subspace angle increases
as expected.
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Figure 5.3: Plots of ¢, ¢, and d¢p = ¢’ — ¢ for the following setups: (first row) the 2 cm
source, a 10% mesh perturbation, and varying sensor array distances from 10 cm to 15 cm,
and (second row) the 2 cm source, the 10 cm sensor array, and varying mesh perturbations
from 0% to 10%. As sensor array distance increases, signal error decreases for the same
amount of mesh perturbation. As mesh perturbations increase, signal errors increase.

and 6 cm sources. This indicates a “turnaround” point of the subspace angle as a function of
source distance. A further investigation reveals that this behavior may be explained by an
increased relative volume current contribution for deeper and superficial sources.

We found that for all mesh perturbation amounts, 4 cm and 6 cm sources have lower
volume-to-primary current contribution ratios as compared to the 2 cm and 8 cm sources.
This may be explained qualitatively by the fact that the deep 2 cm primary source has a low
primary current signal strength due to the larger source-to-sensor distance, and hence has
a higher volume-to-primary current contribution. The superficial 8 cm source has a small
source-to-sensor distance, and hence measures a larger volume current contribution, resulting
in the higher volume-to-primary current contribution to the signal. As mentioned previously,
all signal errors result from errors in the volume contribution portion only, i.e. d¢ = d¢hy,
thus higher volume-to-primary current contributions implies higher signal errors given a same
mesh perturbation/volume current perturbation amount.

Figure 5.4 shows the volume-to-primary current contributions to the signal measured with

the 10 cm sensor array for a 10% mesh perturbation. The 2 ¢cm and 8 cm sources have a
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higher volume-to-primary current contribution than the 4 cm and 6 cm sources.
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Figure 5.4: A plot of the volume-to-primary current contributions towards the total signal
measured with the 10 cm sensor array for a 10% mesh perturbation. The values are higher
for the 2 cm and 8 ¢m sources than the 4 cm and 6 cm sources, resulting in higher total
signal errors as shown in Figure 5.2.

5.3.3  The signal error portion and its spatial complexity

Next, we determine if the additive error of the signal d¢ is more spatially complex than
the unperturbed reference signal, and verify that it indeed d¢ increases as sensor distances
decrease.

First, we show that the unperturbed signal may be explained to a large extent with a
L = 12 degree truncated SSS basis matrix for the 10 cm to 15 c¢m sensor array distances
considered. This is shown in the first row of plots in Figure 5.5. The subspace angle 6.1,
decays to become nearly zero at L = 12 for all source distances. As expected, closer sensor
array distances have higher subspace angles than further sensor arrays, which agrees with

Figure 5.2.

The second row of plots in Figure 5.5 show that despite the total signal ¢ being well-
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explained at L = 12, the signal errors d¢ for all source distances require a higher L truncation
to explain, indicating that have a more spatially complex pattern with higher spatial frequency
components. This is confirmed by the decaying behavior of the plots as L increases (as
opposed to, for instance, an erratic plot, which means that ¢ cannot be resolved with the
spatial frequency basis modes), but this is to be expected since §¢ = 0, is a volume current
contribution. The subspace angles, which are also much higher than those of the total signal
¢ in the first row, thus also indicate that higher spatial frequency components are affected
more by inaccurate head models. For increased sensor distances, the subspace angles are

smaller for all source distances, which explicitly verifies the results of Figure 5.2

Note that the 0¢ in Figure 5.5 was obtained using a 10% mesh perturbation case. Although

not shown here, the plots for all the other mesh perturbation cases are similar.

5.83.4  Source localization and orientation errors

From our results in Section 5.3.2 above, we see that with an inaccurate BEM head model,
(noiseless) signals measured by closer sensor arrays suffer from higher inaccuracies since the
higher spatial frequency components have larger errors. Deep and superficial sources also had
higher signal errors due to a higher relative volume current contribution. Here, we investigate
if these observations will be seen in the form of source localization errors as well. The source
localization procedure was done via a standard ECD fit using the “fit _dipole” function in

MNE-Python 1.0 [53, 54].

Note that in this section, the forward model was computed using LC BEM instead of CC
BEM, since it is currently the only solving method implemented in MNE-Python. However,
as we will see, since these LC BEM source space observations agree with the CC BEM signal
space observations in the previous section, it is a strong indication that the results we see are
due to reasons independent of BEM methods as desired (i.e. the head model inaccuracies).

The ECD fit errors when performed on the noiseless signals of the 2 cm, 4 ¢cm, 6 cm
and 8 c¢m source distances are shown in the first columns of Figures 5.6, 5.7, 5.8 and 5.9

respectively. Indeed, for a fixed mesh perturbation, source localization and orientation errors
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Figure 5.5: (Top row) The total signal ¢ can be explained well with a L = 12 degree
truncation of Sy.;, for all source distances. (Bottom row) The signal error portion d¢ due to
a 10% mesh perturbation are higher and requires a higher L degree truncation to explain
than ¢. This means d¢ have higher higher spatial complexities than ¢, and the higher
spatial frequency components of signals are more sensitive to head model inaccuracies. Closer

sensor distances also have higher subspace angles, corresponding to increased signal errors in
agreement with Figure 5.2.
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are largest for closer sensor arrays. The 2 cm and 8 cm sources had higher errors than the
4 cm and 6 cm sources as well. These observations are in agreement with the signal error
results in Section 5.3.2.

However, noiseless signals are impractical in real life; the primary motivation to move
sensors closer to the head is to potentially utilize the higher SNR for improved source

localization results. For the j'" sensor of an N-sensor array, the definition of SNR (with units

of decibels) used in MNE-Python 1.0 follows that of Goldenholz [51],

SNR = 101log \‘q—z i ¢—]QJ (5.30)
N p C .
where ¢ denotes the source strength and SJQ- denots the noise variance on sensor j.

