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Abstract

In this thesis, three different approaches are developed for the estimation of focal brain activity
using EEG measurements. The proposed approaches have been tested and found feasible using
simulated data.

First, we develop a robust solver for the recovery of focal dipole sources. The solver uses
a weighted dipole strength penalty term (also called weighted L; 2 norm) as prior information
in order to ensure that the sources are sparse and focal, and that both the source orientation
and depth bias are reduced. The solver is based on the truncated Newton interior point method
combined with a logarithmic barrier method for the approximation of the penalty term. In
addition, we use a Bayesian framework to derive the depth weights in the prior that are used to
reduce the tendency of the solver to favor superficial sources.

In the second approach, vector field tomography (VFT) is used for the estimation of un-
derlying electric fields inside the brain from external EEG measurements. The electric field is
reconstructed using a set of line integrals. This is the first time that VFT has been used for the
recovery of fields when the dipole source lies inside the domain of reconstruction. The benefit
of this approach is that we do not need a mathematical model for the sources. The test cases
indicated that the approach can accurately localize the source activity.

In the last part of the thesis, we show that, by using the Bayesian approximation error
approach (AEA), precise knowledge of the tissue conductivities and head geometry are not
always needed. We deliberately use a coarse head model and we take the typical variations
in the head geometry and tissue conductivities into account statistically in the inverse model.
We demonstrate that the AEA results are comparable to those obtained with an accurate head

model.
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Chapter 1

Introduction

The development of intelligent systems for the analysis of bio-electric brain signals constitutes a
springboard for the better understanding of brain structure, function and connectivity between
different tissues. Therefore, these systems are crucial for both diagnosis and advanced surgical
planning in case of brain dysfunction, and for the monitoring of cognitive processes.

The study of the structure and functional states of the human brain, mathematical mod-
elling of nerve electrical behavior and experimental set-ups that resemble real conditions are
very important for this development. For the study of the brain, specialized apparatus is re-
quired. The modalities on which brain studies rely are either signal processing-based, e.g. electro-
encephalography (EEG) and magneto-encephalography (MEG) [122, 13], or tomographic imaging-
based, e.g. magnetic resonance imaging (MRI), positron emission tomography (PET), computer
tomography (CT) [81, 147] and, more recently, functional near infra red (fNIR) spectroscopy
[61]. For cognitive studies and temporal tracking of brain activity, mainly EEG, MEG and
functional MRI have been used. Of these three modalities, the EEG devices have the advantage
that real time recordings can be acquired and they do not require particularly bulky equipment,
as MEG and MRI do. Moreover EEG devices are relatively inexpensive in comparison with the
other modalities. For these reasons, in this thesis we focused on techniques for the analysis of
EEG brain signals.

The activity measured with EEG electrodes is mainly the result of secondary ohmic current
propagation within the tissues induced by primary intracellular currents. The computation
of the scalp potentials when the brain activity generators are known, is referred to as the
EEG forward problem. The inverse problem, EEG brain imaging, is based on the idea that
by measuring the potentials on the head surface, the underlying brain electric activity can be
inferred, and thus, the brain areas that are activated due to a stimulation or a pathological
condition can be localized. For instance, an individual under examination may receive external
sensory stimulation, execute a motor task or have a cognitive experience which results in the
propagation of electric fields that can be observed with EEG. Consequently, the EEG inverse
problem is referred to as the estimation of the location and properties of the underlying electric

signal generators using the recorded data.



The standard methodologies for solving the EEG inverse problem rely on accurate and precise
knowledge of the geometric and electrical properties of the head [55, 179]. In particular, for the
brain activity an appropriate source model for the representation of the intracranial activity
is required in addition to a computational model, the forward model, which describes how the
electric current flow propagates in the different tissues and appears on the surface of the scalp.
Moreover, a prior assumption on, for example, the types of sources or the extent of the activity
is usually required [102, 36].

In this thesis, we consider only focal brain activity that arises, for examples, in cases related
to an epileptic event or evoked potential responses to an external stimulus. For this purpose,
a non linear convex optimization algorithm is proposed. In the algorithm, a dipole strength
penalty term, also called a L2 norm, is utilized in order to ensure sparsity of the estimated
focal sources. The suggested optimization approach was proposed in [69] for the L; norm
problem and in this thesis it has been further developed for L;s norms and adapted for the
sparse source reconstruction problem.

The accurate description of the electric flow propagation inside the brain is a challenging
task because the head consists of several different types of tissue with different electric properties
and complex intertwining shapes that differ from person to person. The previous methods use
either crude models of the head which result in high estimation errors [143, 184] or expensive and
time consuming methods, such as structural MRI (Diffusion tensor imaging/fMRI), to resolve
the exact geometry and conductivity distributions of a specific subject’s head which result in
smaller estimation errors.

In this thesis, we present two new alternative approaches. The first approach lies in the
application domain of vector field tomography (VEFT) [155] and concerns the reconstruction of
the electric fields produced by the electro-chemical activity of the neurons. The advantage of
this approach is that a mathematical model for the sources is not required. The reconstructed
electric field gives information related to the directions of the electric currents and the region of
the brain activity.

In the second approach, we show that the conductivity and geometry modelling errors can
be compensated by considering the Bayesian approximation error approach (AEA). The idea of
AFA is to use an approximate computational model for the head and to estimate the statistics
of the errors between the approximate and accurate head models. Finally, the error statistics are
taken into account in the computation of the inverse solution. Thus, source localization errors
can be alleviated when a standard head model with a probabilistic model for the uncertainties
of the head features is employed. In other words, this means that with the AEA we can use
the same generic head model for every patient in EEG source imaging by taking the individual

variations into account with the help of approximation error statistics.



1.1 Outline

Chapter 2 describes the basics of the neural activity, and the EEG forward model and gives
a review of the most common EEG inverse methods both from deterministic and probabilistic
point of view. The EEG inverse problem is an ill posed problem and prior information needs
to be included. Hence, the last section of this chapter is devoted to a qualitative explanation of
the effects of the regularization used in the EEG inverse solution and the need to use weights in
order to improve the reconstruction result. Specifically, when a prior without weighting factors is
employed, the maximum values of the estimated brain activity are close to the cortex even when
the actual activity is deeper in the brain. In EEG imaging, this intrinsic problem is referred to
as depth bias [1, 175, 31].

In chapter 3, we describe the solver for the estimation of sparse/focal sources. The solver uses
the dipole strength penalty (so called L; 2 norm) which ensures that the solution is sparse and
orientation unbiased. The problem is non linear and the solver is based on the truncated Newton
interior point method (TNIPM) combined with a logarithmic barrier for the approximation of
the penalty term. We estimate a robust stopping criterion for the algorithm and we derive an
upper bound for the regularization parameter of the penalty term. All the theoretical and com-
putational aspects of the methods are described analytically. Moreover, to make sure that the
sources are not misplaced close to the surface, we present, in section 3.3, a probabilistic method
for the selection of appropriate weights for the prior instead of using ad hoc selection methods.
The accuracy of the solution is validated by performing reconstructions of deep and superficial
sources and the solutions are also compared with the results obtained with the commonly used
weighted Lo and L norms.

In chapter 4, we propose the recovery of the propagated electric fields using vector field
tomography (VFT). The electric field is reconstructed using a set of longitudinal and traverse
line integrals. The examined test cases include the recovery of harmonic fields, irrotational fields
and electric fields caused by dipole sources inside a bounded domain using noisy measurements.
The numerical implementation of the approach is studied and different regularization parameters
are used depending on the properties of the field and the boundary conditions. In this chapter,
we reconstruct electric fields generated by internal dipole sources and we show that the location
of the activity can be found using VFT methods. These test cases correspond to EEG brain
imaging

In chapter 5, we evaluate the feasibility of AEA to compensate for the errors introduced by
the use of an approximated head model in EEG source imaging. We perform two sets of tests. In
the first set of simulations we assess how the method can compensate source localization errors
due to an approximated head geometry. In the second set, we consider additionally uncertainties
and errors related to conductivity modelling and measurements. In all cases, we study recon-
structions of sparse sources that arise for example in focal epilepsy. The results indicate that a
coarse model accompanied with the approximation error statistics can give comparable results

to those obtained using the accurate model.



Chapter 6 includes suggestions for the future. The chapter is divided into two sections.

The first section concerns the future aspects of VF'T and the second section, improvements in

focal source estimation. Finally, in the same chapter we present a brief review of the thesis

contributions.

1.2

Aims

The main objective of this thesis is twofold: first, to develop a robust solver for the EEG focal

source imaging, and second, to introduce two alternative approaches for solving the EEG imaging

problem. With the first, we aim to improve the performance of the existing dipole source solvers.

With the second, our aim is to reformulate the EEG inverse problem in such way that we can

exploit well-established techniques from other areas of inverse problems. The aims of this thesis

as follows.
In the first part of the thesis,

to develop a robust solver that utilizes the weighted L;2 norm for the recovery of focal
dipole sources. To the best of our knowledge, the proposed solver has not been previously

used for the L » norm based regularizations.

to present a probabilistic way for the selection of appropriate weights for the regularization
term in order to reduce the tendency of the solver to favor superficial sources, There has
not been previously a rigorous presentation how to derive these weights; previously, the

weights have mainly been considered as ad-hoc choices,

to compare the dipole source solutions obtained using different prior models.

In the second part of the thesis, our aim was to utilize vector field tomography (VFT) in

EEG brain imaging and specifically

to present the theoretical aspects of the VF'T for the EEG problem,
to numerically approximate the line integrals,

to use the line integral formulation with different regularization terms in order to recon-

struct irrotational electric fields in unbounded and bounded domain,

to reconstruct electric fields produced by dipole sources in a bounded domain which re-
sembles the EEG imaging problem and to validate that the region of activity is detectable

for different levels of measurement noise.

In the third part of the thesis, the approximation error approach (AEA) was used in EEG

source imaging. Here, our aims were

to develop the use of AEA in the context of EEG source imaging and to derive ways of

estimating the approximation error statistics,



e to verify with simulations that accurate source results can be obtained for patients without

requiring detailed knowledge of head geometry and the tissue conductivities.

1.3 Original Contributions

The following aspects of this thesis are believed to be original contributions:

Solver for focal sources: We developed a solver for the recovery of sparse focal sources
that is based on the truncated Newton interior point method and utilizes L1 2 norm and depth
weights. We derived a probabilistic approach to estimate the depths weights that is based on
setting appropriate variances in the posterior probability density. We developed a solver that
can reconstruct accurately few or several focal sources and is superior compared to algorithms
that utilize Ly or Ly norm penalty.

Vector field tomography for the recovery of EEG electric fields: We reformulated the EEG
source localization problem and developed a VFT-based technique to reconstruct the electric
field that corresponds to the source activity. VFT has not previously been used in cases in which
the computational domain contains any kind of sources or sinks. The developed VF'T approach
can reconstruct electric fields that are generated by focal sources. Moreover, the location of the
activity can be determined based on the reconstructed electric field.

Bayesian approximation error approach in EEG source imaging: We applied the approxi-
mation error approach in EEG source imaging to compensate geometry and tissue conductivity
errors in the head model. We showed with numerical case studies corresponding to one, two
and three focal sources that a simplified head model accompanied with AEA can give the same
precision as the accurate head model. In other words, we developed an AEA-based approach in
which it is not necessary to know neither the exact geometry nor the tissue conductivities of the
head to get an accurate source reconstruction; it is enough to know the statistical variations in

these features.



Chapter 2

Forward and Inverse Problem of

Electroencephalography

Bioelectric measurements are manifestations of current densities inside the human body. The
currents are generated when chemical energy is transformed to electrical form in living nerves,
muscles cells and tissues. In the brain, the chemical energy is transformed into neural electric
signal that induce bioelectric fields that can be detected with boundary measurements such as
electroencephalography (EEG).

The electrical signals on the scalp are produced by macroscopic brain activity that can be
mathematically described using the quasi-static Poisson equation with appropriate boundary
conditions. The task of predicting the boundary signals when the sources are known is called
the EEG forward problem.

In the bioelectric inverse problem, on the other hand, the properties of the sources are
determined based on the boundary recordings and numerical algorithms. This problem is usually
ill-posed i.e. the problem fails to satisfy one or more of the Hadamard’s criteria for a well-posed
problem [37]. These three criteria are (i) the existence of a solution, (ii) the uniqueness of
the solution and (iii) the continuous dependence of the solution upon the data. Most of the
computational models do not satisfy the second and third criterion and therefore additional
assumptions are needed to obtain a good solution.

In this chapter, we describe the basics of human brain activity and the corresponding EEG
forward modelling. Also, we review the most common approaches/techniques that are used to

solve the EEG inverse problem.

2.1 Bioelectric Signal Generation

In this section, we briefly describe how bioelectric signal are generated. Detailed information
can be found in [95, 122, 166]. The bioelectric signals recorded on the scalp are generated
by synchronized neuronal activity in the brain. The skull encloses the brain which contains

approximately one hundred billion interconnected neurons [122]. The nervous system is one of



the smallest and yet the most complex body systems. The main functions of the nervous system
are (i) sensory, (ii) integrative (perception) and (iii) motor. A nerve is a bundle of hundreds or
thousands of axons with associated connective tissues and blood vessels. Each nerve follows a
specific path and serves a particular area of the body. Nervous tissue consists of two types of
cells: neurons and neuroglia. Neuroglia support, nourish, and protect the neurons and neurons
provide most of the functions of the nerve system e.g. controlling muscle activity, sensing and
thinking [166].

A neuron consists of three main components: the cell body (soma), several short and highly
branched protrusions called dendrites and a single nerve fiber called the axon (Fig. 2.1). The
neurons are specialized to (i) conduct information i.e. they have a mechanism for conduction
of internal communication between the neuron’s soma and its own terminals via the axon and
(ii) to transmit information between cells. The dendrites of a neuron receive impulses from
other cells and transfer them to the soma. The axon propagates nerve impulses towards another
neuron, muscle fiber or grand cell. In most neurons, nerve impulses arise at the junction point
between the axon and the soma (the trigger zone), from which they travel along the axon to

their destination. The site of communication between two neurons or a neuron and an effector

axon
terminal
|

cell body
(soma)

dendrite

nucleus "
dendrite

synapse

synapse

Figure 2.1: Schematic structure of a neuron.

cell is called a synapse. The communication between two neurons is called neuron-transmission.
The signal transmission at the synapse is preformed by the release of chemical neurotransmitters
from the first neuron (called presynaptic) and the activation of the receptor of the next neuron
(postsynaptic cell).

To begin a conduction, a rapid change in the cross-membrane voltage occurs as a result of
ion flows across the neuronal membrane in response to specific stimuli (depolarization phase).
If this voltage (the membrane potential) exceeds a threshold value, a nerve action potential is
initiated. Then the depolarization spreads through the axon to neighboring membrane of the
postsynaptic cell causing an excitatory post-synaptic potential. The released neurotransmitter
stimulates the neighboring neuron to form a post-synaptic potential in its dendrites and cell
body. In response to the potential, the axon of this neuron forms a nerve action potential. The
nerve action potential travels along the axon, which results in the release of neurotransmitter
at the synaptic point with another neuron and this process is repeated over and over between

neurons.
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Figure 2.2: The intracellular and extracellular flow of ions causes the propagation of primary
current inside the neurons and the induction of a secondary field outside of the cells.

The change of the electric potentials caused by the intracellular and extracellular flow of
ions induces the propagation of electromagnetic fields within the tissues. The currents that are
propagated within the neural trunk are called primary currents (intracellular). A secondary
(Ohmic) current flow is induced in the opposite direction in the exterior of the neurons as a
result of the electric charge conservation law (see Fig. 2.2).

The detectable electromagnetic signals arise as a result of simultaneous activation of a large
population of neurons which are spatially oriented in a similar way. This kind of activity is mainly
produced by pyramidal cells which are a type of neuron located mainly in the cortical areas,
amygdala and hippocampus [122, 95]. The EEG signals are produced by the secondary (ohmic)
current flow within the tissues and they are directly proportional to the potential differences on
the scalp of the head. Therefore, EEG signals dependent strongly on tissue inhomogeneities and
skull impedances. On the other hand, the Magnetoencephalography (MEG) signal is mainly
induced by the primary currents and it is less affected by the volume conductivities. However,
MEG only detects tangential currents and it is relatively insensitive to deep or radial currents
which can by detected using EEG [110].

2.1.1 Electromagnetic Activity of the Brain

The electromagnetic activity of the brain is usually categorized into (a) spontaneous activity, (b)
evoked potentials and (c) single neuron activity. The EEG devices can measure the spontaneous
activity on the scalp or the dura. The frequencies of these signals are between 0 — 70 Hz and
the voltage about 100 4V on the scalp [122]. Spontaneous brain activity can be related for
instance to an epileptic condition, brain malignancies, head injury or brain death. The evoked
potentials arise as a response to specific impulses, for example visual or auditory stimuli. The
evoked potentials are typically one or two orders of magnitude below the noise level and multiple
measurements are acquired to increase the signal to noise ratio. The recording and analysis of
the evoked potentials have given a boost on the development of brain-computer interface (BCI)
algorithms, mental monitoring and cognitive science [162]. The single-neuron recordings provide
a way of measuring neural activity of a single spot by implanting a micro-electrode system into
the cell. This signal can then be applied to BCI technologies for manipulating external devices

using the brain signal. In this thesis, we are interested mainly in EEG recordings produced by



the spontaneous focal activity of the brain. The temporal behavior of the EEG waveforms is
not analyzed here. An extensive description of the different rhythms of EEG signals and their

interpretation can be found in [122].

2.2 EEG Measurement Devices

The EEG measurement system consists of (i) electrodes, (ii) a multichannel amplifier to strengthen
the weak bio-signals and (iii) a data acquisition system in which the recordings are displayed
and stored for further analysis. The most common EEG devices have been designed to record
signals in the range from microvolt up to a few millivolts for frequencies up to 70 Hz [122].
EEG electrodes are small metal plates that are attached to the skin using a conducting
electrode gel. The standard position scheme is the 10-20 system [123] to record spontaneous
activity. In this system 21 electrodes are placed on the scalp. The 10 and 20 numbers refer
to the relative distances between adjacent electrodes that are either 10% or 20% of the total
front-back (nasion-inion) or right-left (ears) dimension of the skull [124]. The reference electrode

is placed on the nose or the pre-auricular point (tip of the ear) (see Fig. 2.3). Frequently an

Vertex

Preauricular
point

Figure 2.3: 10-20 standard system of electrodes positioning [148].

electrode cap is used to position the electrodes on the head. Electrode caps with, for example,
256 electrodes are available in multichannel configurations and provide a fast and easy way of

placing the electrodes uniformly over a wide range of scalp sizes and shapes.