For each mesh perturbation and for a reduced sensor array distance, we introduced various
noise levels to determine the noise level at which the effect of having more accurate source
localizations due to the higher SNR outweighs the effect of less accurate source localizations
due to the increased noiseless signal error.

We found that this occurred at SNR ~ 6 dB (the sensor noise was varied to force a 6 dB
SNR for varying sensor array distances); for SNR greater than 6 dB, the localization and
orientation errors began to increase as sensor array distances increased. This is shown in the
second column of Figures 5.6, 5.7, 5.8 and 5.9, where the position and orientation errors for a
10 cm and 15 c¢m sensor array distance was seen to be approximately equal for most mesh
perturbation amounts, only very slightly increasing for more distant sensor array distances.

The third and rightmost column of Figures 5.6, 5.7, 5.8 and 5.9 show that for a constant
20 fT noise level which is greater than an SNR of 6 dB, there is an improvement in source
localization for closer sensor arrays. This means that the effects of having a higher SNR that
allow for improved source localization resolutions have outweighed the effects of BEM head
model errors errors that cause more inaccurate source localizations.

Our results tell us that in general, OPM sensors should still result in more accurate source

localization results despite head modelling errors, since the current signal measurements
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Figure 5.6: ECD fit results for a 2 cm source case. (Left column) The position and orientation
errors of the ECD fit for the noiseless signal case. Closer sensor arrays have increased errors,
agreeing with the behavior of the noiseless signal error itself. (Middle column) For a noise
level of SNR =~ 6 dB, ECD fit errors start to increase slightly for increased sensor array
distances, indicating that the improved localization made possible with higher SNR is starting
to outweigh the the poorer localization due to more inaccurate noiseless signals. (Right
column) For a 20 fT constant noise level (above 6 dB), ECD fit errors decrease for decreased
sensor array distances. The effect of higher SNR has now fully outweighed the effects of the
increased noiseless signal error.
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Figure 5.7: ECD fit results for a 4 cm source case. The description of this figure is similar to

Figure 5.6.
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Figure 5.8: ECD fit results for a 6 cm source case. The description of this figure is similar to

Figure 5.6.
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Figure 5.9: ECD fit results for a 8 cm source case. The description of this figure is similar to

Figure 5.6.
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typically have SNR < 6 dB. However, with the constant improvement of instrumentation
and signal processing methods, noise may eventually become suppressed to levels that allow
for the effects of the inaccurate noiseless signal to show. As such, it would be beneficial to

continue the current efforts in developing methods that minimize BEM head geometry errors.

5.4 Analytical first-order errors for CC BEM: an aside

Here, as an aside, we show an outline for analytical calculations of the signal error due to

small boundary perturbations in the CC approach.

From (5.22), we see that there are three terms dependent on the head model that affect
the calculation of the magnetic field: the conductivities o;°, the scalar electric potential V(c}")
(equivalently, the matrix G), and the vector solid angle €27". The latter two depend on the

mesh accuracy, whereas the former depends on the conductivity values.

5.4.1 Perturbations to mesh vertices

First, we consider perturbations to V. By looking at the form of G (5.11), we see that there
are two possible sources of error in the head model: the solid angle (i.e. vertex/triangle
centroid perturbations), and the conductivity values of each region. Here, we offer analytical
forms to compute the first-order errors due to each of these sources of error. Higher order

corrections may be obtained with the help of e.g. Matlab or Mathematica.

The solid angle can be regarded as a scalar field in 12-dimensional space (3 coordinates
per r, ry, ry, r3). Perturbations to one of these 12 coordinates corresponds to perturbations
in the z, y or z direction of one of the three vertices of the triangle (ry, ry, r3), or to the
point of reference r.

Let r = (2,9, 2) and r; = (x4, y;, 2;), where ¢ = 1,2, 3. For small perturbations, only the
first-order expansion term is significant. If we let = be perturbed to become x + dz, 6 (5.8)

can be approximated as

01}
~ — . 31
e dx (5.31)

r,ri,ra,r3

0N =Q(x+dzr,y,z,21,...,23) —Q(x,...,23)
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Let the argument within the arctan of 2 be P = P(xz, ..., 23). The right hand side of (5.31)

can be evaluated by the chain rule,

o0 909P 2 9P

- __ = 7 .32
Oxr OP Ox 14+ P2 0z (5-32)

Due to the symmetric form of the solid angle {2 where the numerator obeys scalar triple
product identity and the denominator has terms that all obey cyclic index permutations, we

only need to evaluate 2 partial derivatives of P to obtain all 12 of them as follows.

First, evaluate one partial derivative with respect to any of the 3 coordinates of r, and
another with respect to any of the 9 coordinates of r;. Cyclic permutation of the coordinate
indices (z,y,2) < (2,z,y) < (y, z,x) gives us the other 4 partial derivatives with respect to
the other 2 coordinates of r and r;. Permutation of vertex indices (1,2,3) <> (2,3,1) <> (3,1,2)
gives us the other 6 partial derivatives with respect to the coordinates of the other 2 triangle
vertices. Note that if we extend to higher-order partial derivatives to obtain the second-order
errors and beyond, symmetry considerations may still be utilized to reduce the total number
of partial derivatives to evaluate. However, mixed partials mean that more than 2 partial

derivatives need to be evaluated necessarily.