2.3 EEG Forward Problem

2.3.1 Physics of the Brain Sources

The electrical activity in the brain is induced by the flow of charged ions across membranes
of the spatially aligned neural cells [122]. The collective interaction of the ion flow gives rise
to potentials that can be measured using EEG. It has been shown that this activity can be
modelled using the Poisson equation assuming that the geometric and conductivity properties
of the head compartments are known [3].

An electrical signal in the brain is expressed as a primary current source which results

from the transformation of the chemical energy inside the neuron cells to electric. This is a



nonconservative current which can be considered as the superposition of several electric current
dipoles within individual active cells. The primary current source is zero everywhere outside the
region of the active cells [14, 61].

The primary current induces an electric current of the form ce (secondary current flow),
where o is the bulk conductivity of the volume and e is the propagated electric field. The
total current density is given by j = j? 4+ oe where jP are the primary currents and oe the
secondary currents respectively and both are functions of spatial position and time. In general,
the electric current density is time-varying. However, when using EEG to record bioelectric
source behavior at low frequencies (below several kHz) and assuming conductive medium, the
quasi-static approximation of the problem is justified [32, 62, 63] i.e. the currents and voltages
can be considered static at any given instant. The static consideration of the field implies
that the capacitance component of the tissue impendence can be assumed negligible and thus
V-j = 0195]. Additionally, the electromagnetic wave effects can be neglected at these frequencies
[32] and therefore the electric field can be expressed as the gradient of a scalar potential u
i,e. e = —Vu. Therefore, under the quasi-static approximation the EEG problem can be

mathematically described by
V.j=0=V-j#=V.(-0e) =V =V -oVu. (2.1)

2.3.2 EEG Macroscopic Mathematical Model

The primary current source V - jP, produced by the electro-chemical activity of the neurons,
gives rise to potentials u within the brain domain [95]. Under the quasi-static approximation
of the Maxwell’s equations, the relationship between the current sources and the potentials is
described by the Poisson equation with a homogeneous Neumann condition on the head surface
[14].

In particular, the computational domain is denoted by © C R¥ and its conductivity properties
by o(x) where x € ) is a position vector. For anisotropic media, the conductivity is direction
dependent, and the conductivity is a rank-k tensor (i.e. a square matrix) [181, 122]. In this
study, we assume isotropic conductivity within each of the head compartments and therefore
the conductivity is a scalar quantity i.e. o(x): Q2 — RT.

The Poisson equation has the form
V-o(x)Vu(x) =V -jP(x), xe€Q, (2.2)

where u(x) : £ — R is the scalar potential function and V - j?(x) is the current density with
jP(x) : Q — RF. Here, k is equal to either 2 or 3 depending whether the analysis is carried out
in 2D or 3D.

10



The boundary conditions are

u(x) = 0, x€ 9 (2.3)
a(x)agg) = 0, x€00)\ 0, (2.4)

where 0f) is the boundary of the domain, 92y the subset of the boundary with Dirichlet boundary
condition, typically a single reference electrode, and 92 \ 9€y with Neumann condition, and 7n
the outward unit normal vector to the boundary of the domain. Thus, in the EEG formulation,
the the Dirichlet (2.3) and the Neumann (2.4) boundary conditions are applied. The Neumann
condition states that the current density is zero on the interface between the head and air and
the Dirichlet condition ensures the uniqueness of the solution.

In the EEG forward problem the source j?(x), the geometry and conductivity of the tissues
are known and the potential distribution u(x) is estimated!. A necessary condition for the
existence of a solution u(x) is that fer V - jP(x) dx = 0 which implies the conservation of the
charge in € [30].

The general solution of the Poisson equation has the form
ut) = [ o)V ). (25)
z'eQ
where g(x,x’) is a Green’s function [3].

2.3.3 EEG Forward Model

In EEG source imaging, the observations are a scalar function defined as the voltage at a point
x € 00\ 08 with respect to the reference electrode at location xy € 9. In practice, there is a
set of measurements v = (v(x1),v(X2), ..., v(xm))T € R™ where (x1,...,%,) € 0Q\ 0Qy and m
is the number of measurements. Furthermore, in EEG the primary current source is considered
as an idealized electrical dipole source of very small spatial extent with vector moment, denoted
by d(x) : Q — RF.

Due to the quasi-static condition and the fact that all the underlying currents obey Ohm’s
law at low frequencies [146], the mapping from the source field to the i*” boundary measurements
can be written as

v = / ki(A,0,%) - d(x)dx, fori=1,...,m, (2.6)
x€E€)

where k;(\, 0, x) is a non-linear vector function that depends on the parameterizations of the
geometry A and material properties o of the domain, and d(x) is the source configuration.
Function k; (), 0,x) is referred to as the lead field function [95].

Analytical expressions for the lead field function k; in equation (2.6) and for the potentials,

v;, can be derived for certain types of volume conductor and geometries e.g. for concentric

'n this work, we denote continuous vector-valued functions by lower-case, non-italic letters (e.g. x is a position
vector), scalars and discrete distributions by italic lower-case letters and matrices by italic upper-case letters. All
vectors are column vectors unless explicitly stated otherwise.
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spheres [183, 185]. For realistic head models, a numerical method based on the semi-analytic
expansion of the lead field function was proposed in [118].

In practice, for realistic head geometries, the forward problem can solved in discrete domains.
The integral (2.6) is approximated by a finite sum and the source distribution approximated
by dipole moments at a finite set of points. For realistic head geometries with homogeneous
and isotropic conductivities, the Boundary Element method (BEM) can be used. In the BEM
[99, 28, 159], the surface of the domain is discretized and the solution is based on a set of surface
integrals. BEM is better suited to MEG studies which are less sensitive to tissue conductivities
whereas its use for EEG requires more accurate modelling of the different tissue thicknesses and
conductivity distributions [21]. Alternatively, the Finite element method (FEM) can be applied
to approximate the EEG observation model [62, 124, 182]. In this study, the FEM is used
to calculate the EEG computational model since it can easily handle complex geometries and
tissues with different, and possibly non-uniform, conductivities. In section 2.4, the estimation
of the EEG observation model based on the FEM is presented.

2.3.4 Dipole Modelling

The mathematical dipole is a suitable model for the description of the source term, j?(x), in (2.2)
because it can adequately represent neural activity in the brain [109]. The brain activity can be
considered to be generated by one or more dipoles. Thus, the primary current source density
at location x; can be described by two point current sources of opposite polarity (source/sink)
with strength I; and a vanishingly small separation vector h between the poles [152]. Also, the

current source density at location x; can be described by

. : h h
\% -Jp(Xl) = }111_% Il(S(X — X7+ 5) — Ilé(X —X] — 5) , (27)

where §(+) is the Dirac delta function.

2.4 Finite Element Method in EEG and Construction of Lead
field Matrices

In the forward solution, the potentials on the electrodes can be estimated given the current
source configuration, Neumann boundary condition and a reference electrode [38]. The analytic
solutions of the elliptic partial differential equations (2.2) can be derived for simple geometries
such as spheres and cylinders, but not for the complex geometries associated with physiological
structures. Therefore, the FEM is appropriate numerical method for the computation of the
EEG forward solution [17]. In this section, we give a brief overview of the FEM modelling of the
EEG forward problem. Moreover, we derive the lead field (2.6) employing the FEM approach
and the mathematical dipole consideration (2.7).

The first step in FEM is the discretization of the domain  (head) into elements with different

conductivities corresponding to specific tissues. In particular, the head consists of three main
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compartment: the scalp, skull and brain. The brain can be further subdivided into white
matter (WM), grey matter (GM) and cerebral spinal fluid (CSF). Within each compartment
homogeneous electric conductivity is assumed. The shapes of the compartments can be acquired
from Magnetic Resonance (MR) images and, based on these, a mesh can be constructed. This
mesh defines the FEM space.

The continuous potential of (2.2) is projected into the FEM space considering a set of N
piecewise basis functions ¢; with value 1 at node ¢ of the mesh and zero at all other nodes
(i.e. the basis function has support only on the elements where node i belongs) [171, 124]. The
potential function is approximated, u(x) &~ wup(x) = Zfi 1 ¢i(x)u; where w; are the potential
values on the N nodes of the mesh.

FEM solution is based on the weak formulation of the Poisson equation (2.2) with the
Neumann condition (2.4) [86]. Briefly, to derive the weak formulation, Poisson equation (2.2) is

multiplied with a test function, g(x) : € — R, and then is integrated over the domain €2

/ g(x)V - oVu(x)dx = —/ 9(x) V - jP(x) dx. (2.8)
x€

x€Q

Using Green’s identity and Neumann condition,

/ oVyg(x) - Vu(x)dx = —/ 9(x) V - jP(x) dx. (2.9)
x€Q x€)
With the Galerkin method, where the test functions g(x) are chosen to be the basis functions

¢, and by setting u =~ uy(x), the previous equation becomes

N
;’lﬁ /XGQ oVi(x) - Vo,(x)dx = — /er $;(x) V - P(x) dx, (2.10)

where j =1,...,N.

Finally, the above system is written in matrix form as
Au =b. (2.11)

Matrix A € RV*¥ is the conductance matrix (also referred as stiffness matrix [86]) and includes
the geometry and conductivity properties of the domain with coefficients given by a;; = a;; =
Jecq 0V 0i(x) - Vo(x) dx.

The right hand side vector b € RY is the load vector and represents the contribution of the
current sources to the potential values with coefficients b; = — [ _, ¢(x) V - j?(x) dx. Vector
u € RN denotes the potential values at the N mesh nodes. System (2.11) can be solved either
using direct or iterative methods.

Before the solution, the right hand side (load vector) needs to be expressed in terms of FEM
analysis. The activity inside the domain can be considered as the sum of multiple mathematical

dipoles given by (2.7)
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Let (x1,...,x,) denote the possible locations of the dipole sources and n the number of
these locations (n < N where N is the number of mesh nodes). Considering the dipole source

modelling (2.7), the load vector becomes
b, = —/Zn:limgf)-(x) Iio(x — x +E)—I(5(X—X—E) dx
T Jasn : Pl "o

G h h
= ;ﬁlﬂ% [Izd)j(Xz + 5) —Lipj(x — 2)]

%

D Ih-Vei(x) =Y di- Vy(x), (2.12)
=1 1=1

where d; = I;h is the dipole moment at location x; with strength I;.

Alternative approaches to the simple mathematical dipole are the dipole formulation em-
ploying the potential subtraction approach [152] or the blurred dipole based on “St. Venant’s”
principle where a point dipole can by replaced by a distribution of electrical monopoles [15, 180].

In this study, only the mathematical dipole was used in the simulations.

2.4.1 Computation of the Lead Field Matrix

The lead field k;(\, 0,x) in equation (2.6) can be computed based on the knowledge of matrix
A and load vector b (2.11). The dipole moment at location x;, for the 3D case (k = 3), can

be written as d; = (d;(pl), dz(,l), dgl))T € R3. Furthermore, for the source locations (x1,...,%,), the
dipole moments can be expressed with a vector representation as d = (d(zl), d(xz), e dé"’)T =

(dy, dy,d>)T € R3™. The load vector b (2.12) can be expressed as
b = Bd, (2.13)

where matrix B € RV*®" includes the values of the gradient of the basis functions ¢;(x;). From
(2.11) and (2.13), we get
Au = Bd. (2.14)

Consequently, we solve (2.14) with respect to u. In order to do this, we need to invert matrix
A. Matrix A is invertible if we include the Dirichlet boundary condition (2.3). The Dirichlet
condition can be included as follows: If x, is the node which corresponds to the reference
electrode (u(x,) = 0), then we set a, = 1 in matrix A and all the other coefficients of the r”
row equal to zero. Then, we can write u = K,d where K, = A~'B € RV*3" is the so-called
lead field matrix [182].

Usually matrix A is sparse due to the small support of the basis functions, and many al-
gorithms have been developed to enable fast inversion [82]. Also, an approach based on the
reciprocity principle [122], was proposed in [182] in order to reduce the computational cost.

For the EEG observation model, only the rows of K, which correspond to the measurement

locations are required. For v € R™ measurements around the domain, the lead field matrix is
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K € R™3" and the model which relates the measurements to the dipole distribution is

v=Kd. (2.15)

2.5 EEG Inverse Problem

The EEG inverse source imaging problem concerns the estimation of the brain activity given
the potentials along the scalp and the mapping operator which describes the propagation of the

electric activity of brain to the EEG measurement on the electrodes.

2.5.1 Review on the Source Reconstruction Methods

The spatial resolution and quality of the EEG scalp recordings are often poor due to the noise
and inhomogeneities of the skull conductivity which makes the analysis challenging. The current
flows towards the scalp from the intracranial sources and follows a tangential trajectory within
the skull which results in a significant voltage drop at the electrodes. To acquire an understand-
ing of the brain activity, many source imaging techniques have been developed over the past
20 years for the accurate localization and visualization of the neural current sources (inside the
brain) from the EEG measurements.

These source reconstruction methods can be divided into two main categories based on the
assumptions about the sources and the utilized mathematical tools. The first methods concern
the estimation of dipoles which fit best with the observations solving the problem in the least
squares (Dipole fit model) [128, 151, 7]. These methods attempt to explain the measurement with
a small number of dipole sources. The single or few dipole assumption has proven to be useful
in cases where the underlying brain activity is concentrated in a relatively small volume (most
of the brain is electrically silent). Additionally, the dipole term of a multi-pole source expansion
is the principle factor affecting the potential measurements. The main disadvantages of the
approach are that the number of dipole source needs to be predefined and that the approach is
non linear. There are also studies in which the number of sources is predefined using temporal
information [104]. However, in case the number of sources is incorrect, the approach fails to
localize the activity. The approach often works well for up to 2 dipoles, especially for sources
which are spatially separated.

When there are simultaneously several active regions, then the actual source configuration is
modelled using the so-called Distributed Source Modelling (DSM) [27]. In this approach, a large
number of sources is distributed in an relatively extended area. Methods using the DSM attempt
to compute a distribution of dipole moments at every point in a specified reconstruction space,
e.g gray matter. These methods are sometimes called tomographic reconstruction techniques.
The source locations are fixed while the amplitude and orientation are unknown. These methods
have the advantage that the computational model is linear, there is no need for prior estimation
of the number of sources and it can be used for extended source configuration. The solution

space consists of all the possible source locations in this area and therefore a significant problem
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is that the computational model (linear system) is severely under-determined. The distributed
source EEG problem is an ill-posed inverse problem and relatively strong assumptions are needed
for regularization. Additionally, noisy and incomplete data impose the need for additional
constraints related also to the physiological and anatomical information, for example recovering
only radial cortical sources [22].

In the following sections, commonly used time-invariant source reconstruction methods based
on the dipole fit modelling and the DSM employing different priors are reviewed. There are also
other modelling methods which are not included in this overview. For example the spatial filter-
ing method [172, 142] in which a set of spatial filters is designed in such a way that the filter passes
signals originating from a specified location within the brain while eliminates signals from other
locations and the Multiple Signal Classification (MUSIC) and (RAP)MUSIC [104, 88]. MUSIC
separates the measured data into signal and noise subspaces and the best orthogonal projection
operator of the signal onto the data-noise space is estimated. Subsequently, the orthogonal
projection operator can be used to guide a recursive parametric dipole fitting algorithm. For an
extended review of the inverse modelling methods, we suggest [61, 102, 36, 140]. Additionally,
when spatio-temporal methods the interested reader is referred to [101, 131, 104, 88] where the
temporal information in the signal is used. Furthermore, in spatio-temporal approaches, dif-
ferent dipole models [158] are used, for example the moving dipole model where all the dipole
parameters change over time, the rotation dipole model in which the source location is constant
during the EEG measurement acquisition [150, 105] or the fixed dipole mode, widely used in

evoked response studies with both the orientation and the location constant.

2.5.2 Dipole Fit Model

In the dipole fit modelling, the neural activity in the brain is considered to be restricted to a
relatively small volume allowing it to be well approximated by an equivalent single source or a
small number of sources. The method tries to estimate a small number of dipoles which fit best
with the observed potential measurements.

The sources are mathematically assumed to be dipoles with unknown positions and moments

(magnitude and orientation) [62, 14]. In this approach, the observation (2.6) equals to
n
vi= Y ki(x)-dy, (2.16)
=1

where n is the number of the candidate dipole locations, d; € R¥ is the [*" dipole moment at

location x; € Q and k; : © — R¥. The associated minimization problem is

min 3 [vi — zn:ki(xl) . dl] , (2.17)
=1

(Z,Xl 7dl) i=1

where m the number of observations. The minimization problem is neither convex or linear.

Direct search, non linear fitting methods or global optimization techniques can be used for the
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solution (e.g. the Levenberg-Marquardt algorithm). For several dipoles (i.e. n > 2) the problem
(2.17) due to non-convexity does not have a global minimum. Additionally, when the number
of unknown parameters exceeds the observations, the problem becomes under-determined. In
these cases, the DSM approach is used or temporal information is integrated in the model, i.e.
use measurements recorded over a time interval [131].

The simplest problem uses the assumption that there is only a single dipole source character-
ized by three parameters corresponding to magnitude, position and orientation (six degrees of
freedom). These parameters are adjusted in such way that the resulting electrostatic potential
matches the best with the given data [62]. The dipole moments are linear parameters and the
three location parameters are non linear. This problem can be solved recursively by a sequence
of linear and non linear solutions [128]. Specifically, if we consider a fixed source location then
the problem becomes linear and over determined and it can be easily solved using linear least
square method [43]. The least square estimate gives the optimal dipole for a given location. The
non linear part of the problem is to find the best of all optimal dipoles by changing the location
parameters.

The single dipole assumption can be used to estimate a distinctive spatial source. For

multiple sources with overlapping fields the dipole fit approach breaks down.

2.5.3 Distributed Source Model

In the DSM approach, the electrical activity is considered in the entire brain (or in an extended
region). The domain is divided into elements (voxels) and a dipole moment is placed at the
centre of the element. The mesh with the dipole locations is the source space. If these fixed

locations are denoted with x1,Xs, . ..,Xy, then (2.6) becomes v; = Y ;" k;(I) - d;
v = Kd, (2.18)

where v € R™, K € R™**" is the lead field matrix and d € R*" is the dipole distribution.
With the distributed source model the problem becomes linear, however in most cases the linear
system is severely under-determined (m < kn). To solve the inverse problem, different prior
assumptions and constraints have been proposed such as the (weighted) minimum norm [39, 58]
and smoothness properties [134] to ensure consistency. Also, anatomical and physiological priors
have been proposed [83, 70] which reflect the nature and the properties of the brain activity.
Additionally, for better performance, the number of unknowns can be reduced by restricting
the region of interest, e.g. by considering sources only in the cortical surface. In the following
paragraphs we review the most representative methods using the distributed source model (2.18).

The first distributed source model is the minimum norm estimate (MNE) introduced in [39].
The solution is based on the estimation of the dipole distribution with the lowest overall power

which also satisfies the potential measurements. The problem can be expressed as

min |d]|3 subject to v = Kd, (2.19)
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where ||.||2 is the Lo norm [100]. The solution is given by
dyng = KT(KKT) 7. (2.20)

The MNE was first introduced for the MEG problem however it can be similarly applied for the
EEG inverse problem. Usually, to improve the result a particular brain area is selected.
In practice, instead of the unconstraint MNE, the Tikhonov regularization (Lo norm regu-

larization) is used [40] and problem becomes
drien := min||Kd —v[[§ + alld]|3, (2.21)

where « is a regularization parameter. However, MNE and (2.21) give solutions with maxima
close to the boundary. This is a consequence of the intrinsic depth bias of this lead field matrix
which results in shifting the dipole sources near the surface [1, 175, 31]. For the compensation
of the lead field matrix depth effect, the use of a weighted minimum norm estimate (WMNE)

was suggested in [58, 29]. This problem was formulated as
mjn |[Wd|j3, subject to v = Kd, (2.22)

where matrix W is diagonal and has elements w;; = (|| K;||2) ! with K; denoting the column of
the lead field matrix. The corresponding solution is cZWMNE =WWTKT (K WWTK T)*lv.

An commonly used approach is also the Low Resolution Electromagnetic Tomography (LORETA)
[134]. LORETA is a generalized minimum norm estimate in which the distributed (smooth) elec-
tric activity is computed under the assumption that the neighboring neurons are simultaneously
and synchronously active. A discrete Laplace operator denoted by B is used as a smoothness

regularization and the problem is formulated as
mdin |BWd||3, subject to v = Kd, (2.23)

where W is a depth compensation diagonal matrix with w; = || Kj;||2. Matrix B is constructed
to be a full rank and symmetric matrix employing a vanishing boundary condition. Conse-
quently, with the LORETA approach, the superficial sources are forced to be close to zero,
which is a drawback for the case of superficial brain activity. The solution is CZLORETA =
(WBTBW)'KT[K(WBTBW)~'K?]Tv where  denotes the Moore-Penrose pseudo-inverse [100].

The standardized low resolution tomography (sLORETA) [133] is another approach for the
unbiased localization of a single underlying dipole source detection assuming no noise. The
location of the source is designated by the maximum value of the standardized power given by
P, = d?(Rii)_la?i for i =1,...,kn where R;; are the diagonal elements of the resolution matrix
defined as R = KT(KKT)'K.

The previous described methods are linear and therefore the dipole distribution can be

solved directly. However, the solution usually has many small dipoles and only a few dipoles
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with larger magnitude, and the reconstructed images have low spatial resolution. In the best
cases, the Ly norm regularization results in a blurred version of the actual dipole distribution
[23] while sometimes imagining artefacts are introduced [97].

For better source resolution, the first proposed approach was the FOcal Under-determined
System Solver (FOCUSS) where focal sources were estimated using a recursive WMNE [35, 34].
In every iteration the weighting matrix is updated using the previous step values until most of
the elements of the solution become nearly zero. The algorithm terminates when the rank of the
weighting matrix drops below the number of the observations. The final solution of FOCUSS
depends highly on the initial source distribution and is sensitive to noise. In [87], the authors
discussed the integration of FOCUSS with the LORETA in a similar fashion as in [35] with the
WMNE.

For the detection of single dipoles, methods employing the sparse L; norm [97, 98] or mixed
norms [168, 42, 41, 26] have also been suggested. All these approaches are non linear and non
linear optimization techniques need to be used for the solution. The first sparse inverse method

is the minimum current estimate (MCE) that was introduced in [97] and was formulated as
mdin |ld|lx, subject to v = Kd. (2.24)

In [97], feasible solutions were obtained by selecting as many dipole moments as the the number
of the observations. The L; norm imposes sparsity on the individual components of the dipole
moments, and therefore the solution is axes-parallel. In [168], a two step algorithm was suggested
such as to avoid the orientation bias i.e the orientation was solved using MNE and the amplitude
via L1 norm minimization scheme.

Mixed norms, e.g. the dipole strength norm were suggested in [131, 42, 26] in order to
eliminate the axes-parallel dipole distribution and the scattering result. In [42], the Focal Vector
Field Reconstruction approach was proposed. In this approach, the cost function was penalized
with the L norm of the dipoles strengths augmented by the L; norm of the weighted Laplacian.
Particularly, the weighted Laplacian adjusts the spatial size of the focal sources and the L;
norm maintains the high spatial resolution, and thus the ability to discern multiple sources.

The estimation was based on

n n
mc}n; |wi - dil|2 + azl ||w; - t;]]2, subject to v = Kd, (2.25)
1= 1=

where d; € R is the dipole moment and t; the Laplace operator evaluated in the components of
d. The weights w; € R” are the corresponding diagonal elements of the sLoreta resolution matrix
[133]. According to the authors, with this approach imaging artefacts were reduced because the
L1 norm of the weighted dipole strength ensures sparsity in the coupled dipole components and
not in individual components which can cause spikes. Additionally, the L1 norm of the Laplace
operator term imposes local smoothness and thus defines the extent of focal sources. However

the complexity of the algorithm and the tuning of the extra regularization parameter o does not

19



make this approach very preferable.

2.5.4 EEG Inverse Problem using Bayesian Framework

The need to use prior information for the reconstruction of dipole sources and the availability
of only a limited number of noise-corrupted potential measurements makes the use of proba-
bilistic approaches appropriate. In this section, the basis of the probabilistic theory [66] and
the Gaussian assumptions for the solution of EEG inverse problem are discussed. Under certain
assumptions, the results of this section coincide with the results of the deterministic approaches
of the previous section.

Let us assume that the general observation model for the EEG source imaging problem can
be written in the form

v=Kd+¢, (2.26)

where v € R™ are the potentials around the scalp, K € R™*¥" is a mapping between sources
d € R* and the measurements, and ¢ € R™ is the measurement noise.

In the Bayesian framework, all model variables are considered as random and the stochastic
nature of the problem is described by means of probability density functions?. In this section,
all the random variables are denoted with capital letters and their realizations with lowercase
letters. Thus, the model is

V=KD+E, (2.27)

where the observable random variable V' is called the measurement, and its realization V = v is
called the observation. The random variable D, that is of primary interest, is called the unknown
and Z is the random noise.

The joint probability of D, V' and =, n(d, v, &), can be decomposed as

m(d,v,§) = m(d,§)m(v]d, £), (2.28)

where 7(d, &) is the prior probability density of D and = and expresses the information we
have about these parameters without taking into account the observations. The likelihood
density, 7(v|d, £), denotes the likelihood of different outcomes of the variable V' for given dipole
distribution D = d and noise = = £.

From the Bayes’ rule, we can estimate the joint posterior

m(vld, §)m(d, §)

mw)

7(d, &v) = (2.29)

which expresses the information we can infer after the realized observation V = v.

For the statistical inference of the sources D based on given observations V' = v, we estimate

%for a random variable Y with realization ¥, instead of writing the probability 7(Y = y) we write 7 (y).
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the posterior density, i.e. the marginalization of 7(d, n|{) over & given by

Tpot(d) = w(dl0) = [ (d,€lo) e (2:30)

Rm

The integral (2.30) usually cannot be solved analytically. Instead point estimates can be used for
the interpretation and visualization of the result. The most common estimate is the maximum

a posterior (MAP) estimate which is the solution of the optimization problem

d = arg ma dlv). 2.31
MAP gdeRgle( ‘ ) ( )

Another commonly used point estimate is the conditional mean (CM) given by
dev = / d n(dv) dd = E{dJv}. (2.32)
REn

If no prior information is considered then the maximum likelihood (ML) can be used as a point
estimate,

dyir, := arg max 7 (v|d), (2.33)
deRkn

expressing our belief in the observed data.

Likelihood Estimation

In order to estimate the likelihood 7(v|d), we use the Bayes’ formula and chain rule [132]. The
joint density
’/T(’U, §|d) = W(U‘& d)”noise(f‘d)a (2'34>

where the subscript, noise, is used to clarify that m,eisc(.) is the probability density of the noise
=. Subsequently, the likelihood density is estimated with the marginalization of (2.34) over &,
i.e.

7(old) = [ w(0,€ld) dé = [ w(ol6, Do €la) de. (2.35)

Rm™m
The conditional probability of the measurements is m(v|d, &) = §(v — Kd — £) where 6(+) is the
Dirac delta function. Thus, (2.35) becomes

m(v|d) = - 0(v— Kd — &)Tnoise(&|d)dE = Tpoise(v — Kd|d). (2.36)

Gaussian Assumptions

Assuming that the additive noise Z (2.26) is Gaussian with distribution = ~ N (&, T'¢), where &,
is the mean values and I'¢ is the covariance matrix and is independent of D then the likelihood
(2.36) becomes

7(v|d) = Tpoise(v — Kd) (2.37)
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and
0l s exp (50 — Kd - )T 0 Ka— &) ) = exp (—llLelv~ Ka—€)13) (239)

where L¢ comes from the Cholesky decomposition of I‘gl (where Fgl = Lng) [100]. The
maximization of (2.38) gives the ML estimate. If prior information is considered, by Bayes’ rule
we have

7(d|v) < 7(v|d)w(d). (2.39)

The statistical inference is based on the posterior probability density
o) s rl@yexp (3 lLelo — K- €)IB). (2.40)
For Gaussian prior D ~ N(d,, ') with mean d, and covariance I'y, the MAP estimate is
dyvap = argdrgﬂg}ﬁﬂ(d]v) = mdin |Le(v — Kd — D3+ | La(d — d)||3, (2.41)
where LdTLd is the Cholesky decomposition of F;l. The minimization problem can be also

Le(v = &)\ _ (LK)
Lad, Ly

According to the previous analysis, we see that the deterministic Lo norm minimization

written as )

(2.42)

dyMap = Indin
2

problem (2.21) corresponds to the MAP estimate with Gaussian prior dipole distribution [58, 92]
and the minimization problem MCE corresponds to the MAP estimate when the prior is the
Laplace distribution [97, 168].

Alternatively, instead of a prior distribution with parameters (i.e. covariance and mean), a
Bayesian learning (SBL) can be employed for the adaptive computation of these prior parameters
(which are called hyper-parameters) based on the measured data [93]. Once the optimal hyper-
parameters have been learned (e.g. by using Markov Chain Monte Carlo (MCMC) strategies),
the estimation of the dipole distribution is performed. Also, the parametrization of the prior
covariance matrix can vary depending on the features of the problem e.g. sparse or dense source
modelling [121, 177, 178, 91].

One important advantage of the statistical approaches is that the noise model is integrated in
the computational model and thus the selection of the prior coefficients (regularization parame-
ters) is performed implicity through the probabilistic modelling. For instance, equation (2.21) is
equivalent to the MAP formulation assuming Gaussian noise with zero mean and Gaussian prior
[67]. The numerical computation of the statistical parameters of the noise and prior (through
for example MCMC) can automatically define the values of the regularization parameters, and

thus there is no need to use heuristic or other deterministic techniques (e.g. L-curve) [40].
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2.5.5 Regularization and Depth Bias

Usually, the EEG inverse solution is based on the assumption that a large number of candidate
sources is distributed inside the gray matter of the brain. The solution space consists of all
the possible source locations in this area while the number of potential measurements is very
restricted. In practice, this means that the derived linear system used for the inversion is severely
under-determined and different source configurations can give rise to the same scalp recordings.
Therefore, prior information needs to be incorporated in the computational model.

In this section, we present a qualitative explanation of the effects of the different regulariza-
tion terms in the EEG inverse solution. Also, we explain why it is important the use of depth
weights in the penalty term in order to reduce the tendency of the solver to favour superficial
source. Here, we revisit the analysis presented in [16].

Assuming the simplified case where the domain €2 is homogeneous with boundary 92 and

x € ), we consider the constrained EEG inverse problem

min R(p)
P (2.43)
subject to: VZu(x) = p(x), u(x) =v|gq and Vu(x) - ilaq = 0,

where R(p) is the regularization term, p(x) the source current density, v the voltages along the
scalp are known and 7 the unit normal vector to the boundary. This problem can be formulated

as a constrained minimization problem with the Lagrangian [11]

Lip.u,v.N) =R(e) + [

o0

v(u(x) —v)ds —|—/ AM—V3u(x) — p(x)) dx
@ (2.44)

=R(p) + /69 v(u(x) —v)ds + /Q(V/\Vu(x) — \p(x)) dx,

where v and \ are the Lagrange multipliers. According to the Saddle Point Theorem [11], if
there exist v and A such that (p,u,v,\) define a saddle point for the Lagrangian L(p,u, v, A),
then this p is a solution of the constrained problem (2.43). Solving the equation dL = 0 with

respect to p, u and A\, we get

IR(p)+{N\} € 0, (2.45)
v+VA-n = 0on 0, (2.46)
ViIN = 0in Q. (2.47)

From (2.47), we have that A is harmonic and consequently attains its maximum on 92 (maximum
principle for harmonic functions [103]).

If the regularization term is R(p) = % [, p(x)?dx (Tikhonov) then the conditions (2.45)-
(2.47) imply that the source distribution is also harmonic (p = A) and thus the solution yields
source maxima close to the boundaries.

One way to shift the energy from the boundary to deeper in the domain is by using ap-
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propriately selected weights w(x) (e.g. [58, 29]). In this case, the WMNE with R(p) =
3 Jo w(x)p(x)? dx results in A = wp.
For the case where the source is sparse, the regularization R(p) = [, |p(x)| dx and condition
(2.45) gives
-1 ifp<O
A€ 1 ifp>0 (2.48)
(—-1,1) ifp=0

Because A is harmonic, from (2.48) we conclude that A attains the values 1 on the boundaries,
and therefore the solution p will also have its maximum strictly on the boundary of the domain
and zero inside the domain, except for the case in which A is constant and equal to either 1
or -1. In this case, the source distribution is zero everywhere. Similarly with the MNE, when
using weights the solution is a source distribution with minimum and maximum deeper in the

domain. The selection of the weights is further discussed in section 3.3.

2.6 Summary

The major objective of this chapter was to introduce the brain imaging using the EEG as one
of the most prominent biomedical application for monitoring the brain activity.

The analysis began by describing the basics of human brain activity and the mechanisms of
the electrical signal generations. Subsequently, we defined the EEG forward modelling and we
reviewed the most common approaches that are used to localize the brain activity both from
deterministic and probabilistic point of view. Finally, we explained the role of the weights in the
regularization terms in order to reduce the selective source placement closer to the boundaries
of the brain.
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Chapter 3

Reconstruction of Focal Sources in
the EEG Imaging

The potentials measured on the scalp surface using Electroencephalography (EEG) do not di-
rectly designate the location and the strength of neuron activity inside the brain since many
different source configurations can give rise to the same measurements [95, 63]. The way to
localize the presumed sources inside the brain is through the solution of the so called inverse
problem. Due to the ill-posed nature of the inverse problem further assumptions and prior
information need to be imposed. Many approaches have been proposed for the instantaneous
localization of the neural activity [36]. These approaches can be categorized into three main
classes, the dipole fitting techniques [102, 150, 149, 167], the distributed source models (DSM)
[39, 35, 58, 134, 97, 106, 23, 182] and the scanning techniques in which alogorithms from the field
of radar are used to recover the dipole field (e.g. MUSIC [104], beam-former [172]). In every
approach the selection of the preconditions and assumptions are crucial and need to be cho-
sen according to the neurophysiological information that we want to extract from the observed
measurements [102].

In the current study, we consider the DSM [7] which relates the dipole source distributions
linearly to the measured potentials on the scalp without requiring the number of sources to be
defined. The DSM was described in section 2.5.3. The solution space consists of all possible
source locations which are far more than the number of the sensors and therefore the linear
system is severely under-determined. In order to get a unique solution to the problem, prior
information (a penalty term) needs to be incorporated into the model. Our principle assumptions
are that the sources are sparse and that there is only a small number of active regions within
the brain. Our assumption is justified since focal brain activity can arise in such cases as in
pathological epileptic syndrome [122].

The minimum Ly norm estimate (MNE), weighted or not [39, 134], recovers source distri-
butions which are consistent with the observed data, however the solution is often too blurred
and thus does not reflect the actual focal activity. Focal source images are usually obtained by

imposing a sparsity-enforcing L1 norm penalty on the sources. However, the results tend to be
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unstable and spatially scattered [168]. An additional drawback is that the L; norm forces spar-
sity on the individual components of the dipole moments and thus the solver favors axes-parallel
dipole solutions which do not correspond to realistic physiological behaviour [42, 26].

In order to overcome this problem, the minimum current estimate (MCE), proposed by
Uutela et al. [168], suggested the prior estimation of the source orientations. The MCE al-
gorithm consisted of two step. In the first step, the MNE was employed for the estimation of
the source orientations. Subsequently, the dipole amplitudes were estimated by minimizing the
weighted L1 norm. The final result depended on the accuracy of the first step. The vector-
based spatiotemporal analysis (VESTAL) [54] applied the L; norm to each source component
via an orientation bias-reduction scheme i.e. weighting factors were added in order to penalize
the dipole vector when it was close to the coordinates axes. In the cortically-constrained Lo
minimum-norm problem ([83, 70]), the orientation was determined prior to L; norm minimiza-
tion using both MNE and cortical anatomical information. The main difficulty arising in this
approach was that the precise knowledge of the subject’s cortical structure was essential.

Instead of applying an L1 norm penalty to the individual components, we employ the dipoles
strength penalty that is also referred as Lj 2 norm [42, 131]. The idea of using the L; norm
of the dipoles strengths has been previously stated (e.g. there is a first reference in [168]), as
it guarantees unbiased estimation of the dipole orientations and the solution is independent of
the rotation of the coordination system (see the rotationally invariant reconstruction proof in
[42]). Additionally, there is no requirement for intermediate steps. However, at that time, there
were technical difficulties and gaps in the knowledge related to the optimization methods for
general convex problems. Nowadays, the development of generic methods for the formulation
and modification of general minimization problems to convex optimization forms can enable
direct, accurate and fast reconstruction of sparse focal sources in the inverse EEG problem [11].