One may also interpret the 12 partial derivatives as a 1-1 correspondence between the
index permutations and 12 coordinates. The 3 r coordinates correspond to the 3 cyclic
permutations on the coordinate indices (x,y, z), whereas the 9 r; coordinates correspond to
the 3 x 3 = 9 possible pairings of the cyclic permutations the coordinate indices (z,y, z) and
vertex indices (1,2, 3). If we denote the 3 coordinates of r as (z1, ¥, x3) and the 9 coordinates

of ry as x;, j = 4,...,12, then the total perturbation of the solid angle is

12

oP
5$j +Z a_fz;

{o5} j=4

i 2 . op
58 (Ck)N1+P2 (;a—xl

oz | (5.33)
{o57)

where 0§ = (x;, 1y, 7;) are the 3 possible coordinate index cyclic permutations, and U]C-Jr”

are the 9 possible pairs of coordinate index and vertex index cyclic permutations. Any
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small perturbation of a vertex results in perturbed centroids of its adjacent triangles (i.e.
perturbed observation points r), and a perturbation of their solid angles as well; these two
cases correspond to the first and second sums in (5.33) respectively. Note that by construction
of G (5.11), the first case (perturbed centroids) contributes nonzero row entries to the additive
perturbative matrix G, whereas the second case (perturbed vertices) contributes nonzero

column column entries.

We now want to see how this affects V. Let A = (I— G +ec”) and A = A +6G. If A

is non-singular, then [135]

AA = (A+6G)A =1 (5.34)
= A'=(I+A%G)A™! (5.35)
— AT AT=—AG(A+G)". (5.36)

Therefore, errors in potential are given by

5V =—-A"1%G (A +0G)" V. (5.37)

Next, we consider the first-order perturbation to the vector solid angle (5.24). It depends
only on the coordinates of the triangles’ vertices, and may thus be obtained in a straightforward
manner,

5Qm~i iwg | (5.38)
~ axj Zj| Iy .

i=1 Lj=1

5.4.2  Perturbations to conductivity

We now consider perturbations to o, which are conductivity values within the layers of the

head model. This is an easier case to deal with, since we may simply add a perturbative
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constant do to each o. For the conductivity term within G, we have

Sops = o, +d0; —o —do; o — o
Y o, +00, +o) +d0; o +of
_ _lor = o) (o +60y) + (0 +0f) (907" — do7) (5.39)
(or +01)" + (o +07) (dop +d0f) |

Equations (5.33) and (5.39) together define the total perturbative matrix 0G for small vertex

perturbations and arbitrary conductivity inaccuracies,

The first-order error of the total magnetic field due to small perturbations in vertex

coordinates and head model conductivities is thus

0B (r) ~ 10 {Z (o =) D [0V (") Q" + V (¢") 67| (5.41)

47
=1 m=1

Bl e

=1 m=1

with its terms given by (5.33), (5.37), (5.38), (5.39), and (5.40).
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Chapter 6

NEAR-OPTIMAL SENSOR SELECTION

MEG sensor array design has predominantly been driven by the application of Nyquist
sampling theory, which dictates that higher spatial frequencies can be resolved by decreasing
the distance between sensors. This is observed in the signal-level case in Chapter 4 as well;
more accurate flux evaluations are obtained with a higher number of cubature sampling
points. There is thus a general consensus that an increase in the total number of sensors
can improve signal resolution |15, ]. Moreover, higher array densities also prevent signal
aliasing 30, |, improves source localization accuracy in the beamforming framework [155],
and has the ability to extract more information from the signal in general (under a Shannon
information theory framework) [35, |, thus it appears to be especially relevant for the
next-generation OPM sensor arrays that can be measure higher resolution signals with its

closer sensor distances.

However, having denser sensor arrays also presents a few issues. For one, there may
be insufficient space on the subject’s head to physically accommodate a large number of
sensors. For example, infant MEG using OPM sensors will require a denser sensor array due
to the decreased sensor distances measuring higher resolution signals (see Section 4.1); their
smaller heads may not be able to fit the required amount of sensors. It may additionally be
uncomfortable for a subject to wear a dense sensor array, especially if it becomes increasingly
heavy [70], or if it takes a long time to set up. The manufacturing costs of a large quantity
of sensors may also be high, and can result in compromised testing procedures during

development phases where constructing expensive and dense sensor arrays are impractical.

In this chapter, we demonstrate that for focal neural activity that exhibit low-dimensional

signal patterns in some basis choice, it is possible to identify a few optimal sensor locations
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that can reasonably reconstruct full-state MEG signals for accurate source localization. This is
a deviation from the Nyquist sampling consideration above, and alleviates the aforementioned
issues that can arise with having dense sensor arrays. To date, there have been some
discussions into using a limited number of sensors [110, |, but only few methods exist
to evaluate which sensors are most capable of accurately reconstructing measured signals
or localizing sources [10, 73, 103]. Full-state reconstructions with limited sensors has the
additional capability of interpolating/extrapolating to regions inaccessible for measurements,
for example, areas obstructed by electronic components.

We will first formally state the problem statement, then review the singular value decompo-
sition (SVD), signal reconstruction, and QR pivoting algorithm, which allow for the selection
of optimal sensor locations. Then, simple examples of reconstructions of phantom data using
selected MEG sensors are performed as proof of concept that sparse sensor arrays may be
used in MEG. All the data that we used in this chapter are available on the Brainstorm
website (http://neuroimage.usc.edu/brainstorm,).

In Figure 6.1, a summary of the procedure utilizing QR pivoting for sensor selection
and source reconstruction (blue arrows) is shown alongside the traditional approach (green
arrows). QR pivoting, which will be further discussed in Section 6.4, has been widely used
in applications including fluid flows, sea surface temperature monitoring, and face image
recognition [22, 57, 83, |. It is computationally efficient and is one of the most common
paradigms for monitoring engineering and physical systems.