In particular, the sparse source reconstruction problem can be transformed to a second order
cone programming (SOCP) problem [89] which can be solved reliably and efficiently using one of
the state of the art optimization methods such as the interior point method, the active set method
or the dual augmented Lagrangian method [11]. Although these methods can potentially provide
accurate and fast solutions, their direct utilization is not always straightforward, practical or
even possible. Available software implementations are usually explicitly tailored to a specific
convex problem formulation. This limitation arise from the complexity and the variability of the
constraints, parameters and the formulation of the non-linear convex problem. In some cases,
the convex problem can be reformulated in such a way that it is compatible with an existing
software package, however, usually researchers face difficulties in specifying hidden parameters
and sometimes the solver is not thoroughly analyzed.

To the best of our knowledge, the previous publications related to the sparse source EEG
problem do not include explicit formulae or details either on the way that the algorithm was
implemented or the use of heuristic/empirical threshold or bounds (e.g. no details are given in
[131, 26, 42]). In this chapter, we rigorously describe, derive and analyze a solver for the sparse

source problem which employs robust stopping criteria. The proposed solver estimates the time-
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invariant source localization problem, solving the quadratic loss norm problem regularized by
the L1 norm. The solver uses the truncated Newton interior point method (TNIPM) [69].
The generic method in which our solver is based on, was developed by Boyd et al. [69] for the
solution of large scale L; norm convex problem.

TNIPM was selected for the solution of the EEG sparse source problem because (i) this
algorithm can very efficiently deal with dense matrices (like the lead field matrix) [69], (ii) it is
faster compared to other interior-point methods that use direct or standard conjugate gradient
methods [72, 11] which have used previously in the EEG problem [138, 94, 131]. Furthermore,
the TNIPM performs comparably to the dual augmented Lagrange (DAL) and is simpler to be
applied [165]. Also, higher accuracy can be attained in a reasonable amount of time using the
TNIPM in contrast to the alternating direction method of multipliers (ADMM) which usually
converges slowly and has only modest accuracy [10].

Additionally, the TNIPM can solve efficiently large scale problems [69]. In previous ap-
proaches, dimensionality reduction was performed prior to the estimation in order to increase
the computation efficiency of the algorithms [94, 131]. Alternatively, the indirect estimation of
the source distribution by first approximating each weighted dipole with a linear combination
of spatial basis functions (called “dictionary”) and subsequently estimating the corresponding
coefficients of this basis expansion was proposed in [41]. This approach possibly can simplify
the problem, however the main challenge is the selection of the basis functions that recover
meaningful source distributions and balance smoothness and sparsity. So in conclusion, TNIPM
is more preferable for the solution of problems in 2D and 3D domains.

The structure of this chapter is as follows. First we give a general overview and the main
steps of the interior point method (IPM) and the truncated Newton version of it. Subsequently,
in section 3.2, we solve the problem of the quadratic loss function penalized with the weighted
L1 2 norm (dipole strengths penalty). We reformulate the problem to a convex second order cone
program (SOCP) and we employ the truncated Newton interior point method (TNIPM)[89, 2].
In particular, we approximate the SOCP using logarithmic Barrier Method [11] and we solve the
derived augmented logarithmic barrier cost function iteratively, applying the truncated Newton
method [43]. In addition, we define a dual problem and suggest the duality gap as a robust
stopping criterion of the IPM. We derive an upper bound for the useful range of the regularization
parameter of the penalty term [11]. Section 3.3 includes the description of the effect of the
absence of depth weighting factor in the penalty term and the selection of appropriate weights
for the reduction the tendency of the solver to misplace the sources in the superficial layers of
the domain [73, 134, 168]. Finally, we compare the reconstruction results using the weighted
Li2, Ly and Ly norms. We show that the solution based on the L; 2 norm (dipole strength

penalty) can recover focal sources with gopd accuracy.
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3.1 An Interior Point Method for Convex Problems

We consider the general form of a non-linear convex problem

mlnlgmze f(d )+ Z fi(d (3.1)

where fy : D — R is considered differentiable and convex while f; : D — R are considered convex
but not differentiable in a D real vector space. For this problem an optimal d* € D exists. A
non-linear differentiable functional can be minimized using iterative methods [43]. For instance,
at each iteration we can approximate the minimizer of (3.1), di11 = di + Adj by solving the
Newton system Hy(dy)Ady = —V f(dy,) where Hy(dy) = V?f(dy) is the Hessian matrix at dj
and Adj, the search direction, until it converges to a fixed point [43].

The solution of (3.1) by solving the Newton system is possible when f; are twice differentiable.
However, as we will see in section 3.2, f; function which corresponds to the dipole strength is not
a continuous differentiable function. Therefore, the Hessian and gradients cannot be estimated,
and the direct application of the iterative method is impossible. To overcome this, we employ
the interior point methodology [11]. First we approximate the functional with a new one which
is continuous and differentiable. Then, we can use an iterative method to estimate the minimizer

of the new functional which is an approximation to the actual solution.

3.1.1 Overview of the Logarithmic Barrier Method

The unconstrained non-differentiable convex problem (3.1) can be approximated by a convex
constrained problem using the variable-splitting method [11]. Therefore, a new variable r; is

defined, such as r; > f;(d), and the problem becomes

minimize + i
(d,r)eC fO Z ! (3'2)

subject to r; > fi(d), i=1...n,
where the feasible set C' is defined as C = {d € D,r € R" : r; — fi(d) > 0 for i = 1,--- ,n}.

For the solution of (3.2) with the IPM we implicitly express the inequality constraint in the

objective, i.e.

minimize fo(d) + Zn + ZI fi(d) —ry), (3.3)

(d,r)eC

where I : R — R is the indicator function defined as

0, when r; — fi(d) >0

oo, otherwise

I(fi(d) —ri) = {
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The indicator function is not differentiable. However, it can be approximated by a logarithmic

function
I(fi(d) — i) = —(1/t)log(—(fi(d) — 13)), (3.5)

where t > 0 is a parameter which tunes the accuracy of the approximation [11]. Function Iis
convex, differentiable for r; — f;(d) > 0 and approximates the indicator function I for increasing
values of t.

Hence, problem (3.3) is approximated with the minimization problem
(1/t)® 3.6
wingngze )+ Y~ /0801 (3:6)

where

r) = log(r; — f;(d)) (3.7)
=1

is called logarithmic barrier function. Term ®(d,r) acts as a barrier which ensures that the
minimizer (d*,r*) of (3.6) is in the interior of the feasible set C'. For t — oo, term ®(d, r) affects
the minimization only if r; ~ f;(d) due to the singularity of the logarithm. Instead of having
1/t, the objective function can be multiplied by ¢ without affecting the solution. Thus, the
IPM for the constrained convex problem (3.2) is the solution of a sequence of the unconstrained

problems

HllI%(lim)lze Oy(d,r) =tfo(d) + th (3.8)

for various ¢t > 0.

For given t > 0, the objective function (3.8) is convex and differentiable in the interior of
the feasible set C' of (3.2). Thus, any local minimum is also a global minimum. With the TPM,
we solve a sequence of minimization problems (3.8) for increasing value of ¢. In particular, the
interior point algorithm based on the barrier function method consists of the two loops called
inner and outer loop, respectively. In the inner loop, the value of t > 0 is constant and we
estimate the solution of (3.8) denoted by (d*(t),7*(t)). The solution (d*(t),r*(¢)) is usually
computed solving a Newton system. In the outer loop, the value of t is updated and problem
(3.8) can be solved again using as a starting point the previous estimated solution. The sequence
of the solutions (d*(t),r*(t)) for ¢t > 0 is usually referred as the central path of the method [11].

Problem (3.8) is an approximation of the original problem (3.1). For large values of ¢, the
approximation improves and the optimal value of (3.8) converges to the minimum of (3.1). The
proof of this convergence can been found in appendix C. However, in IPM the value of ¢ increases
progressively as the number of outer iterations increases. This is happening because the choice
of large initial ¢ can cause numerical instabilities.

The algorithm terminates when a stopping criterion €, (in Alg. 1) is satisfied. As a robust
stopping criterion, we can employ the so-called duality gap n between the primal problem (3.1)
and its dual problem [11]. The duality gap 7 is defined as the difference between the primal and
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the dual objective values at each iteration. The derivation of the dual problem will be rigorously
analyzed in section 3.2.2. As an example, (Fig. 3.1.a) shows how the duality gap progressively
decreases as the IPM converges. In Figure (3.1.b), we can see the corresponding values of the
primal and dual problems at each iteration. In Alg. 1, we show the basic steps of the IPM with

logarithmic barrier function.

Algorithm 1 Interior Point Method with Logarithmic Barrier

Initialization: ¢, (d,r) and €.
Repeat (Outer Loop):

1. Inner Loop: Minimize objective function ®; (3.8) and estimate (d*(t),r*(t)).
2. Update (d,r).

3. Estimate dual problem and the duality gap 7.
Quit if n < €

4. Update t.
107 107
—— Primal
—— Dual
107
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e 10 'k %
O] > .
z 5107
g £
a 1 0767 S
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Interior Point Method Iteration Interior Point Method Iteration
(a) Duality gap (b) Optimal values of Primal and Dual Problems

Figure 3.1: (a) Duality Gap and (a) optimal values of the Primal and Dual problem at each
iteration of the IPM for the EEG sparse focal source problem.

3.1.2 Inner Loop of IPM

The minimization of the objective (3.8) at step 1 of the Alg. 1 is the most computationally
expensive process, especially when we deal with large scale problems. Hence, a method which
balances the computational complexity and the convergence rate is preferable. For the solution
of (3.8) we use an iterative method which is more efficient than the direct method for medium
and large scale problems [43].

In the current implementation, we estimate the solution of (3.8) in two steps. First, we com-

pute the search direction denoted by (Ad, Ar), by approximately solving the Newton system
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Hg,(Ad,Ar) = —V®; where Hg, is the Hessian matrix of (3.8) at (d,r). The search direc-
tion is approximately solved using the Preconditioned Conjugate Gradient (PCG) method with
adjustable stopping criterion [72, 11].

Specifically, the PCG converges faster compared to other iterative methods (e.g steepest
descent [43]) and it is efficient to compute because at each iteration it requires only two matrix
vector multiplications and a small number of inner products [43]. The storage needs are very
modest as most of the variables are overwritten and no explicit representation of the Hessian is
required [43]. Moreover, the adjustable tolerance leads to an approximate solution of Newton
system by truncating the number of iterations while keeping an acceptable convergence rate [72].
The term Truncated Newton in IPM refers to the estimation of an approximate solution of the
Newton system using PCG which is terminated earlier than the convergence point.

In the second step, a line search is performed along the search direction (Ad, Ar) (damped
Newton method [43]) and we estimate a scalar s. The new solution becomes (d,r) := (d,r) +
s(Ad, Ar). The second step is important because the Newton system usually returns an unreli-

able search direction unless it is started close enough to the actual solution.

3.2 Focal Sources Reconstruction using TNIPM

In the EEG focal source imaging, we want to minimize the quadratic || Kd—v||3 term regularized
by the L > norm, i.e.
f(d) = |lKd = v[|3 + [|d]|1.2, (3.9)

where d € RF" is the component-wise representation of the dipole distribution, k is the number
of components (k = 2 or 3 depending on the dimension of the problem), n is the number of
discretization points in the dipole distribution, K € R™**" is the lead field matrix, m is the
number of measurements and v € R™ the measured potentials (m < kn). With d;, we denote
the dipole moment at location i. The L > norm (also called dipole strength penalty) is defined

as

n n
ldll12 =Y willdilla = ws
=1 =1

where o > 0 is a scaling parameter and w; > 0 are weighing factors. The L; 2 norm in (3.9)

k
PR (3.10)
j=1

restricts the solution to have only a small number of non zero amplitudes.

The functional in (3.9) is convex and thus an optimal minimizer d* exists, however it is not
differentiable. For the solution of problem (3.9) we transform it to one which has differentiable
objective and constraint functions, and subsequently we solve it using TNIPM described in

section 3.1.
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Problem (3.9) can be transformed to the convex Second Order Cone program (SOCP) [89],

n
minimize |Kd—v|3+a) 7
(dr) ; ' (3.11)

subject to 7; > w;||dill2, i=1,...,n

where r € R . Then, SOCP is reformulated to an unconstrained problem using a barrier method
[11].

Let’s define the logarithmic barrier function for the constraints r; > w;||d;||2 of (3.11)
n
®(d,r) = =Y log(r] —wf|dill3) (3.12)
i=1

where r; > 0 and r? — w?||d;||3 > 0 fori=1,...,n.
The associated interior point problem is the minimization of the weighted objective function

(3.11) augmented by the logarithmic barrier for the constraints, i.e.

n n
mn%%ize ®y(d,r) = t|Kd — v||3 + t er — Z} log(r? — w?||ds|3), (3.13)
= i—
where ¢ varies from 0 to oco.

Function ®; is smooth and strictly convex and it has a unique minimizer (d*(t),r*(t)) for
each given value of t. For t > 0, the set of points (d*(¢),r*(¢)) which minimize (3.13) defines
the so-called central path of the IPM associated with problem (3.11). In IPMs, we compute a
sequence of (d*(t),r*(t)) for increasing values of ¢ using the previously computed central points
[11]. The method is terminated when a stopping criterion is satisfied. In Appendix C.1, we show
that as ¢ increases the minimum of ®; converges to the optimal value of (3.11) and consequently
to the optimum of (3.9). In the following section, we focus first on the solution of problem (3.13)

for given t (inner loop of the method).

3.2.1 Inner Loop of the TNIPM
Search Direction using Precondition Conjugate Gradient

For given t > 0, we solve (3.13) following two steps. First we compute the search direction
using the preconditioned conjugate gradient method (PCG). The search direction is defined as
Ap = [AdY, ArT|T € REFD? with Ad € R¥, Ar € R” and T denoting the transpose. Then,
we update the solution, given in column vector, p = [d*,rT]|T € R(k+1)n using the backtracking
line search [11].

In particular, we use the truncated Newton method [43] to estimate the search direction Ap

as an approximate solution to Newton system

Hq)t(p)Ap = _gét(p)v (314)
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where Hg, (p) = V2®;(d,r) € REFDnx(k+1)n 5 the Hessian and go, (p) = V&4 (d, r) € R*+HD” the
gradient of ®;. The truncated Newton method employs the PCG solver with pre-conditioner
Ppcg € REFDnx(k+)n gnq adjustable tolerance epcg to balance the trade off between the
convergence rate and the computational effort. In other words, it estimates an approximate
solution of (3.14) by truncating the number of iterations while keeping an acceptable convergence

tolerance. In the current algorithmic implementation, the PCG terminates when the maximum
NPCG

mae 1s exceeded or the relative tolerance of the residual is less than epcg.

number of iterations
Details about the selection of epcg are given in section 3.2.4.

We employ a pre-conditioner to accelerate the convergence. Even though the pre-conditioner
requires an extra matrix-vector multiplication per iteration, it can accelerate the conjugate
gradient method because the new transformed linear system PgéGH¢t Ap = — P_Cng‘I’t (p) has
more clustered eigenvalue distribution (i.e. lower condition number and more stable system)
and thus the algorithm converges with fewer iterations [43].

The pre-conditioner we employ here is given by Ppcg = 2t diag(K T K) 4 V2®;(d, r) which
is similar to the pre-conditioner proposed in [69]. The pre-conditioner improves the condition
of the Hessian matrix Hg,. For instance, in a test case we saw that the condition number of
Hy, was kg ~ 103 and the preconditioned Hessian PP_CIJGH{% had condition number kpg = 643
at the 16" outer loop iteration of the IPM (Alg. 3). Details about the PCG algorithm and the

explicit formulae of the pre-conditioner and Hessian of (3.14) can be found in Appendix C.2.2.

Backtracking Line Search

We can make the truncated Newton method more robust by performing a line search along the
estimated direction of the Newton step Ap = [AdT, ArT]T. The new solution is p := p + sAp
where s € RT is the step size estimated by the Backtracking line search [69].

In backtracking line search (BLS) s = [3#, where p > 0 is the smallest integer that satisfies

Qi(p+ BPAp) < ¢i(p) + BV O (p)Ap (3.15)

where a € (0,0.5) and 5 € (0,1). The backtracking line search algorithm is the following:

Algorithm 2 Backtracking Line Search (BLS)-Estimate the step size s
Initialize: p =0, (o, 8) = (0.01,0.5), s = 1.

Set: estimated search direction Ap and p (PCG results).
Repeat:
Check if condition (3.15) is satisfied. If Yes then Quit.

Else: update p:=p+ sAp, p:=p+1, s:= " .
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3.2.2 Outer Loop Stopping Criterion: Duality Gap

The convex problem (3.9) is called the primal problem. For the estimation of a robust stopping
criterion, we need to derive a Lagrange dual of the primal functional (3.9) [11]. The Lagrange
dual function is always concave and yields lower bounds on the optimal value of the primal
problem (3.9) which can be used as non-heuristic criterion for the termination of the algorithm
[50, 11]. Here, we derive a Lagrange dual function of the primal problem (3.9). Subsequently,
we use the difference between the values of functional (3.9) and its dual function as a stopping
criterion. This difference is the so called duality gap. The algorithm terminates when the duality
gap is less than a given tolerance.

In order to estimate the dual function, we elect to reformulate the problem (3.9) as an
equality constrained problem. In particular, we introduce a new variable z € R" and the

equality constraint z = Kd—wv. The functional in (3.9) can be written with the equal expression

fld2) =zT24+a) wildi:
; (3.16)

subject to z = Kd —v

where f : RF* x R™ — R.
Let us redefine the primal problem as

p = min f(d,2)
deRkn zeR™ (3 17)

subject to z = Kd — v

where p* denotes the optimal value.
The Lagrangian of (3.17) is

L(d,z,v) =2"2+a ) wildlla + v (Kd — v - 2), (3.18)
i=1
where v € R™ is the Lagrange multiplier.
If O is the feasible set of (3.17) i.e. C = {(d,z) € R x R™ : 2z = Kd — v} then by

construction

fld,z)=L(d,z,v) V (d,z) e C. (3.19)

We obtain the Lagrange dual function g : R™ — R by minimizing the Lagrangian over (d, z) €
Rkn % R™

gv) = (idnf) <sz o) willdily + v (Kd—v - z)> (3.20)
# i=1
From (3.17) and (3.19) we have
*= min f(d,z) = min L(d, z,v) > § 3.21
P (drg)lgcf( z) (Juin, (d,z,v) = g(v) (3:21)
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which shows that the dual function (3.20) yields lower bounds on the optimal values of problem
(3.16) for feasible points (d, z). This bound has a practical meaning if we can make sure that
the dual problem is feasible, i.e g(v) > —oo for some v. We define as dual feasible points v, the
values of v which ensure that g(v) > —oo. If we can construct a dual feasible point then we
can ensure a finite lower bound on the optimal value of (3.16) and thus an accurate stopping
criterion for the TNIPM (Alg. 3). Next, we derive an explicit formula for the dual problem
and subsequently we construct dual points v, which give us finite bounds g(v). Additionally, we
shall see that the dual points are explicitly associated with the primal feasible points (d, z) € C,
hence when we have an estimate for the values of (d, z) then we can directly estimate the value
of v [11].
We re-write the Lagrange dual function (3.20) as

glv) =inf (z7z —v"2) + iIU?llf (azwi||di”2 + I/T(Kd)> — vt (3.22)
1=1

The first term of (3.22) can be denoted as L(z) = 2Tz — vTz and it is quadratic with respect to

z. Thus, it has minimum for dz(j) =0= z=0.5v.

By substituting z = 0.5v in (3.22) we obtain

g(v) = inf (a > willdill2 + VT(Kd)> —0.250"y — v, (3.23)
=1

Next, we find such a condition that
n
min (a Z} wi|di|2 + VT(Kd)> > —00 (3.24)
1=

We set Kd =Y Yk | KOH0=Umd, . where K(HU=Dm) ¢ Rm*1 s the (i + (j — 1)n)!"
column of the lead field matrix and the dipole strength term equals to ||d;[|2 = Z§:1 d? G-y
So, the left-hand side of (3.24) becomes

k k
PRI DAY S S (325)
j=1 j=1

Using the following linear transform
k . .
pi = Z I/TK(’L+(‘771)n)di+(J’71)n (3.26a)

j=1
qzqul) — T it (u=1)n) d;,

(mtyn — VIKEHEIN G, (3.26b)

where [ =1,...,k — 1 and | < u < k, expression (3.25) is transformed into a form that enables
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the estimation of the minimum!. Particularly, by applying the linear equations, (3.25) becomes

2(ul)
\/pz +Zl<u 4;
Iglqn Zawz +pi |- (3.27)
z (VT K i+(=1)n))2

The minimum of (3.27) is finite iff

Wy

\/i(VTK i+(j—1)n ))2

>1forall i=1,...,n (3.28)

Therefore, the minimum of (3.24) is finite and equals zero when

\/Z ,/TKH] 1)n ))

(3.29)
i=1l:n
The dual problem is defined as
maximize §(v) = —0.250"v —vTv
k
T K (+(i—1)n))2
| \/ P ) (3.30)
subject to a > .
Wy
i=l:n

A dual feasible point v needs to satisfy the constraints of (3.30). We construct the following
dual point

V=2

(3.31)

where A = min ¢ « fori=1,---,n

k
\/Z (ZTK(i—i-(j—l)n))Q
j=1

and z = 2(Kd—v). Parameter A ensures that the constraints of (3.30) are applied and therefore

v is a dual feasible point.

!Let assume that instead of (3.25), we have the simplified 2D equivalent expression \/z2 + 32 +ax +by. Then,
in this case (3.26a) becomes p = ax + by and (3.26b) ¢ = bx — ay and the expression can be linearly transformed

to Zzigi + p. From the transformed equation, we can see that the minimum of the equation is finite and equal
1

to 0 when T > 1 otherwise it is minus infinity.
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We define the duality gap between (3.17) and (3.30) as

n=|Kd—ol3+a) wildlz— () >0 (3.32)
=1

The duality gap n ensures that the estimated minimizer of (3.16) cannot be more than 7-
suboptimal (see appendix C.1 for further details). Also frequently, the relative duality gap
defined as the fraction 1/g(v) is used and the algorithm terminates when 1/g(v) < €, where

€to1 1s selected sufficiently small.

3.2.3 Optimality Condition

In Tikhonov regularization, the penalty parameter varies over [0, +00), the solution converges
to zero for a — 400 and the solution equals to (KTK)TKTv when « is zero [40]. However, in
problem (3.9), the range of the parameter « is different and it shows different limiting behaviour.
In particular, for a — 0 the solution satisfies the minimum sum of the dipole strengths among
all the possible solutions of KT (Kd — v) = 0, and the solution is d = 0 when « is greater than
a finite upper limit [69].

In this section, we derive the upper bound of the parameter a for problem (3.9). This
upper bound is also referred to as the optimality condition of the convex problem because it
guarantees that the convex functional (3.9) has an optimal solution at zero for the values of «
equal or greater than this upper bound [11].

In the following paragraphs, we show that the upper bound for the scaling parameter is

: (3.33)

[e.9]

k
20T K (i+(i—1)n)]?
Omaxr = H \/jzl[ v }

Wy

where K00~ ig a column of the lead field matrix K € R™*5" 4 the observations and norm
| - [|oo = max; |- |, for i =1,...,n [100].

For the derivation of (3.33), we use the first order optimality condition for convex functionals
[11]. The functional in (3.9) is not differentiable at zero and thus we estimate the sub-differential®
of (3.9).

The necessary and sufficient condition for optimality is that

0e Vd(HKd—UH%)—i-Oéad sz

i=1

k
DA il (3.34)
j=1

First we compute the sub-differential® 9,

k
2
Yo
j=1

2Sub-differentials generalize the derivative to functions which are not differentiable everywhere in their domain
of definition. The sub-differential of a function is set-valued. For the definition see appendix C.1.1.
3We estimate to sub-differential because the dipole strength ||d;||2 is not continuously differentiable (i.e at
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The sub-differential with respect to the dipole component d;; _1), for I =1,...

+l 1)n +Zd1+1 n U.(l) div1—1yn >0
= -U. dis 11y <0
adz i i+(l—1)n
+(—1)n (_Ui(z)7 Ui(l)) d; =0

where UZ-(Z) = Zi"w—_l)”‘ and (-,-) denotes the open interval.
2
> Ao
=1

ks

(3.35)

From (3.35) and (3.34) the differential of V4 (|[Kd — b||3) with respect to the dipole compo-

nent d;y ;1) equals to

o w; U( ) di+(l—1)n >0
2(K<i+(l*1)n))T(Kd _ ’U)} € —aw; U(l) iy -1y < 0 (3.36)
awi(—Ui( ), Ui(l)) d;i=0
where K(+0=Dn) is the (i + (j — 1)n)"" column of K.
From the previous equation we have that d = 0 iff
20T KEHE=Dm)| < g, 7 (3.37)
forl=1,...,kand i=1,...,n. The sum
k
> v = Z [div-1ynl” = (3.38)
I=1 I=1
Z der (G—Dn
So, term Ui(l) can be eliminated from the previous inequalities i.e
k
Z[ 20T i+ } <awZU (3.39)
=1
Finally, we obtain
k
\/Z [20T Kit(=1n] 2
I=1
< 4
" < a, (3.40)
for i =1,...,n. Hence, for values of o equal or greater than the left hand side of the inequality

(3.40) the solution of (3.9) is zero.

zero, the partial derivatives do not exist).
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3.2.4 TNIPM Algorithm for Sparse Sources

In this section, we give an overview of the TNIPM algorithm for the solution of (3.9) We describe
the details concerning about the initial values of (d, r), the updating rule ¢, the initial values of ¢
and the stopping criteria. The TNIPM algorithm is described in Alg. 3. The algorithm consists
of two loops, the outer and inner loop. In the inner loop, the value of ¢ > 0 is constant and we
estimate the solution (d*(t),r*(t)) of (3.13) using the PCG and line search. In the outer loop,

the solution and the value of ¢ are updated.

Algorithm 3 TNIPM for Sparse Source Reconstruction

Initialization: d := 0, r := 1, relative tolerance e, = 1074,
scaling parameter & < Qunay Where g, is defined in (3.33) and ¢ := min{l/a,n/n}.
Stopping criteria for:
Outer loop: €
Inner (PCG) loop: Maximum number of iterations NYCG = 600 or epcq defined in (3.42)
Outer loop:

1. Inner loop

a. PCG: Compute search direction [Ad, Ar| by solving (3.14).

b. BLS: Estimate the step size s using (Alg.2) where (o, 5) = (0.01,0.5)

2. Update [d,r] := [d,r] + s|Ad, Ar] and estimate z := Kd — v.

3. Estimate the dual feasible point v (3.31) and the dual problem g(v) (3.30) and the
duality gap n (3.32).
Quit if 1/g(v) < €l

4. Update t (3.41)

t-Update Rule

The most frequently used updating rule is ¢ := ut where p is a constant number greater than 1
[11]. However, the main drawback of this rule is that the value of x influences the performance
of the algorithm in such way that when p is large the value of ¢t changes rapidly which increases
both the number of the PCG and line search iterations. On the other hand, for u close to 1,
we have a very slow convergence of the algorithm to the optimal value [11]. To balance the
trade off between the PCG cost and overall convergence, the update rule can be designed in a
more sophisticated way [72]. Better performance can be achieved if we keep ¢ constant, until ®;
(3.13) is nearly minimized, i.e. ||[V®||2 ~ 0 and then increase the value of ¢ by a factor p > 1
([72, 69]).

Therefore, we use the the following rule

L { max{pmin{n/n,t},t}, $> Smin (3.41)

t S < Smin,
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where s € (0, 1] is the line search step and p a constant between 2 and 50 [11]. In the current
application we found good performance when sy, = 0.5 and g = 4. Further explanation about
the selection of the rule (3.41) can be found in appendix (C.2.4).

Initial Values

We select the starting value d = 0 which is close to the desired solution as we want most of
the dipole sources to be equal to zero. The choice of r = 1 guarantees the constraints of (3.11)
and that the logarithmic barrier (3.12) exists. The initial values do not affect the performance
significantly, however they need to be selected in such a way that the constraints are satisfied.
The initial value of t is tgp = min{1/c, n/n} where « is the scaling parameter of (3.9), n the
number of the dipoles and 7 the initial value of the duality gap (3.32) for [d,r] = [0,1]. The
value 1/« is estimated by minimizing ||1/tV®.(0,1)||2 However, when « is selected to be very
small, tg is very large and this results in an increase in the condition number of (3.14). For that

reason, we select the initial value of tg = min{1/co,n/n}.

Stopping Criteria

The performance of the algorithm depends on the selection of the tolerance rate epcg of PCG.
Low precision may cause failure in convergence and a very low duality gap reduction at each
iteration. On the other hand, demanding too fine precision makes the computation too slow
and, in effect, eliminates the truncation rule. A good overall performance can be achieved with
the adjustable tolerance [69],

. 0.5
epcg = min< 0.1, } , (3.42)
{ mln{LHg‘th?}
where 7 is the duality gap (3.32) and go, is the gradient of (3.13) at the current iteration.
Tolerance epcg ensures that the precision is not worse than 10% at the early stages of the
algorithm where 7 is large and gives more accurate solution as the duality gap decreases.
The algorithm terminates when the the fraction of the duality gap over the value of the dual

functions falls below e,. We selected ey, = 10~* which gives a good precision.

Selection of Parameter o

The value of parameter o can change significantly the performance of Alg. 3 (see details in
[69, 72]). The number of PCG iterations (step l.a of Alg. 3) varies with a. When « is near
Qmae then the solution is strictly sparse i.e. only a very small number of dipoles are non-zero,
the algorithm converges fast and only a small number of PCG iterations is required. When the
scaling parameter is too low, the solution includes many non-zero amplitudes. In this case, PCG
can work slower.

Intuitively we can understand this behavior of the PCG algorithm from Fig. 3.2. For large

values of a, the PCG algorithm slides down directly to the minimum of the functional in (3.9)
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which is shaped like paraboloid bowl. On the other hand, when « is small, the shape of functional
is more flat, which results in rocking back and forth along the valley of the bowl before eventually
settling at the lowest point. In addition, for low a, the conditioning of the problem (3.9) worsens
as a result of the high condition number of the lead field matrix and the low influence of the
penalty term. Ill-conditioning is inherited by the Hessian matrix (3.14). Consequently, for small
values of «, the Hessian has a high condition number and a non-clustered eigenvalue spectrum
which leads to a slower convergence of the PCG algorithm. The pre-conditioner can accelerate
the converge of PCG, however for very low « this improvement is not significant [11]. In the
current implementation we selected values in the range [0.1aynez, 0.0010y4,]. This particular

range seemed to work well for the reconstruction of single or few focal sources as will see later.
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Figure 3.2: Shapes of f(d) for large and small scaling parameter.

3.3 Weights for Depth Compensation

In this section, we define the weighting factors w; of the penalty term in (3.9). The weights are
important for the accurate localization of sources. In particular, in the absence of any prior,
the solution of the under-determined system Kd = v results in a dipole distribution with the
lowest overall power and an exact fit to the measured observations, also referred to as minimum
norm estimate (MNE). The MNE is prone to misplace deep sources close to the surface. This
happens because less power is required for a superficial source distribution than for deep sources
to give rise to the same surface potential values since the electric potentials fall quadratically
with respect to the distance between the source and the sensors. Additionally, when we employ
the Lj > norm and w; = 1, the solution is focal but there is no restriction related to the depth
of the source. Hence, for instance, instead of an actual deep source, the solver may result in
several scattered superficial sources.

There are several authors who have suggested different weights in order to reduce the source
misplacement. The first approach was to weight the dipole activity in the penalty term with the

inverse of the Euclidean norm of the columns of the lead field matrix [73, 134, 168]. The reason
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for this selection is because, by construction, the columns of the lead field matrix express the
potential contribution of the dipole locations to the measured observation. Unfortunately, this
approach did not seem to work very well.

In sSLORETA [133], the depth compensation was treated by the post hoc normalization of
the minimum norm solution d. Specifically, the standardized power distribution was estimated
as d?(RZ-Z-)_la?i for i = 1,...,kn where R;; were the diagonal elements of the resolution matrix
defined as

R=KY(KK")'K, (3.43)

where K is the lead field matrix and f is the Moore-Penrose pseudo-inverse [100]. From the
probabilistic point of view, it can been shown that R coincides with the covariance of the
maximum likelihood (ML) (or equivalently the MNE) estimate [133]. The diagonal elements
of R are variances which correspond to each dipole component. We can see that the variances
differ depending on the depth i.e. we have higher variances closer to the surface and very low
variances deeper in the domain and thus the MNE estimate favours more intense superficial
sources (Fig. 3.3). The standardization of the estimate with the variances reduces the depth
biased effect. However, the SLORETA gives a power distribution and not dipole distribution
and works well only for a single blurred source. In [42], it was suggested using the SLORETA
variances, R;;, in the penalty term. The source activity at locations with high variance were
penalized with higher weighting factors than locations with low variance. However, it was not

stated clear how or why these precise weights were selected.
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Figure 3.3: (Left image) The normalized variances of the dipole locations with respect to depth
for the ML estimate (equivalent to MNE). (Right image) The marginal posterior density of
a dipole which is located deep (in red) in the domain and the marginal posterior of a dipole
of a superficial location (in blue). Without any prior information, the ML estimate favours
superficial sources. This can be explained with the marginal distributions. More precisely, if the
same measurements are produced by either a small superficial dipole or a large dipole deeper in
the domain, then from the marginal distributions we can see that the probability of the small
superficial source is much higher than the probability of the big deep source.
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3.3.1 Weight Estimation using Bayesian Analysis

In the following text, we use Bayesian analysis to estimate the weights w; in the penalty term
(3.9). Our aim is to reduce the high variances in the superficial locations and to increase the
variances in deeper locations, and therefore to reduce the tendency of the solver to give solutions
mainly close to the boundaries. The problem is solved indirectly by estimating first the variances
of the prior that is considered as Gaussian given the posterior variances. The posterior variances
were selected to be equal to the inverse of the variances of the maximum likelihood (ML) estimate
in order to allow the dipole strength to increase with respect to the depth. Subsequently, the

estimated Gaussian prior variances are used to derive the weights of the L 2 prior model given

by 7(d) o exp (—a > w,”dzHg)
i=1

Selection of Posterior Variances

Let us assume that the EEG observation model is
v=Kd+§¢, §~N(O,F§) (3.44)

where K € R™*Fn ¢ ¢ RF" and ¢ € R™ is the additive measurement noise with covariance
[e =4 I™*™ (where I"™*™ is the identity matrix).
The posterior of the dipole distribution d is

7(d|v) o< (v|d)7(d) (3.45)
where )
7(v|d) x exp <—2(Kd - v)TI‘gl(Kd - v)) (3.46)

is the likelihood density and m(d) the prior.

We begin our analysis with the case where we do not have any prior information. This case
coincides with the MNE and, in probabilistic terms, is the ML estimate. The solution in this
case is given by

dyr = KT(KK™) 1o, (3.47)

From (3.45) and (3.46) the corresponding covariance matrix is
Py, = (KT K (3.48)

By construction ML favors shallow sources even though the same observed measurements can
be explained by strong dipoles deeper in the domain. Intuitively, we can understand this by
observing the variances of the dipole locations with respect to depth in Fig. 3.3. A deep source
has a very low variance compared to a superficial source. However, a deep source must be much
more intense than a superficial to give rise to the same measurements, as the strength of the

dipole is reduced quadratically with the distance. This means that the low variance restricts
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the power range of a deep source making a deep source very unlikely.

We can compensate this if the variances of the posterior are selected in such a way that they
allow the dipole strength to increase quadratically with respect to the depth. There are different
ways to achieve this. One of these is to choose the inverse of the ML variances as the posterior
variances (see Fig. 3.4). This choice takes into account apart from the depth, the conductivities

and all the properties that are included in the lead field matrix. For the estimation of the ML
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Figure 3.4: (Left image) The selected variances (normalized) for each dipole location with
respect to depth. The selected variances are the inverse variances of the ML estimate. (Right
image) Marginal posterior densities for a dipole component in a deep and superficial location
considering Gaussian approximation. Our aim is to reduce the depth bias. This can be achieved
if the probability of a source distribution with maxima deeper in the domain to be as equal as
possible to the source distribution with maxima in superficial layers for given measurements.
Accordingly, the type of the prior model e.g. sparce/focal or blurred property can define which
distribution will be selected.

variances, diag(I'yr) = 1(\/21)L, we select to run simulations (Alg. 4) that require the solution

of a smaller linear system instead of estimating (3.48 which requires the inversion of a large

ill-conditioned matrix.

Algorithm 4 Estimate Variances of the ML estimate
Repeat [ =1: N, times:

1. Draw dipole sample AV ~ N(0, aIankn) and noise sample f(l) ~ N(Q’Y{Imxm)
2. Bstimate: v() = Kd® 4+ ¢®

3. Solve: dV) = KT(KKT)=1y(®

Ny % d(l)
Estimate covariance matrix: Ty, = ﬁ S (d® - d,)(d® - d,)T where d, = =N
=1
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Estimation of the Depth Weights

The depth weights of the L; 2 norm are derived based on the posterior variances derived in
the previous section. For the estimation of the weights (variances) of the prior model, an
analytical equation which relates the weights (variances) of the prior model with the posterior
variances is usually required. However, in the case of the L; » norm prior, the posterior covariance
matrix cannot be written in a closed form (expression). In this case the problem can be solved
indirectly. First, we consider a Gaussian prior that gives us an analytical expression for the
posterior covariance matrix that includes the prior parameters. In practice, considering Gaussian
distributions, the posterior and prior variances lead to a set of non-linear equations. Therefore,
the Gaussian prior variances can be estimated based on the posterior variances. Finally, the
Gaussian prior variances are used to estimate the weights of the L; » norm prior model.