We note here that a natural application to sensor selection is sensor array designs. In
MEG, sensor layouts are primarily guided by physical /hardware considerations [70], or simply
made to sample the head uniformly in some way |[110, |. For instance, a hexagonal
sampling lattice has be shown to be the optimally sparse sampling grid under the above
mentioned Nyquist sampling consideration [36]. With informed sensor selection techniques,
optimal sensor placement locations can be determined from a dense sensor array, so that
sensors can be placed in a principled manner at certain regions of the head based on the

neural activity itself. This may be more effective than utilizing a universal, uniformly-spaced
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Figure 6.1: (Green arrows) Usual pipeline for signal reconstruction and source localization
that utilizes the entire sensor array. (Blue arrows) Proposed pipeline for full-state signal
reconstruction and source localization with sparse sampling. Principled sensor selection can be
done using QR pivoting on a low-dimensional SVD basis representation of a prior/simulated
dataset. x denotes the full-state signal measurement, ® denotes the rank-r truncated left
singular SVD basis of x, a denotes corresponding the (noisy) coefficients of ®, and P (obtained
from P’) denotes the permutation matrix that selects rows of ®.

sensor design; in fact, there have been discussions into sparser and more effective MEG sensor
placements recently [73, 101], since certain OPM sensors can be placed on the head flexibly.

6.1 Problem statement

Our goal is to select a subset of optimal sensors that is able to sparsely sample the signal, yet
still be able to reconstruct the full-state signal adequately well.

Let the full-state signal be x € R™™ where n is the total number of sensors, and m is
the number of temporal samples. Also let n € R™™™ be an additive independent identically

distributed Gaussian noise N'(0, 02). The signal may be represented by some basis ® € R™*¥,

x=®Pa+n=®a (6.1)
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where k is the number of basis vectors/modes, and each column of a € R¥*™ contain the

coefficients to each basis mode. We have also defined
a=a+®'n (6.2)

as the “noisy” coefficient /weights, where T denotes the Moore-Penrose pseudoinverse (in
this case, the right pseudoinverse) [9, 52]. We want to find a matrix P € RP*™ that picks
out p < n number of sensors to sample the signal, such that the full-state signal x can
still be reconstructed accurately. Let us denote the reduced-state signal as y € RP*™. The

reduced-state signal is given by
y = P®a=0a=0a+Pn, (6.3)

where we have defined ® = P®. Evidently, P must be a permutation matrix with rows of

canonical unit vectors that select the appropriate rows of ®.

6.2 Low-rank subspaces and SVD

Many datasets and signals exhibit low-dimensional patterns in certain basis choices that
may be exploited for easier computation. One such basis may be found via the SVD. SVD
decomposes some signal A € R?*? into unitary matrices U € R?*® and V € R"** and a

diagonal matrix S € R*** with non-negative entries (singular values),
A =USVT, (6.4)

where the singular value entries in the diagonal of S are arranged in decreasing order.

By the Eckart-Young theorem [19, 35], if we approximate A by truncating U and V of
its SVD to the first r» columns, then it is the optimal rank-r least-squares approximation
of A. In other words, the columns/modes of U and V with higher corresponding singular
values have higher dominance in representing the entire signal. If a signal’s SVD has only few

significant singular values, then it can be well-approximated by just the first few modes of U
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and V, reducing the signal from a high-dimensional subspace to a low-dimensional subspace.

Note that when a > b (overdetermined), the lower (a — b) x b submatrix of S is necessarily
null. Hence, we only need to consider the first b columns of U and V. When a < b
(underdetermined), the rightmost a x (b — a) submatrix of S is null, hence we only need to
consider the first a rows of V. In any case, only the square submatrix of S with non-negative
diagonal elements is kept. These two cases are the economy SVD, and are utilized to simplify
computation [93]. We will use the economy SVD for the rest of the chapter, i.e., only r < b
or r < a significant modes for the overdetermined and underdetermined cases respectively
are preserved.

Since the SVD bases reveal the latent, low-dimensional significant modes that best
represent the signal, a few rows of a rank-r truncated U (corresponding to sensors) can be
selected to optimally represent the small number of r significant modes. In our context for
MEG, we perform the SVD decomposition on the full-state signal x so that a low-dimensional
r-basis representation ® = U € R™ ", n > r is obtained as desired. This allows for p > r
sensors to be selected from ®.

We note that the optimal number of sensors p needed to be selected in relation to the
number of modes r for the best sparse measurement is not trivial. In [23, |, it was suggest
that the optimal number may be approximately equal to the underlying rank of the system
in the chosen basis. As such, the p < r case will not be considered here; we want at least
p = r chosen sensors so that all » basis modes are represented by the p > r sensors and are
hence useful. A discussion of the underdetermined case where p < r can be found in [125].

The observation that p = r selected sensors may be optimal also indicates the importance
of using a low-dimensional basis representation of the signal for the purposes of sparse sensor
selection. For instance, if an L-degree truncated SSS basis matrix (see Section 4.1) is used in
place of the r-truncated U, then at least (L +1)% — 1 sensors need to be selected as opposed to
r. As higher frequency signals are measured, higher L degrees (and hence more sensors) are
required, in agreement with the Nyquist sampling framework. For SVD modes however, as

long as the signal exhibits low-dimensional spatiotemporal patterns, the number of significant
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modes r remains low, allowing for a small number of sensors to still be picked.

6.3 Coefficient estimation and signal reconstruction

In order to reconstruct the noiseless signal ®a, we need to obtain the unknown coefficients
a. However, in practice, only the noisy coefficient a can be obtained as an estimate of a via
taking the pseudoinverse of ©,

-1

Yy, p=r
Oly=a=a+®&n= (6.5)

(('-)T('-))f1 Ty, p>r.