We assume that the prior in (3.45) is Gaussian 7(d) x exp (—%degld) with zero mean
and I'y covariance matrix. The covariance matrix has non-zero entries only on the diagonal i.e.
Iy = a*2diag(fyc(li)) for i = 1,...,kn where « is a scaling factor. The posterior density (3.45)
becomes

7(d[v) o exp < ! (Kd—v)'T (Kd - v)) exp (—;dTrgld) (3.49)

2
By multiplying the exponential terms of the likelihood and prior and completing squares we

obtain

7(d[v) o exp (—;(d — ) Ty (d = d*h,)T) : (3.50)

where the posterior mean d,, and covariance I'y, are

_ Tp—1 —1\—-1-Tp—1
dyy = (K'T 'K + T ) KT Mo (3.51)
Pgp = (K'T K +T,H)7h

The posterior variances depend on the lead field matrix K, the covariance matrix I'¢ and the

prior variances fyc(ll) .

The diagonal entries of the posterior covariance (3.51) were selected to be equal to the inverse

of the diagonal entries of the estimated ML covariance, i.e.
diag((K"T K +I7")™") = diag(myy,) ™" (3.52)

The prior variances yg) are estimated solving the system (3.52). By employing the matrix

inversion lemma [100] the covariance matrix Iy, can be rewritten as
(K'T 'K 4+ T =Tg —TgK " (Te + KT 'K') 7 KT, (3.53)
From (3.52) and (3.53)

diag(Ty — TqK T (T¢ + KT KT) ' KTy) = diag(v\} ). (3.54)
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So, from (3.54) a set of non linear equations for i = 1,..., kn can be obtained, given by

2
« i 7 7 %
7=~ KO ME® (3.55)
ML

where M = a2(T¢ + KT KT)™! and K is the i" column of K.

The variances ’yc(;) are estimated by minimizing

Glya) =5 D _(rs)? (3.56)

where s = O(‘f) — 76(;) + 'yj(i)K OTATK® . We estimated ’yc(li) using Levenberg-Marquardt
ML
(LMA) algorithm (see Alg.6 in appendix C.3). The next step is the estimation of the weights in
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Figure 3.5: (a) 2D Gaussian prior, (b) L; 2 norm prior .

the L 2 norm prior. The L1 norm prior is given by

n
m(d) ocexp [ —a Y willdi2 |- (3.57)
i=1
We can set ||d;||2 = r; and the prior for the dipole strength at location ¢ using r; can be written
as

m(r;) o exp (—ow;T;). (3.58)

We approximate the standard deviation ,/7,, of the prior 7(r;) at location ¢ with the corre-

sponding Gaussian prior standard deviations of the dipole components véfﬂj ~U™ 4t the same
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location according to

Tri = 2 A ) (3.59)
'Vc(lH(j_l)n)
j=1
where j = 1,..., k. In Fig 3.5, we see the Gaussian and the corresponding L2 prior densities
at location ¢ when the relationship (3.59) holds.
The variances of the prior m(r;) at location i is
o0
Tri = C/ (ri - T*i)z exp (—awm) dr;
0
3.60
9 1 9 Txi n Tfi 1 ( )
=2c —2c c =
a3w3 o2w? aw;  alw?

7 K3 K3

where 7,; = ¢ [° i exp (—ow;r;) dr; = — and from Jo~ cexp (—wiry) dry = 1= ¢ = aw; .
From (3.60) and (3.59) the weights are

) 7O(l’i-ﬁ-(j—l)n)
J

w; =

(3.61)
2

,},L(ii+(j—1)n)

j=1

The estimated variances and the corresponding weights of the L; o prior with respect to the

depth are shown in Fig. 3.6. The estimated weights force the sparse source solver to be less
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Figure 3.6: Variances of candidate source locations and the corresponding weights with respect
to depth for the Lq 2 norm prior.

prone to favor superficial sources. In particular, with these weights the variances are higher
for deep source locations and lower for shallow locations. In this analysis, there was only one
weight factor for every candidate source location and the suggested approach works well when

the estimated variances of the dipole components at a location i are in the same range. It would

47



be worth studying whether the use of different weights for x- and y- components improve the

result.

3.4 Results and Discussion

3.4.1 Comparisons and Evaluation

In this section we describe the set up of the simulations that evaluate the efficiency of the
TNIPM algorithm with L 2 norm penalty to recover focal sources. We compare the obtained
results with the solutions of the quadratic loss function ||Kd — v||2 augmented with the Lo and
L1 norm priors respectively.
The potential measurements v were obtained from 32 point sensors equally spaced around
the boundary of a 2D domain
v=Kd (3.62)

where lead field matrix K € R™*?" and d € R?>" is the simulated dipole vector with only few
non-zero peaks. For the forward and the inverse model we use meshes with different number of
nodes, i.e. the forward mesh is finer than the inverse one in order to decrease the dimensionality
of the inverse problem and to avoid inverse crimes?.

Then, we compare the solution from the following three functionals for given v. First, we

estimate the solution given by the minimization of the so called Ly norm model, i.e.

no
dp, = min||(v = Kd)|[3 +ar, Y w?l|dil|3, (3.63)

i=1

where K € R™*2™ with ng < 7 and d = Pd € R?™ where P is the projection operator from

2

the fine forward mesh to the inverse mesh. The penalty term is ||d; |3 = Z}:O it ing-

Next, we compute the solution of the L model

No
dp, = mc}n\l(v—Kd)H%JraLl > willdills, (3.64)
i=1
where ||dil[1 = ;0 [dijnol-
The solution of the L2 model is given by
ng
dL1,2 = min H(U - Kd)”% + Ly ZwiniH27 (3'65)
i=1

1
where ||d;[]2 = \/m

“The term “inverse crimes” is used in [66] and it is referred to the numerical method contain features that
“effectively” lead to a “less ill-posed” inverse problem than it actually is and consequently yielding optimistic
results. In practice, an “inverse crime” is committed in cases where the discretization and lead field matrix of the
forward model are the same as the ones used in the inverse problem.
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For the solution of the Ly and L; models we used the CVX toolbox [52]. The solution of
the L2 model is estimated using the TNIPM (Alg. 3). The weights w; were the same for the
three models and estimated as was described in section 3.3. The scaling parameter oy, in (3.64)
is was equal to ar, = cmag,, Where auay, = max; {%} for i = 1,...,2n¢ [69]. The
scaling parameter in (3.65) is ap,, = Cmazy, , and it is lower than the bound (3.33). For the

2D case, we can rewrite the upper bound (3.33) as

[\/ (2KF0)? + (2K v)?|
Qmagy,, . = Max t fori=1,...,n9 (3.66)
1,2 w;

where (K, K,) = K and index i denotes the i‘" element of the vector (-). The constant ¢
is selected to be in the interval [0.01,0.001]. The scaling parameter ay, of the Ly model was
selected after visual inspection. We noticed that the Lo models gives the best possible results
when parameter «p, is close to the value of ar, ,.

For the evaluation of the results we employ the earth mover’s distance (EMD) metric [145].
The EMD can be used as a measure of disagreement between the simulated and the estimated
dipole distribution when there are only few non-zero values. Also, it can be used when the actual
distribution has only few non-zero values but the inverse solution is highly dispersed. Thus, the
EMD is a good metric both for the L; and L; 2 models (sparsity constraints) as well as the Lo

model which recovers more blurred sources. The EMD is defined in detail in section 5.3.5.

3.4.2 Circular model

In this section we show the results for one, two, three focal source reconstructions and a case
with ten focal sources. We use the three layer circle model both for the forward and inverse
model with lead field matrices having conductivity values equal to 0.33/0.015/0.33 (S/m) for
the scalp/skull/brain respectively. In these simulations there was no additive noise.

In the following figures, the small images on the left hand side show the test case with the
actual dipole distribution. The location of the simulated dipole is marked with a blue circle
and the orientation with a small blue line. The remaining images, starting from left, show the
reconstruction solution using Ly prior model (3.63), L; model (3.64) solved using CVX toolbox
[52] and Lj 9 prior model by employing the TNIPM (Alg. 3). The blue marker x shows the
locations of actual focal sources.

For the test cases, the scaling parameters were ar, = 0.0050mazL,, @L,, = 0.0050mazL, 2
and ar, = 1.2az, ,. In the multiple source cases, the dipoles have equal strengths and randomly
chosen orientation.

By comparing the reconstruction results in Fig. 3.7 and the corresponding EMD values we
can see that the Li » norm model works the best. The solver with the Lo norm penalty gives
a blurred source distribution as was expected and the L; norm mode yields a sparse solution

but the result is more scattered compared to the L; 2 norm based prior model. This is mainly
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because L norm forces sparsity on the individual components of the dipole. A multiple source
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Figure 3.7: Reconstruction of source distribution using 32 electrodes around the circular domain.
The rightmost images present the actual source configurations (one, two and three source cases)
and the rest of the images, the reconstructions based on different penalty terms.
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case may fall in a different brain activity category e.g. generalized epilepsy. However, a test
case with multiple dipole source is presented here to show the feasibility and the limitations
of the reconstruction algorithms for more scattered focal sources. In this case all the models
face difficulties to recover the source distribution (Fig. 3.8). The EMD indicates that there are
no gross differences between the solutions but it seems that the L; o prior gives slightly better

results than the other two prior models.
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Figure 3.8: Reconstruction of ten focal points. This test does not correspond to a sparse source
case and thus the reconstruction results using the L; 2 norm penalty deteriorates.

3.4.3 MRI cross section model

In this section, we illustrate the reconstruction results when the lead field matrix is constructed
considering the five layer model with conductivities equal to 0.33 and 0.015 (S/m) for scalp and
skull, respectively, and 1.76/0.016/0.33 for the cerebral spinal fluid (CSF), grey matter (GM)
and white matter (WM). The results show that the L; 2 norm model gives the least scattered
results and it works the best for single focal sparse sources (Fig. 3.9). For the two source case,
the Ly and Lj 2 norm results are similar (i.e. equal EMD values) and the Ly norm result is
blurred.

Also, we can see that the results for two and three sources are slightly scattered when the 5
layer MRI model is used. This is possibly related to the discontinuity of the conductivity values
within the brain in the 5 layer model. Also, the different discretization (between the forward
and inverse MRI mesh) close to the boundaries can cause some numerical errors. However, it
is worth noting that the localization of the brain activity is accurate which implies that the

applied weights reduce the source localization error (the depth bias).
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Figure 3.9: Reconstruction of source distributions using different prior models. The right most
images show the actual source configuration and the reconstruction results (starting from left
to right) using the solvers: (3.63), (3.64) and (3.65) respectively.

Finally, a 3D case of a single dipole source was studied and preliminary results are shown in

Fig. 3.10. In this figure the blue cone denotes the actual dipole source and the red cones show
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the reconstructed dipole distributions. According to these results, we can say that the weighted
L1 2 norm based prior performs better that the other two models as it achieves to reconstruct
a sparse and focal source even though the recovered source is slightly in the wrong location.
The Lo norm model reconstructs a blurred source while the L; norm model recovers a scattered

dipole distribution.

L2 norm prior L1 norm prior L12 norm prior

Figure 3.10: Reconstruction results of a single focal source using different prior models in a 3D
domain. The blue cone denotes the actual dipole source and the red one, the reconstructed
source distribution.

3.5 Summary

In this chapter we developed a solver that uses the TNIPM for the reconstruction of focal sources
in the inverse EEG problem. We analyzed the algorithmic details and derived all the essential
formulae for the design of a software directly applicable to the sparse-focal EEG problem.

Moreover, we employed a Bayesian analysis to derive the weights in the prior that reduce
the tendency of the solver to favor superficial sources.

Finally, we verified the ability of the solver to recover sparse sources by performing simu-
lations and we compared the results of different prior models. The reconstructions indicated
that the best localization results were obtained especially for single focal source cases with the
weighted L1 2 prior. We can point out here that the TNIPM can be used also for larger scale
problems. For the interested readers the computational advantage of TNIPM method compared

to other relevant methods can be found in [69].
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Chapter 4

Electric Field Imaging using Vector
Field Tomography

Vector field tomography (VEFT) concerns the reconstruction of a vector field in a bounded domain
by using integral data over projections of this vector field [155, 161]. In this chapter, we introduce
an approach in which VF'T is used in EEG source imaging. In particular, we propose recovering
the electric field evoked by bio-electric activity of the brain with a finite set of line integrals.
The proposed modeling obeys the same physical principles as the EEG source imaging problem
i.e. (i) the quasi-static approximation and (ii) the field is the negative gradient of the scalar
potential [95]. In the literature, this kind of field is called irrotational [103].

In the proposed approach, the line integrals along lines which “trace” the brain are ap-
proximated linearly and result in a linear system of equations. The recovery of vector fields
using VFT is an ill posed and shares the same features as many other inverse problems [78, 71].
Therefore, prior information and boundary constraints are required for a good solution. The
final minimization problem is solved using convex optimization techniques [11]. In the presented
test cases, the field was reconstructed using simulated data. The simulations presented in this
chapter suggest that the VFT solution can give information comparable to a solution of the
dipole source reconstructions (problem) and the active area of the brain can be localized based
on the estimated field. It is worth noting that the electric field reconstruction requires neither
an estimate of the lead field matrix nor any knowledge of the underlying source model.

The chapter is organized as follows. In section 4.1, we give a brief overview of the math-
ematical foundation of VFT. Section 4.2 reviews the theoretical approaches for the recovery
of 2D and 3D vector fields in boundless domains using different types of Radon integral data.
Subsequently in section 4.3, we present the reconstruction of a continuous 2D field in a bounded
domain using line integrals. Details about the approximation of the line integrals and the nu-
merical formulation of the proposed approach are described in section 4.4. In sections 4.6 and
4.7, we evaluate the use of the line integrals in the recovery of different types of fields beginning
first with simple irrotational vector fields that also have analytical expressions, and we conclude

with electric fields produced by focal sources in a bounded domain. To best of our knowledge,
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VFET has not previously been used in cases in which internal sources are present for example in

electric field imaging using EEG data.

4.1 Introduction to VFT problem

The reconstruction of a scalar function from its line integrals in a bounded domain is a well
known problem. Today there are many practical applications in different fields such as in
biomedicine (e.g. MRI, CT), acoustic and seismic tomography which employ this method with
great success and accuracy [111]. However, there are other applications, such as the blood flow
tracking in vessels and the diffusion tensor MRI problem, in which we are interested in the
estimation and visualization of a vector field. In these cases, tomographic vector methods can
be used to reconstruct these fields from integrals in a similar way as in the scalar tomographic
methods [24, 161].

Let’s denote a computational domain Q C R¥ and a position vector x € €. For a general
vector f(x) : Q — RF, the vector field tomographic problem is defined as the reconstruction of
the field from integral data over projections of the field in different directions (e.g. orthogonal,
tangential with respect to the line of integration).

The general form of the problem is given by a line integral (along a line L) that “traces” the

domain €2, i.e.

Ip,(f) = /L f(x) - 8 dl(x), (4.1)

where §7, is the unit vector in a predefined direction and d/(x) is a “vanishingly” small segment
of the line.

The integrals used most in VFT approaches are the longitudinal line integral given by

1l = /L f(x) - § dl(x), (4.2)

where § is the unit vector in the direction of line L and the transverse line integral

I = /L f(x) -8, di(x), (4.3)

where §, is the unit vector orthogonal to the line.

The line integral data (4.2) over projections of the field in the direction of the line is the
so-called longitudinal ray transform and the transverse line integral (4.3) is also referred to
as transverse ray transform [155]. The longitudinal transform is closely related to the Radon
transform and coincides with it in two dimensions (k = 2). However, in higher dimensions
(k = 3), the Radon transform is defined as the integral data over projections of the field along
hyper-planes instead of lines [47].

As we shall see in the next section, the VFT methods focus usually on the reconstruction
of different types of fields depending on the physical properties of the problem. Here, we give
brief definitions of these fields. If field f(x) satisfies the condition V - f(x) = 0, then it is
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called solenoidal (divergence-free or incompressible) field. For a field in a bounded domain, the
solenoidal condition implies that there are no sources or sinks in this domain but there may be
vortices. If the solenoidal condition holds then there exists a vector a(x) (potential vector) such
as f(x) = V x a(x). Alternatively, for the irrotational fields, the curl vanishes i.e. V x f(x) = 0.
The irrotational field property implies that the field can be expressed as the gradient of a scalar
function. If both conditions are satisfied then the field is both irrotational and solenoidal and it

is called a harmonic field.

4.2 Theoretical Aspects for the Recovery of 2D and 3D Contin-

uous Vector Fields

The theoretical analysis for the recovery of an unknown vector field in the continuous domain
using line integrals [119, 120, 12, 161], is mainly based on (i) the decomposition of the vector
field into an irrotational and solenoidal component (Helmholtz Decomposition) and (ii) the use
of the Fourier slice theorem (FST) [111] (defined in appendix B.2).

According to Helmholtz Decomposition, a continuous vector field f(x) in an infinite space
(x € R¥) that vanishes at infinity and is twice differentiable, can be expressed as the sum of an

irrotational component —Vup(x) and a solenoidal component V X a(x), i.e.
f(x) = =Vup(x) + V x a(x). (4.4)

The decomposition holds for infinite spaces or for bounded domains if the vector flow on the
boundary is zero [9].

The first application of longitudinal line integrals for the reconstruction of vector fields was
presented in [119]. In [119], it was shown that, in a 2D domain €2, the Fourier transform (FT)
of the longitudinal line integral of field f(x) (4.2) is equal to the FT of its solenoidal component
a(x), considering vanishing boundary values of the irrotational part!. If the longitudinal line

integral (4.2) is re-written as a surface integral

1l = /X . f(x) - 86(x - 81 — p) dx, (4.5)

where p is the distance of the line L from the origin and ¢(.) is the Dirac delta function.
Then, the FT of this line integral is

1! :/ I e P dp = (2ink)a, (4.6)
peR+

where . denotes the FT of the corresponding functions, 2iwx comes from the exponent of the
FT and a is the FT of the solenoidal part V x a(x) = (g—g, —%), when x = (z,y). For the

numerical computation of the solenoidal part, classical methods of the scalar tomography have

'For the interested reader, the derivation of this proof, for the 3D case, can be found in appendix B.4
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been suggested based on either transformed oriented methods (e.g. filtered back-projection)
[153, 120, 77, 111] or algebraic methods (e.g. algebraic reconstruction techniques (ART)) [176,
65, 25].

Regarding the recovery of the irrotational component ug(x) of the field, different methods
have been proposed, using either prior information [119] or integral based approaches [12, 77,
139]. More precisely, in [119] it was shown that the full reconstruction of a 2D field is feasible
under the assumption that the unknown field is divergence-free (V -f(x) = 0) which implies that
there are no sources or sinks inside the domain. In this approach, the solenoidal component was
estimated using the longitudinal line integral while the irrotational component was computing
solving the Laplace’s equation. In particular, the divergence of the field decomposition (4.4)

yields Laplace’s equation,
V-f(x) = =V - Vu(x) + V-V x a(x) = VZup(x) = 0. (4.7)

The Laplacian (4.7) can be solved using either finite difference methods [186, 8], finite elements
methods (FEM) [61, 174] or boundary element methods (BEM) [159, 154].

The integral based approaches suggested the estimation of integrals over projections of the
field in directions other than the longitudinal direction [77, 12, 139]. In [12], the recovery of
2D fields using both the longitudinal and transverse line integrals was described. Furthermore,
the reconstruction in domains with non homogeneous boundary condition was examined. In
the latter case, the decomposition of the field into a solenoidal and irrotational part was not
unique and therefore an extra term in the vector decomposition was added to ensure that the
boundary conditions hold. This extra term is called a harmonic component. It was proved
that the combination of the longitudinal and transverse integrals can fully recover a field in a
circular domain. The approach was verified by carrying out reconstructions of simulated fluid
flows (also called incompressible vector fields). Later in [77], a 3D incompressible field was full
reconstructed using a similar concept. A more general approach for the full recovery of a 3D
arbitrary field in a 3D domain  using inner product formulation was described in [139, 130].
The so-called Radon probe transform was defined as the integral data over the projection of a

field on planes and is given by
I°(f,p) = / f(x)-bd(x -1 —p) dx, (4.8)
x€Q)

where b is the so-called probe vector, p the distance between the projection plane §(x - 7. — p)
and the origin and 7 the unit normal vector to the plane. Particularly, with the help of the field
decomposition (4.4) and by applying the FST, the FT of the previous integral (4.8) results in

I’ (A, k) = (i27K) b - [Ug(kA)A + A x &(kA)], (4.9)

where 7 denotes the F'T of the corresponding function, x the F'T variable and ¢ the imaginary

unit. Therefore, if the probe vector b is selected orthogonal to 7 then the irrotational component
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is eliminated. On the other hand when b is parallel to 7 then the solenoidal component vanishes.
However, in practice measuring the transverse line integrals of the Radon probe transform is
difficult or even impossible in most cases, for instance in Doppler techniques [25] or in geophysics
[120]. That means that the full recovery of a field using solely integrals is a challenging task in
practical applications.

Until now, the majority of the existing literature in VE'T methods has been directed towards
the imaging of fluid velocity fields from actively acquired measurements [119, 120, 156, 64, 12,
90, 144, 176, 76, 59, 155]. In these problems, the fluid is assumed incompressible [119, 176]
which in mathematical terms ensures a divergence-free field and there are no sources/sinks in
the domain which results in a solenoidal field that can be estimated following the FT based
methods [153, 77]. These applications include the use of ultrasound measurements (acoustic
rays) to reconstruct the velocity field of blood veins [64, 60], estimation of a field in Kerr
materials in optical polarization tomography [48] and oceanographic tomography [144]. In [76]
the vector field approach was used for the estimation of the magnetic field of the corona of the
sun.

As far as we know, VE'T has been previously used only in applications for the reconstruction
of incompressible fluid flows which are solenoidal fields. In this work however, we are interested
in applying similar methods to reconstruct electric fields produced by source/sinks in bounded
domains. These fields are irrotational and arise in applications such as in electroencephalography
(EEG) [95]. Our aim is to recover fields which resemble the bioelectric field induced by the
neural activity using the potential measurements on the scalp. For this purpose, we follow the
numerical concepts suggested in [137, 176], i.e. we use the discretized longitudinal line integral
for the reconstruction of electric fields from potential measurements. In particular, we show that
the numerical solution of the linear system that is derived from the numerical approximation of
the line integrals can be used for the reconstruction smooth irrotational fields and more complex
electric fields which resemble bioelectric fields. The main advantage of this approach is that
there is no need for the incorporation of the source model in the equations unlike, for example,

in the EEG source imaging problem [62, 61, 55].

4.3 Reconstruction of 2D Continuous Vector Field in Domains

with non-Homogeneous Boundary

In this section, we employ the FST to derive relationships between the irrotational, solenoidal
and harmonic components of a 2D field with its longitudinal and transverse line integrals by
assuming non homogeneous boundary conditions. The analysis is based on [12] where theoretical
aspects of the recovery of fluid velocity fields using ultrasonic measurements was presented.
However, here we deal with a more general case. We show that the FT of the longitudinal
line integral equals to the harmonic component when the solenoidal part of the field is zero.
Additionally, when the field is both irrotational and divergence-free then only the longitudinal

and transverse line integrals are needed for the reconstruction of the field. This section was
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added in order to clarify the vector components which can be retrieved from the integral data
when the analysis is carried out in a continuous and bounded domain. Most of the previously
published theoretical analysis deals with fields with zero values on the boundaries or infinite
domains.

In a 2D domain © C R?, let us denote f(x) = (f4(x), fy(x)) : @ — R? as the unknown vector
field. The field is non-zero on the boundary 9%, f(x)|sn # 0. The line L of integration is defined

by the parametric expression

L(¢,p) :={x= (z,y) € Q:xcos¢p+ ysinp = p} (4.10)

where p is the signed distance of the line from the origin and ¢ the angle as shown in Fig. 4.1.

A
7’
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Figure 4.1: 2D Line L on z plane with parameters (¢, p) where 0° < ¢ < 180° and p € R.

The longitudinal line integral (4.2) can be expressed as a surface integral using the 1D Dirac

delta function §(-) and § = (sin ¢, — cos @), i.e.
IQ :// (fz sing — f, cos@)d(x cosd + y sinp — p) dxdy. (4.11)
(z,y)€Q
Similarly, the transverse line integral is

I = // (fe coso + f, sing)d(x cos ¢ +y sing — p) dxdy, (4.12)
(z,y)€Q
as 8| = (cos¢,sin ). The FTs of (4.11) and (4.12) are

jl(/f) = /Igei(“p) dp = f, sing — }; cos ¢ (4.13)

Ffé(lﬁ) = /Ife_i(”p) dp = fy cos+ fz, sin ¢, (4.14)

where f; = f(x,y)eQ fo(, y)emin(@eosotysing) qoqy and fy = f(r,y)eﬂ ol y)e~ir(@cosdtysing) gy qy,
are the FTs of the f, and f, components and - refers to the FT of the components.

Furthermore, according to the Helmholtz-Hodge decomposition theorem [9], a smooth vector
field f(x), defined in a bounded domain, can be uniquely decomposed into three components: 1)

an irrotational component Vug(x), which is normal to the boundary; 2) an incompressible com-
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ponent V x a(x) = (g—;, —%), which is parallel to the boundary; and 3) a harmonic component

h(x) = (hg, hy), ie.
f(x) = —Vup(x) + V x a(x) + h(x). (4.15)

The harmonic component h(x) satisfies the conditions V - h(x) = 0 and V x h(x) = 0.
From (4.15), we have that the derivatives of f(x) are

~ Oa  Oug
Jo(x) = oy ox + hg,
da  Oug

fy(x) = “or oy

(4.16)
+ hy

and the FTs of the f, and f, components are

fo(k) = (ir)a sin ¢ — (ir)To cos ¢ + hy

: - (4.17)
fy(k) = —(ik)a cos ¢ — (ik)ug sin ¢ + hy,.

From (4.13) and (4.17), the FT of the longitudinal ray transform becomes

7l

s(k) = (ir)a + hy sin ¢ — ﬁy Cos ¢. (4.18)

And equations (4.14) and (4.17) results in the FT of the transverse integral
ffé(/—;) = —(iK) ug + hy cos ¢ + iNzy sin ¢. (4.19)

When the field f(x) is irrotational (V x f(x) = 0) then V x a(x) = 0. The field is f(x) =
—Vug(x) 4+ h(x) and the FT of the longitudinal line integral becomes

f¢(m) = hy sing — Ey oS ¢. (4.20)

In this case, the longitudinal integral gives information related to the harmonic component.
However, (4.20) and (4.19) measurements are not sufficient for the full reconstruction of a 2D
irrotational field, since we have two integral measurements and three unknowns and an extra
condition is required. Now, when the field is also irrotational (V x f(x) = 0) then f(x) = h(x)

and the FT of the traversal ray transform becomes
f;‘(/i) = hy cos ¢ + Ey sin ¢. (4.21)

Therefore, the longitudinal and the transverse integrals can recover a harmonic field in an area.
However, in practice the transverse integral is difficult to be measured. Thus, instead of the
transverse line integrals for the reconstruction of a harmonic field we can use alternative prior
knowledge. In section 4.6, we show that the numerical computation of harmonic fields is feasible
in a discrete domain using the longitudinal line integral and the prior knowledge that the field

is divergence-free.
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4.4 Estimation of Electric Fields in Discrete Domains

In this section, we describe the numerical estimation of a 2D electric field using the line integral
measurements. We formulate the discrete VFT problem for the reconstruction of irrotational
field and we describe the line integral approximations used in the computations.

Let us assume that in a convex domain  C R¥, where k is equal to either 2 or 3 depending
whether the analysis is carried out in 2D or 3D (in the following simulations k& = 2), the field

e(x) : @ — R¥ where x € Q, satisfies the curl-free condition
V xe(x) =0. (4.22)

This condition implies that e(x) can be expressed as the gradient of a scalar function u(x) : Q —
R [3], i.e.
e(x) = —Vu(x). (4.23)

Therefore, the longitudinal line integral (4.2) of e(x) along a ray L with end points x, and x;

on the domain boundary 052 equals to
1l - / e(x) - § dl(x) = / _Vu(x) -8 dO(x) = u(xa) — u(xp). (4.24)
L L(Xavxb)

In this inverse problem, the potential differences between boundary measurements, which equal
to the longitudinal integral data, will be used for the numerical estimation of the field in the
domain 2 (see Fig. 4.2).

0)

Figure 4.2: Tracing lines between the measurements. The difference between u!) and u9) gives
the value of the line integral along the line which connects measurement points (1) and (7).
In this problem, the observation vector comprises the potential differences between all possible
pairs of electrodes.

For the solution of the problem, the concept of the numerical methods, described in [137, 176,
111], was followed. The domain 2 is divided into elements €2; and N nodes. The approximate
longitudinal line integral along a line L; which “traces” €2 and intersects {2 at two points equals

to

Auj = IL (e) = / e(x)-§ dl(x) = Z sy -, (4.25)

Lj L;eQ;
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where Aw; is the potential difference between these two electrodes, e; € R* is the electric field
at node x; € €2; and sy € R* are the corresponding approximated line integral coefficients. If

line L; does not intersect the discrete element which includes the node x; then the respective

sy = 0. Analytical description of the estimation of the coefficients sy is given in section 4.4.3.

In practice, the number of the electrodes is finite and thus a finite set of boundary potential
measurements can be obtained. The set of potential measurements is u = (u(x1), u(x2), ..., u(xm))
where (x1,...,Xy) € 00 and m is the number of electrodes. For the potential differences between

all possible pair of electrodes, equation (4.25) can be expressed in matrix form as
Du = Slle, (4.26)

where e € RFN is the electric field distribution, S| € RV ig the so-called longitudinal ray

% and D € R™>™ ig the difference matrix to calculate the differences

matrix with [ =
between the potential measurements u € R™. So, the longitudinal integral data vector comprises
the potential differences between all possible pairs of electrodes and is given by [ I = Du e RL

Similarly, a set of transverse line integrals

I = /L e(x) -8 di(x) (4.27)

yields the linear system
I+ = Ste, (4.28)

where I+ € R is the transverse integral data and S+ € RI¥*N s the transverse ray matrix.

4.4.1 Ill-posedness and ill-conditioning of the Problem

The line integrals of the vector field are compact operators between appropriately defined spaces
and therefore, they are not continuously invertible [111]. Thus, the continuous VFT problem
is ill-posed, as the third Hadamard’s condition is not satisfied [37]. Generally speaking, the
ill-posedness term technically applies only to continuous problems. The ill-posedness of the
continuous problems is inherited as ill-conditioning of the discrete version of the problem. Even
though, the discretization of the problem is an implicit regularization (this, in literature, is
referred to as regularization by discretization [40]), usually some kind of extra regularization is
required in order to obtain a good solution.

Furthermore, in practical applications, usually the line integral measurements are an incom-
plete sampling of information. Therefore, the ill-posedness, in addition to the instability, is also
related to the non-uniqueness of the solution (second Hadamard’s condition) and therefore prior
information needs to be incorporated in the modeling.

In the discrete electric field reconstruction, the ill-conditioning of the ray matrix (4.26) is
related to the invertibility of the integral operator as well as to the fact that the number of
observed measurements is normally far less than the number of unknowns. Thus, in the test

cases examined in sections 4.6 and 4.7, penalties and prior information are used to ensure an
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accurate reconstruction.

4.4.2 Implicit Regularization using Line Integrals

The fact that the number of the integral data (I = %) is larger than the number of potential
measurements m in equation (4.26) can be used as an implicit regularization to the problem. In
this section, we give a brief explanation how the integral data redundancy can act as an implicit
regularization.
In particular, using the QR decomposition [100], the difference matrix D in equation (4.26)
can be decomposed as
D = Q[R"Y, 0™t (4.29)

where Q € R/, R € R™*™ is an upper triangle matrix, 0 € RU=™*™ ig a zero matrix and T

denotes the transpose of a matrix. Thus, the linear system (4.26) can be re-written as
QIRT,0T)Tu = Slle. (4.30)
Because Q! = QT,
[RT,07]Tu = QT Slle. (4.31)

If Q = [Q1,Q2]T where Q; € R™*! and Q5 € R(E=m)%L then from (4.31) we obtain
R =@Q;Sle and @,Sle=0. (4.32)

So, the solution of (4.26) is equivalent to the solution of (RT)u = Q1 S!le with constraint Q,Sle =
0.

However, due to the (intrinsic) instability of the integral operator as well as to the fact that
the number of observed measurements is usually less than the number of unknowns (I < kN),

further regularization is required for a good solution.

4.4.3 Computation of the Longitudinal Line Integrals

For the numerical formulation of the problem, the 2D domain €2 was discretized using triangular
elements €); i.e. Q= Uf{zl Q; where K is the number of triangles. The longitudinal ray transform
(4.25) was defined by

=Y 18 (4.33)

where I(Aig:” is the longitudinal line integral along the line segment of line L; in the triangle 4

(e.g. Fig. 4.3).
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Figure 4.3: In a discrete domain, the ray transform can be expressed as the sum of the line
integrals along the line segments of the ray L which intersect the discrete elements.

In the following analysis, we estimate the line integral in one triangle with corner point xi,
x9 and x3. The estimated integral coefficients are assigned to the corresponding elements of the
ray matrix Sl in (4.26).

The line integral along the segment AL defined by the intersection of the line L; with the
triangle at points x4 and xp (Fig. 4.3) is

1O = /A el di(x) = / e(s) - ds, (4.34)

AL

where § dl(x) = ds and the position vector along the line segment AL = ||x4xp||2 is given by
s=x4+ (xp —xa)t (4.35)

for ¢t € [0, 1].
Also,
ds = (xp — x4)dt. (4.36)

Thus, the line integral (4.34) can be rewritten as
. 1 1
) = / ofs) - ds = / e(t) - (xp —x4) dt = (x5 — x4) - / o(t) dt.  (4.37)
AL 0 0

The next step is to approximate the field e(t) and solve the integral (4.37). We approximate the

field using a linear interpolation. In particular, the field inside the triangle is approximated by
e(x) =e; + |:62 —e; e3—er| A=e1 + PXx, (4.38)

where eq, e; and e3 € R? are the field values at the nodes of the triangle, P = |:62 —ep ez — el] €
R2*2 and A(x) = [\ A2]T are the interpolation coefficients.
For the estimation of the coefficients A we use an iso-parametric mapping in which the

element geometry and the field are represented by the same interpolation polynomial [171]. The
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position vector inside the triangle is given by
X:X1+|:X2—X1 X3—X1]d:X1+JA, (439)

where
J= [Xg —X| Xg3— Xl} (4.40)

and A = [A\; Xo]T are the coefficients defined in (4.38) that satisfy Ay > 0, Ao > 0 and A\; + )2 < 1.
We estimate A by solving (4.39), i.e.

A= J 1 x—x1). (4.41)
Substituting (4.41) into (4.38) we get
e(x) = ey + PJ ' (x — x1). (4.42)
Finally, the field e(t) along the line segment is given by setting x = s = x4 + (xp — x4)t, i.e.
e(t)=e1 + PJ_l(XA —x1 + (xp —x4)t) (4.43)
Substituting (4.43) into (4.37), we obtain the linear approximated line integral
1) = (xp = x)" e + (xp —xa)T - /(PJ‘l(xA — X1 + (x5 — x2)t)dt

1
= (XB—XA)T- <61+PJ1(XA—X1+(XB—XA)/ tdt)
0

(4.44)
— (xp —xa)T- <e1 4 PT  (sa —x1 4 %(XB _ XA)>
— (xp —xa)T- <el + PJ_I(%(XB +xa) — x1)> .
If we set J~1 = [Bl BQ] and y = %(XB +x4) — x1, then
) = ((XB —xa)"- [61 e 63]) T, (4.45)

where T = |:1—(B1—|—B2)‘y By Bg-y}.
The coefficients of the transverse ray matrix (4.28) can be estimated in a similar way by
replacing the vector (xgp — x4) with its normal. In the following sections, we use this numerical

approach for the estimation of the coefficients in the ray matrices.
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4.5 Simulation Set-up and Evaluation Metric

In the following sections, irrotational fields satisfying different properties are reconstructed. In
particular, two different sets of tests are performed. In the first one, the approach is evaluated
for the reconstruction of smooth harmonic and irrotation fields using the proposed approach.
In the second set of tests, we deal with the reconstruction of electric fields produced by dipole
sources inside a bounded domain. In this latter case, we use prior information related to the
structure of the field and penalty terms which satisfy the boundary conditions.