To improve the estimate of a and hence obtain an accurate full-state signal reconstruction,
we may minimize the absolute determinant (or equivalently, the volume) of the error covariance

matrix Var[a — aJ. A direct calculation shows that
Var [a — &] = o? (<I>T<I>)T = o? (@TG)f1 , p>, (6.6)

where we have used the fact that ® = @P from the definition of ®. This tells us that
to maximize this error covariance matrix, we may equivalently maximize the determinant
of 7O (due to the inverse). This can be achieved by permuting its rows in an optimal
manner using the pivoted QR algorithm (which will be discussed in the next section) so that
it corresponds to ranking sensors that best represent the basis modes. Compactly written,
this entire procedure is equivalent to finding an index set v = {71,...,7,} € {1,...,n} such

that

~v* = argmax ‘det (@5’@7)
vlvl=p

. p> (6.7)

where ©., = P,®, and P, is the appropriate permutation matrix that selects and permutes
the p rows of @ as dictated by 7.
Since ©7' @ is square, its determinant is the product of its eigenvalues. Moreover, @7 is

symmetric positive semidefinite, so its eigenvalues coincide with its singular values 0. We
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know that the first r eigenvalues/singular values of ®7® and @O are identical, so (6.7) is

equivalently

[[o(©%0,) [[oi(®,07)

~* = argmax = argmax
vhvl=p |32 v.=p |52
= argmax |det (@7®$) . p>r (6.8)
v:lvl=p

Note that the parentheses on the second and third equalities do not indicate multiplication,

but instead they indicate that the singular values o are that of @7® and @07 respectively.

In the p = r case where © is square, we know that det ©” = det ©, so det(©7®) =
det T det © = (det ©®)2. We thus only need to maximize the determinant of @,

v = argmax |det @,|, p=r-. (6.9)
Y:lvl=p

6.4 QR pivoting algorithm

We now summarize the steps of the QR pivoting algorithm, which will provide a solution
to P, in (6.8) and (6.9). There are other sparse selection algorithms for high-dimensional
problems [37, 38, 161], but the QR algorithm provides exceptional performance with minimal

computational cost.

The QR pivoting algorithm was first introduced in [20], but its application towards greedy
sensor selection has only been done recently in |19, 33, , |. Tt follows the usual QR
algorithm that decomposes some matrix A € R**® into a unitary matrix Q € R*** and an
upper triangular matrix R € R**? except that at each iterative step, the column with the
largest 2-norm is first selected and then swapped with the first column. The pivoted QR
decomposition hence includes a column permutation matrix P’ € R**? that accounts for this

added step,

AP’ = QR. (6.10)
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Consider the first iteration. The first step as mentioned is to select the column of A with
the largest 2-norm, and then swap it with the first column. Assuming the column with largest

2-norm is the k'™ column, this is equivalent to right multiplying A by the permutation matrix

Pl =~ |€ex €2 ... €x_1 €1 €11 ... €, (611)

where e;, € R*! denotes the k™" canonical basis vector, and P; denotes the permutation
matrix for the first iteration of the QR pivoting algorithm. After the swap, we apply a
Householder transformation Q; on the first column of the resulting AP;, which corresponds
to a reflection of the vector with respect to its orthogonal subspace. Let by = a; — ||a;||e;

where a; is the first column of A. The Householder transformation is

2b; b}
Q=1-——, (6.12)
[ba|*
where I € R*** is the identity matrix. A straightforward calculation shows that
0
QAP = : (6.13)
: A®?
0

where A ¢ R=Dx(-1) 5 the submatrix of A excluding the first row and column. We

denote A®) as the bottom right (a — k + 1) x (b — k + 1) submatrix of A (so A = AW).

The same process is repeated for A®) and subsequent submatrices until A is decomposed
into an upper triangular matrix. In order for the Householder transformation and permutation

matrix at the k™ iteration to act on the appropriate submatrix A®*), they must resemble the



form

I 0 0
Qs = 0
k= Q,E:k)
_O
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(6.14)

with I € RE=Dx(+:=1)  The application of a Householder transformation guarantees an upper

triangular matrix due to the resulting form of (6.13) at the end of every iteration. In the

case of a > b, this is achieved after b iterations, and in the case of a < b, it is achieved after a

iterations.

For a < b, the final result will be

Q.. .- QQAPP,... P, =

ie.,

R=Q,...QQAPP,...

[|al)|
0 ||
0 0
0 0

P/:P1P2...Pa

Q=(Q,...QQ)".

*

*

o

*

(6.15)

(6.16)
(6.17)
(6.18)

The upper triangular result (6.15) has a diagonal dominant structure, since its diagonal

entries are the greedily-obtained maximum column 2-norms at each iteration. Since the

determinant of a triangular matrix is the product of its diagonal elements, this tells us that

QR pivoting greedily maximizes the determinant of R(1 : a,1: a) (the first @ X a submatrix
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of R). We have
[det R(1: a,1:a)| = |det (QTAP'(;,1: a))| = |det (AP'(:,1: a))], (6.19)

since Q' is unitary so ‘det QT} = 1. For the a = b case, this can be further simplified to

become
|det R| = |det (Q'AP’)| = |det A|, (6.20)

since for (square) permutation matrices, |det P’| = 1.

In our context, the goal is is to permute the rows of @@7 or © for the p >rorp =7
case respectively, such that (6.8) and (6.9) are satisfied. For maximum sparsity, we consider
only the p = r case, so that a minimum number of sensors are required to adequately sample
the r modes. We thus perform QR pivoting on A = &7 = U7 (transposed since QR pivoting
acts on columns) so that eventually, [det ®7(1:r,1:7)| as in (6.19) is greedily maximized,
with (6.9) having the solution P, =P'(1:n,1:7).

For the p > r case, one way to approximately satisfy (6.8) is to maximize the determinant
of ®®T. Performing QR pivoting on A = ®PT greedily maximizes (6.20); however, it has
been shown in [125] that this is in fact not optimized to solve (6.8). It only provides a
somewhat informed sensor selection that still has better performance than random sensor
selection. In the same paper [125], an improved extended algorithm for sensor selection in

the p > r case is provided.

6.5 Signal reconstruction and source localization using QR-selected sensors

To evaluate the QR pivoting sensor selection algorithm and its performance in the context
of MEG, we consider two example scenario datasets. The first is a standard phantom
measurement, which allows us to test our method on a known ground truth. The second
dataset is a binaural signal, which shows an application of our algorithm workflow to

realistic experimental data. These datasets were obtained from the Brainstorm website
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(http://neuroimage.usc.edu/brainstorm), and all data analyses performed on them were
done with Brainstorm, which is documented and freely available for download online under

the GNU general public license [111].
6.5.1 2000 nAm and 200 nAm phantom signals

The first dataset that we considered was a measurement performed by John Mosher (Epilepsy
Center, Cleveland Clinic Neurological Institute, Cleveland, Ohio, USA) using a 306-channel
Elekta Neuromag system (Megin, Helsinki, Finland) with a dry current phantom. The
dataset is provided by Ken Taylor and John Mosher on the Brainstorm website (https:
//neuroimage.usc.edu/brainstorm/Tutorials/PhantomElekta).

The phantom contains 32 dipole sources located at 4 different distances from the origin
(33.9 mm, 44.0 mm, 54.0 mm, and 63.9 mm), and is a well-established model for validating
MEG systems and methods. We used two sets of measurements, one with the sources having
dipole moments of 2000 nAm, and the other 200 nAm; they correspond to unrealistically
high and realistic source strengths respectively.

The dipoles are sequentially activated, and 32 epochs, each corresponding to one dipole
activation, are selected from each of the 2000 nAm and 200 nAm datasets to test the QR
pivoting algorithm for sensor selection. We followed the tutorial provided on the above
Brainstorm website for signal processing, except the epochs was kept at the original 1000 Hz
sampling rate and not resampled to 100 Hz. Note that from here on, we will refer to these

epochs as “datasets” still, for convenience.
6.5.1.1 Signal reconstruction

We first performed SVD on each of the 32 datasets for the 2 different source strengths to
obtain the r-truncated left singular SVD basis matrix, as well as the singular value spectrum.
QR pivoting algorithm was then performed on this basis matrix to select p = r optimal
Sensors.

To show that the number of modes/sensors to keep cam ne estimated from the singular

value curve, for each r = 1,...,n SVD basis truncation, we obtained the full-state signal
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reconstruction %, for a p = r QR-selected sensor measurement. This was done using (6.1)
and (6.5). Then, the relative error (RE) was calculated via

1% = %

RE, = (6.21)

[l

In Figure 6.2, the singular value spectrum and REs for the 200 nAm and 2000 nAm cases

(each averaged over their 32 epochs) are shown.
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Figure 6.2: All curves are averaged over the 32 phantom dipolar source results. (a) Plots
for the 200 nAm case. The dashed red curve shows the singular value spectrum, and the
solid black curve shows the RE of the reconstructed signals. The elbow of the singular value
spectrum occurs at approximately 2-10 modes, with agrees with the minimum range of the
RE curve. The RE curve increases afterwards, peaking at around 35 modes, before decreasing
again. The blue dotted curve shows the RE when the 2000 nAm SVD basis was used for
signal reconstruction. Again, low RE is observed between 2-10 modes before it increases, this

time peaking much higher at a value above 35 modes. (b) Plots for the 2000 nAm case. The
behavior of the curves are similar to the 200 nAm case.

Figure 6.2 highlights two important aspects of the data: (i) its low-dimensional structure,
and (ii) its ability to be reconstructed with limited measurements. Specifically, this figure

shows that for both high and low signal strengths, there exists a low-dimensional embedding
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to global SVD modes. The elbow of the singular value curve for both 200 nAm and 2000
nAm cases appear to be at around 2-10 modes. Correspondingly, there is low RE within
that domain, before RE increases to a peak at around 35 modes. This indicates that it is
appropriate to truncate at the number of modes corresponding to the elbow of the singular
value curve.

The behavior of the RE curve is expected and may be explained as follows. The first few
significant SVD modes correspond to modes representing meaningful features of the signal
(or “informative” modes), hence RE decreases. The subsequent modes correspond to noise, or
are noisy modes [30, 17]. By including just a few of these noisy modes, the actual random
noise in the signal cannot be projected onto them accurately, thus error increases. If we
continue increasing the number of noisy modes used however, noise can be more accurately
represented gradually, and error starts decreasing again. The observation that the 2000 nAm
dataset (with higher SNR) has larger first few singular values also indicates that the first few
significant modes are informative and indeed correspond to signals, whereas the subsequent
modes correspond to noise.

To illustrate how very sparse sampling can yield results that capture the important
underlying dynamics of the signal, we will use the 2-mode QR reconstruction with 2 sensors
(which lies within the 2-10 informative mode range). Figure 6.3 shows the signals of one of
the 200 nAm dipoles as an image plot. The original signal is on the left (OG), the 2-mode QR
and 2-mode SVD reconstructions are in the middle column, and the first 2 SVD modes are
in the rightmost column. The 2-mode QR reconstruction using 2 sensors yields comparable
results to the 2-mode SVD reconstruction using all 306 sensors, signifying the redundancy
of many sensors. Only 2 optimally-selected sensors that best represent the 2 SVD modes
are required to reconstruct the signal. We also see that the first SVD mode resembles the
original signal strongly, illustrating that it is an informative mode.

Figures 6.4 and 6.5 show the original (interpolated) magnetic flux field for each of the 32
dipole sources on the left, as well as the 2-mode QR reconstructed fields with the 2 selected

sensors on the right. Similar to Figure 6.3, we see that the 2-mode QR reconstructed fields
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Figure 6.3: Image plots of the original signal (left column) and reconstructed signal (middle
column) for a (-5.97,0,2.29) c¢m, 200 nAm phantom dipolar source. The 2-mode 2-sensor
QR reconstruction has similar performance to the 2-mode 306-sensor SVD reconstruction,
indicating the redundancy of dense sensor arrays. (Right column) Plots of the first 2 SVD
modes. The first mode captures most of the spatiotemporal dynamics of the original signal,
showing how low-dimensional signals only have a few significant and informative modes.
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are visually similar to the original. The selected sensor positions also indicate that sensor
selection is dependent on source location; at least one sensor close to the vicinity of source
activity is always selected, and the 2 sensors selected across the rows of Figures 6.4b and 6.5b
(which have same tangential coordinates but different radial depths) are generally placed in
similar locations. As expected, for the stronger 2000 nAm case, the sensor locations are more
consistently chosen due to the higher SNR that reveals the true dipolar signal pattern more

clearly.

6.5.1.2 Source localization

Here, we investigate if performing ECD fits on full-state signals that are reconstructed from
sparse measurements can result in accurate source localizations. The ECD fit function
provided in Brainstorm was used for reconstructions of each of the 32 dipole datasets of
both source strengths, and the absolute position and orientation errors relative to the true

phantom dipoles were calculated.

Figures 6.6 shows the ECD position and orientation errors using QR and SVD reconstruc-
tion methods on the 200 nAm datasets, whereas Figure 6.7 shows the results for 2000 nAm
datasets. The errors are plot with respect to dipole source distance from the origin, thus each
data point is obtained by averaging the errors of the 32/4 = 8 dipoles that have the same

radial distance.

For the 200 nAm case in Figure 6.6, the 2-mode 2-sensor QR localization is comparable to
both the 2-mode 306-sensor SVD and original localizations, again indicating the redundancy
of sensors if working in the SVD basis. The 35-mode 35-sensor QR localization suffers from
poorer results at deep source distances, which is to be expected given that it has passed the
informative mode range into the region with higher RE (see Figure 6.2).

We also notice that in general, deeper sources had poorer source localization. This can be
understood from previous discussions in Sections 4.1 and 4.2.1 — the source-to-sensor distance
for deep sources are larger, which results in a lower resolution signal that have low spatial

frequency components. These low [ degree components cannot achieve solutions that are as
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Figure 6.4: (a) Original signals for each of the 200 nAm 32 phantom dipolar sources. (b)
2-mode QR reconstructed signals, with the 2 selected sensors indicated by the red dots. There
is a high reconstruction accuracy of the signal patterns, and sensor selection appears to be
source-dependent, with at least one always being selected close to the source activity.
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Figure 6.5: (a) Original signals for each of the 2000 nAm 32 phantom dipolar sources. Note
the more distinct dipolar field patterns due to the higher SNR. (b) 2-mode QR reconstructed
signals, with the 2 selected sensors indicated by the red dots. There is a very high recon-
struction accuracy of the signal patterns, and the selected sensors are nearly all identical for
sources with the same tangential coordinates but at different depths.
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accurate as higher [ degree components due to their larger area of convergence that has a less
steep descent into the true solution as seen in Figure 4.2.

For the 2000 nAm case in Figure 6.7, the unrealistically high SNR resulted in all the
ECD fits performing identically well, with < 2 mm and < 4.5° position and orientation errors
respectively. Note that the behavior of the position error plot agrees with the high SNR ECD
error plots in Section 5.3.4, i.e., deep and superficial sources have the highest errors. This

may indicate some effects from BEM head model errors, but is not definitive.
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Figure 6.6: Position errors (left) and orientation errors (right) of ECD fits using various
reconstructed 200 nAm signals. All cases except when using 2000 nAm basis had higher
localization errors for deep sources, especially the 35-mode QR case, indicating that using
more modes/sensors does not guarantee better performance. For more superficial sources,

all cases including the 2-mode QR case had similar localization performance, indicating a
redundancy in sensors.

6.5.2 Using 2000 nAm basis for 200 nAm signal

In reality, if we want to have a system of p sensors, we will need to obtain information about

where to place them from either a simulation or prior datasets measured with a dense sensor
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Figure 6.7: Position errors (left) and orientation errors (right) of ECD fits using 2000 nAm
signals. All cases performed identically well due to the high SNR.

array. The basis matrix from a full-state signal is also required for a reconstruction from
the p-sensor sparse measurement. As observed previously in Section 6.5.1.1, since sensor
selection appears to be dependent on source location, the sources for these simulations/prior
recordings will likely need to be approximately the same as what we expect in order to obtain
the near-optimal p sensor selection.

Here, we verify that it is possible to attain an accurate full-state signal reconstruction and
source localization if the optimal p sensor locations and SVD basis are both obtained from a
simulation/prior dataset. The simulation/prior dataset that we used is the 2000 nAm dataset
with all 306 sensors, which mimics an overly-ideal simulation with high SNR, whereas the
optimal sparse p-sensor measurement were from the 200 nAm dataset.

The results are shown in the blue curves of Figures 6.2 and 6.6. In Figure 6.2, we see
that the RE for the reconstructed signal in this case is comparable to using the 200 nAm
basis (black curve) up to about 10 modes as expected, since these first few significant modes

represent the identical clean signal. However, the RE increases rapidly afterwards. This may
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be explained by how the subsequent modes for the 2000 nAm basis are cleaner and do not
represent the noise of the 200 nAm signal well. If more 2000 nAm modes are included, the
error eventually decreases since the noise becomes represented better gradually (as explained
in Section 6.5.1). This occurs at a significantly higher number of modes than if the 200 nAm
basis itself was used; if the plot is extended to beyond 100 sensors/modes, the blue curve

eventually decreases.

The ECD errors for this case performs comparably to the original source localization
methods, as seen in Figure 6.6. However, it is interesting to note that now, deep sources
suffer from decreased position and orientation errors. This indicates that using a basis from
high SNR signals may have noise suppression capabilities when reconstructing noisy data.
Intuitively, this may be understood by the fact that we are interpolating data the p sparse
sensor measurements based on the clean basis. Thus if a clean basis is used, less noise will be

reconstructed, leading to an improved inverse model.

6.5.3 Sensor selection on binaural stimulation signal

To show the validity of the QR pivoting sensor selection algorithm on realistic measurements,
we now consider a binaural stimulation dataset. It is a measurement done by Elizabeth
Bock, Peter Donhauser, Francois Tadel, and Sylvain Baillet (MEG Unit Lab, McConnell
Brain Imaging Center, Montreal Neurological Institute, McGill University, Canada) using a
CTF 275 system with 274 axial gradiometers (https://neuroimage.usc.edu/brainstorm/
DatasetIntroduction).

We followed the Brainstorm tutorial to identify the relevant epoch/dataset with dipolar-like
activity for analysis. Like before, SVD was performed on the dataset, followed by QR pivoting
on the SVD basis for sensor selection. Signal reconstruction and ECD source localization
were then carried out.

The results are shown in Figure 6.8. In Figure 6.8a, the singular value spectrum now does
not have a distinct elbow and decays gradually due to the more complex source configuration

and higher noise levels. Due to the low SNR, there is no increase then decrease of RE as
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more modes are gradually included, since all modes are likely noisy.

We estimate based on the singular value spectrum that 30 sensors/modes are sufficient for
accurate reconstruction. The RE curve of the p-mode QR signal reconstruction follows the
singular value curve, indicating again that selecting the number of sensors/modes based of
the singular value curve is valid. An ECD fit was then done using both the original data and
the 30-mode QR reconstructed signal; the result is visually presented in Figure 6.8b. The fit
using the original data is displayed as a red dipole, whereas the fit using the 30-mode QR
reconstructed signal is displayed as a green dipole. Their localization differences are small
(hence the large overlap between the two dipoles), with a 1.41 mm position difference and a
0.80° orientation difference. This indicates that the localization performance using just 30

sensors is comparable to using the full array of 274 sensors.

6.6 Limitations and further comments

So far, our results suggest that it is possible to utilize sparse sensor array measurements
in MEG to reconstruct full-state signals. We note that such signal reconstructions from
sparse data relies heavily on the basis choice obtained from simulations/prior datasets. If the
source configurations of these simulations/prior datasets do not resemble the actual source
configuration, large reconstruction errors may occur. The above sensor selection algorithm
thus works best for replicable or consistent source configurations.

Another limitation is that for sparse sensor arrays, there may be an increased importance
in co-registration errors [160]. Without a full-head coverage, the signals may become more
sensitive to sensor position errors, especially if it is a deviation away from an optimal position.
An inaccurate full-state reconstruction may hence result. We also acknowledge the advantages
to having sensor redundancy; having a dense sampling of the head gives a more comprehensive
measurement of head activity without the need for signal reconstruction. Practically, more
sensors also mean more backups in case of sensor failure.

As a final note, the sensor selection pipeline presented in this paper may also be extended
to EEG, which has a similar mathematical formulation to MEG. It is also in theory possible

to apply it to determine optimal sampling points across a sensor surface/volume (as opposed
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Figure 6.8: (a) RE plot for the p-mode reconstructed binaural signal (black curve), and the
singular value plot of the full-state data (red curve). The RE plot follows the singular value
spectrum, indicating that the number of modes/sensors can be selected from the latter. (b)
Superior (left) and posterior (right) views of the head MRI. The ECD result using the full
274-sensor original signal (red) and 30-mode QR reconstructed signal (green) are shown. The

performances are near-identical with a 1.41 mm and 0.80° discrepancy, indicating sensor
redundancy.
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to cubature sampling points as seen in Chapter 4), although its performance relative to

current evaluation methods are a topic for future study.
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Chapter 7
CONCLUSION

In this dissertation, we have evaluated the validity of cubature flux approximations and
inaccurate BEM head models in relation to higher spatial resolution signals that are expected
to be measured. We have also proposed using the QR pivoting algorithm for greedy optimal
sensor selection as an alternative to the more common strive towards denser sensor arrays.
In the process, the re-formulation and generalization of the quasi-static electromagnetic
framework of MEG was done, which brought to attention a fundamental source of error that
may significantly affect many aspects of MEG, such as source interpretations and sensor
orientation considerations.

We will conclude with a brief summary of the main findings and contributions as follows.

A formula was derived for the electro-quasi-static magnetic scalar potential and magnetic
field in a source-less region, which is shown to be the generalization of currently-used
expressions in MEG. With our novel formulas, it is seen that radial current sources are
magnetically silent. This tells us that open current segments have translationally non-
invariant contributions, and thus any forward /inverse models and physical interpretations

must be made cautiously with the origin choice in mind.

The magnetic flux calculation, which is typically done using cubature approximations,
was simplified into a line integral form that can be more easily evaluated by software. For
tangential circular sensors, a purely recursive and exact evaluation of each [-degree flux
portion was derived. It was found that higher [-degree signal portions, decreased sensor
array distances, and larger sensor surface areas had increased cubature approximation errors.

7-point and 9-point cubature approximations for circular and square sensors respectively are



125

likely sufficient for current SQUID-based MEG setups.

Higher spatial frequency signal portions were also found to be more sensitive to BEM
head model errors. Thus, for signals with SNR > 6 dB, closer sensors to the head are more
sensitive to BEM head model inaccuracies due to their ability to resolve these inaccurate
high spatial frequency components. This leads to increased signal and source localization
errors. For signals with SNR < 6 dB, the advantage of having a higher SNR when placing
sensors closer to the head outweighs the effects of the inaccurate high spatial frequency signal
components. Thus, signal error and source localization errors decrease.

We have also demonstrated that for MEG signals with latent low-rank SVD representation,
a small number of optimal sensors can be selected such that they are able to reconstruct
the full-state signal with high spatiotemporal fidelity. This is assuming that a basis can be
obtained from prior datasets or simulations with similar underlying sources. The sensors
selected depend on the source location, and ECD fits performed on the reconstructed signals

resulted in comparable performances to using the original signal, indicating sensor redundancy.
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