In all cases, the electric field minimization problem has the general form
min || Dug — Sle||2 4+ regularization term, (4.46)
e

R2N

where e € is the electric field, N the number of discretization points, Dug¢ € R! the potential

differences in the presence of additive noise ¢ and S| € RN is longitudinal ray matrix.

The observation vector, Dug, which is the multiplication of matrix D with the potential
measurements u¢, comprises the potential differences between all possible pairs of electrodes,
i.e. for m electrodes, the integral data is of size [ = w The potential measurements
are given by ug = u + §{ where v € R™ and £ € R™ is the noise vector with distribution
€~ N (0,5 I™™).

We quantified the reconstruction accuracy of the approach using the point-wise reconstruc-
tion criterion, called reconstruction error (REC) [42], given by
e é

N 4.47
lele ~ Tell (4.47)

REC—’
2

where e denotes the correct (forward) field and é the estimated one.

The Signal-to-Noise ratio of the input data (SNR;,,) was defined as SNR;,, = 201og % In
the following simulations, for each value of | /7¢ (noise level), we performed 40 reconstructions
using different noise vectors which were drawn from the Gaussian distribution. The average and
standard deviation of the REC were estimated based on the corresponding reconstructed fields.

In the following test cases, the vector fields were reconstructed in a 2D homogeneous circular
domain 2 with radius 0.1m and center at the origin (0,0). The potential measurements u were

obtained from m = 32 point electrodes equally distributed around the domain.

4.6 Smooth Field Reconstructions

In this section, we reconstruct vector fields at a set of N discrete nodes inside a 2D region of
interest from integral data under the assumption that V x e = 0. We reconstruct two simple
fields in order to assess the potential of the numerical approach to recover fields without any

singularities or very high frequency components.
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4.6.1 Divergence-free Electrostatic Field

The first experiment concerned the reconstruction of a field which is both irrotational and
divergence-free. The divergence-free property (i.e. V -e = 0) implies that there are neither
sources nor sinks in this region and thus the field does not have singularities.

The field was estimated using the linear system (4.26). To improve the stability of the
system and to obtain a good solution, the divergence of the field was used as a penalty term.

The estimation of the field was based on the minimization
¢ := min || Due — Sle|3 + \|V - e||2, (4.48)
(&

where e € RV, Du¢ € R! the potential differences in the presence of noise &, Sl € RI*2N
is longitudinal ray matrix and A the regularization parameter selected by visual inspection
(A =0.001). The number of mesh node was N = 480. The divergence operator was numerically
approximated using the Graph toolbox (Matlab) [79].

In this section, we solved the minimization problem (4.48) for the case of a smooth elec-
trostatic field. The integral data was obtained from the potential differences between pairs of
electrodes. The potential value at each electrode was estimated from the Columb’s law i.e.
u(x;) = —ke Z?Zl sz—qw for i =1,...,m. The constant k. is the Coulomb’s constant [3] (for
the simulation we set k. = 1), x; are the locations of the electrodes (sensors), x,, are the loca-
tions of the electric charges (monopoles) with g; the values of the charges. The source locations
x4, were outside the domain of interest in order to ensure that the field inside the domain does
not have singularities.

In the test case (Fig. 4.4 ), the potential measurements were computed considering two
monopoles located at (0.0373, —0.1684) and (—0.0224,0.1711) with respective charges ¢; equal
to 1 and —1. The potential measurements were taken from m = 32 points around the circular

domain and the input integral data had size | = 496. The field é was estimated by solving

Region of interest
+  Sensors
x  Point source

02 *

0.1

Figure 4.4: Test Set-up: The circular domain (coloured in red) designates the area of interest.
The sensors (electrodes) are placed around the domain. The blue x show the locations of the
charges and the arrows the correct electrostatic field. In this experiment, we are interested in
estimating the electrostatic field inside the circle.
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Average REC =+ std
SNR;,, (dB) 60 40 30
‘ # point sources 2 0.35£0.002 | 0.67 £0.055 | 1.01 £ 0.065

Table 4.1: Average Reconstruction Error (REC) and standard deviation (std) of the electrostatic
field of two monopoles. 40 different noise vectors where used for each noise level.

(4.48) (inverse solution) and it was compared with the correct electrostatic field computed
using the analytical expression (Coulomb’s law) for the electrostatic field (forward solution)

e(x;) = Z§:1 %, for I = 1,..., N and where x; denotes the coordinates of the I node.
Figure 4.4 shows the test set-up and the forward solution. The arrows and the blue markers
indicate the correct field and the location of the sources. The light red circle designates the
region where the field é is estimated.

In Fig. 4.5, we see the results for different levels of noise, the first row corresponds to the
amplitude of the field and the second row to the normalized field orientation lines. We visualized
the normalized vector field lines instead of the actual ones in order to improve the clarity of the
figure. Additionally, the leftmost pictures, titled “Test case”, designate the magnitude and the
unit length field lines of the correct field, and the rest of the pictures, the reconstructions for

decreasing value of SNR;,.
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Figure 4.5: Left column depicts the magnitude and vector lines of the reference vector field (an-
alytically estimated field using Coulumb’s law) and the remaining pictures, the reconstructions
for decreasing SNR;;,, (A = 1073).

For each noise level, minimization problem was solved 40 times using different noisy data.
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The average values of the reconstruction error metric REC and the corresponding standard
deviations are shown in Table 4.1. According to Fig. 4.5 and Table 4.1, the pattern of the
reconstructed field follows the correct vector field for low noise level. The orientation of the
recovered field is similar to the correct field with very few small deviations and the same can
be said about the magnitude when the additive measurement noise is not prominent. However,
there seems to appear some artefact and small discontinuities in the reconstruction. These may
be related to the discretization of the domain, the linear approximation of the field and the

linear approximation of the penalty term.
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4.6.2 Irrotational Vector Fields

In the second experiment, two smooth fields with non-zero divergence were studied. These fields

were estimated by minimizing
& = min || Duge — Slle||2 + \[|VZ - e]]3, (4.49)
e

where e € R?V, Due € R! is the vector with the differences between the noisy potential mea-

(62 92

RIX2N 52 672) is the Laplace operator and A

surements, Sl e is longitudinal ray matrix, V2 =
the regularization parameter. The vectorial Laplace operator was used as a smoothness penalty
term and it was approximated numerically using the Graph toolbox [79].

The domain of reconstruction was a circle with radius 0.1 and centered at (0,0). The m = 32

potential measurements at the electrodes were computed analytically, according to

u(xg, y;) = Zta -1 yl:aj, fori=1,...,m, (4.50)
j

where (z;,y;) are the coordinates of the electrodes and (a;,b;j) are constants and indicate the
locations of the field vortices. The integral data Dus was estimated by taking the differences
between pairs of potential measurements. Subsequently, the field € was estimated by minimizing
(4.49). The regularization parameter in (4.49) was equal to 0.005.

In the following test cases, we compared the estimated solutions é (inverse solution) with

the field (forward solution) given by the analytical expression

xl —ay
(21 —aj)? + (y —b;)* |’

forl=1,...,N,

TS
[
S
M -

k
Y — b
e(z,y) = | — Z (@ —0) +

j=1 =

(4.51)
where (z7,y;) are the coordinates of the N mesh nodes and k indicates the number of vortices
of the field. The vector fields (4.51) satisfy the irrotational property if we exclude the vortex
point (aj,b;). Thus, we selected ,/ajz + b? > 0.1 in order to ensure that the vortices at points
(aj,b;) are outside of the circular domain (region of interest) and thus the estimated potential
data corresponds to an irrotational field.

In this section, we present the reconstruction of two vector fields with different number of
vortices k. For the test case A, the boundary data (4.50) was estimated for kK = 1 and (a1,b1) =
(0.12,0). In test case B, the potentials were computed for & = 3 and (a1,b;) = (0.12,0),
(a2,b2) = (0,—0.12) and (as, b3) = (—0.101,0.101). The second field B is less smooth compared
to the first one. The correct field A and B and the reconstruction area for the two test cases are
shown in Fig. 4.6. The area of interest was the circle coloured in light red.

In Table 4.2 and Fig 4.7 are summarized the estimated average REC for the two cases. In
both cases, we can see that the reconstruction results are good when the level of measurement

noise is low and the estimates deteriorate when the level of noise increases. Additionally, for
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Figure 4.6: Test Set-up: the reconstruction area is the circle (in light red)(A) Test case A
(left image) correct field A with vortex at point (a1,b;1) = (0.12,0). (B) Test case B (right
image) correct field B with & = 3 and (ai,b1) = (0.12,0), (ag,b2) = (0,—0.12), (as,b3) =
(—0.101,0.101).

all the noise levels, according to the REC, the reconstruction result is slightly better for the
test case A, where the actual field is simpler, compared to test case B where the field is more

complicated with 3 vortices close to the region of interest.

Average REC =+ std

SNRij, 60 40 30
k=1 {0.184+0.003 | 0.36 £ 0.049 | 0.72 £ 0.09
k=3 1{0.26+0.008 | 0.71£0.095 | 1.10£0.13

# vortices

Table 4.2: Average reconstruction error (REC) and standard deviation (std) for the irrotational
fields. 40 simulated noise vectors were used for each noise level for the estimation of the statistics.
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Figure 4.7: Left column shows the magnitude and the vector lines of the correct field (Test
case) and the remaining pictures staring from left to right, the reconstruction results for SNR;;,
equals to 60dB, 40dB and 30dB. Test case A (first two rows): reconstruction of a field with
k = 1 vortex at location (a;,b1) = (0.12,0). Test case B (the last two rows) reconstruction
of a field which has k& = 3 vortices at locations (a1,b1) = (0.12,0), (ag,b2) = (0,—0.12) and
(ag,b3) = (—0.101,0.101).
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Figure 4.8 shows the average REC and the corresponding standard deviation intervals as a
functions of the SNR;,. As it was expected, when the SNR;, is high, i.e. the additive noise is
low, the REC decreases and the reconstruction result improves. We can notice that for high
values of the SNR;,, (above 40dB) the variation of the REC is very low. Additionally, we can
observe that the reconstruction error is higher for the test case B because the vector field B is
more complex compared to the vector field in test case A.

o O
o0

o o
Ao

30 40 50 60
SNR,, (dB)

o
(&

Average REG+ std

o

Figure 4.8: Average REC =+ std (standard deviation) with respect to the SNR;,.
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4.7 Electric Field Reconstructions produced by Dipole Sources

In this section, we test the approach for the reconstruction of an electric field produced by
a focal source inside the domain. Such vector field is of great interest because it resembles
the bio-electric field generated by brain activity. In addition, we examine the reconstruction
performance in the case of additive boundary noise. For the evaluation of the reconstructions
we used the REC metric defined in (4.47).

In particular, we reconstruct electric fields e(x) = (ex(x),e,(x)) : x € Q — R? caused by
a focal (dipole) source inside a homogeneous bounded circle Q. Considering that the quasi-
static approximation holds, the Maxwell’s equations for the electric field are V x e(x) = 0 and
V - e(x) = p(x) where p(x) is the current source density inside the domain. The boundary
condition is e(x) - 11|pn = 0, where 7 is the unit normal vector of the boundary 0f) of the domain.

The electric field is estimated by minimizing the functional

min Y [Au; - I ()] + A e(x) - it dl(x)|?
j x€EOS)

(4.52)
+v /XGQ lw(x)(V? - e(x))| dx + sz: |ILL]- (e)l,

where the first term is called fidelity term and is defined as the difference between the potential
measurement difference on the boundary and the longitudinal line integrals I Qj (4.25). The
second term is the boundary condition which ensures that there is no outwards flux. The third
penalty term is the L; norm of the Laplacian, V2 = (68722, %), which imposes connectivity and
sparsity in the field. In particular, the electric field is almost everywhere smooth and close to
zero apart from a small area around the dipole source. Hence, we employ the Laplace operator
in order to smooth the solution; however, because there is a source inside the domain, we relax
the strict smoothing effect by using the Laplace with the L; norm. Additionally, the weights w
ensure that the solution is not a harmonic field and it attains its maximum only on the boundary
(see section 2.5.5). Thus, using the weights it is possible to reconstruct also fields with maximum
amplitude deeper inside the domain.

The last penalty term corresponds to the transverse line integral (4.27). A transverse line
integral [ LLJ (e) can be interpreted as the vector flux across the line of integration. Numerically,
the transverse line integral is equal to the sum of the inner products between the field along the
line and the unit normal vector of the line. For an electric field in a domain with sources/sinks
(dipole source), the total flux across most of the lines is zero because either the field values are
very low far from the source or the field is parallel to the line (see for example the red line
in Fig. 4.9). However, the transverse integral is non-zero only for few lines (e.g. blue line in
Fig. 4.9) which trace the domain close to the source location and are normal (or nearly normal)
to the dipole direction. Hence, sparsity was imposed on the transverse line integral term. This
sparsity constraint forces the source and sink to be close to each other in order to resemble

a neural source. Finally (A, v, k) denote the corresponding regularization parameters. For the
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Line perpendicular to the dipole
Line parallel to the dipole

Figure 4.9: Two tracing lines and the vector field. The red line is parallel to direction of the
dipole moment and the blue line is normal to the dipole moment. The total flux across the red
line which corresponds to the tangential integral along this line is equal to zero. On the other
hand, we see that the blue line divides the circle into two regions and there is flux from the left
hand side region to the right hand side.

numerical estimation of the field, the above minimization problem is written in matrix form as
min | Du — Slell3 + A|Tell3 + vI|Belly + ]| S™e]l (4.53)

where e € RV is the discrete electric field (E-field), Du € R are the differences of the potential
measurements, S|l € R*2N is the longitudinal ray matrix and [ the number of line integrals.
Furthermore, the Ly norm of Te corresponds to the boundary condition with 7' € R?2N and b
is the number of boundary nodes. Matrix B = (W B ® I?*2) is the weighted discrete Laplace
operator (see appendix B.5 for further details), ® denotes the Kronecker product and matrix
W is a diagonal matrix, W = diag(ws, ..., wy). In the current implementation, we selected the
weight w; to be the normalized distance of the i** node from the center of the circle. Finally,
matrix S+ € RW includes the coefficients of the transversal ray matrix. Problem (4.53) is a
non-linear optimization problem. For the estimation of the field, the CVX toolbox was used
[11, 52].

Forward Model and Measurements

In this paragraph we describe the model that was used to derive the observations. Moreover,
the same model was used to compute the forward field (forward solution) in order to compare
and evaluate the reconstruction results (4.53). For the forward estimation we used finer mesh
compared to the mesh used for the inverse solution (4.53). The nodes of the forward mesh are
denoted ny N and of the inverse mesh by N (Table 4.3). In particular, the potential values

Uy € RY in a circular domain were estimated from the the linear system

uy = Kydy, (4.54)
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Mesh
# Nodes

Inverse

760

Forward
3045

Table 4.3: Number of node for the forward and inverse mesh.

where K, € RV %27 i the lead field matrix of the forward model (assuming constant conductivity
equals to 1). The number of possible source location is denoted by 7 and the number of mesh
nodes by N (7 < N). The simulated dipole source is d; € R?". For a single source, vector d
has only two non-zero values, one for the x- and y- component respectively.

The potential measurements vy = (a4 (x1), ..., %+ (xn))T + & were obtained from 32 points
at locations x; equally placed around the circular domain. The noise vector £ was drawn from
a Gaussian distribution, £ ~ N(0,yI™*™).

potential differences Dv, between the m electrodes.

The integral data was estimated by taking the

Also, the forward field, given by é4 = -V, € R2N , was computed numerically by applying
the linear gradient reconstruction approach [19]. The results, estimated solving (4.53), were
compared with projected forward field, e, = Pé, where P € RN*V is a linear reduction

mapping operator, using the REC (4.47).

Inverse Solutions

The field was estimated solving

é = min | Dvy — Slell3 + Al|Te||3 + v|Bells + x[|S*els (4.55)
The following figures show the reconstruction results of the E-Fields produced by a single dipole
source which was (i) deep in the domain, (ii) superficial-normal (iii) superficial-tangential to the

boundaries. The results are summarized in Fig. 4.10, Fig. 4.11 and Table 4.4.

Average REC =+ std
SNR;,, (dB) 60 40 30
Deep Dipole 1.4+0.0 1.5£0.011 1.5 £0.031
Superficial Dipole Normal 1.224+0.0 | 1.223 £0.017 | 1.26 £ 0.043
Tangential | 1.23 £ 0.0 1.254+0.08 1.2£0.012

Table 4.4: Average Reconstruction Error (REC) and standard deviation (std) for the E-Field
of a single dipole source. For each noise level, 40 reconstruction were performed using different
noise vectors.

About the E-field results we can say that the maximum strength of the electric field is in the
correct location in all the test cases. However, the reconstructed electric field strengths are lower
than the correct strengths. In addition, the reconstruction accuracy decreases with increasing
noise as it was expected.

Moreover, the dipole, by definition, consists of a source and a sink that are separated by

a (very) short distance. This can be seen in the leftmost pictures with the unit length E-field
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Figure 4.10: A test case of an E-field produced by a deep source. Left column shows the
magnitude and the vector lines of the forward field (Test case) and the remaining pictures
staring from left, show the reconstruction results for SNR;, equals to 60dB, 40dB and 30dB.

arrows in Fig. 4.11, the arrows point inwards and outwards at the ends of the dipole. In the
reconstructions of field produced by superficial sources, it can be seen that the source and the
sink are separated by slightly larger distance than what should. The mentioned reconstruction
errors both in the magnitude and the orientation may be partly due to the linear approximation

of the line integrals and partly due to the coarse discretization of the domain.
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Figure 4.11: This figure shows two different test cases. Left column shows the magnitude and
the vector lines of the forward field (for each test case) and the remaining pictures staring from
left, show the reconstruction results for SNR;,, equals to 60dB, 40dB and 30dB. The two top
rows correspond to the test case where the E-field was produced by a superficial source which
is normal to the boundary. The last two rows correspond to the reconstruction case where the
field was produced by dipole source (almost) tangential to the closest boundary point.
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4.8 Summary

In this chapter, vector field tomography was employed to reconstruct electric fields based on
known boundary data. The test cases included the reconstruction of harmonic fields, irrota-
tional fields and non-zero divergence electric fields caused by dipole sources inside the domain.
Spesifically, the last case which is the most challenging has practical importance because it
corresponds to EEG imaging in which brain activity (caused by dipole-like sources) is localized
based on potential measurements around the scalp.

It was shown that the pattern of the electric field strength distribution could be reconstructed
correctly using vector field tomography, even though the absolute values were not always correct.
Due to the linear approximation of the line integrals also the arrow figures that depict the E-field
lines had sometimes errors near the dipole source. Nevertheless, it is noteworthy that based on
the form of the electric field strength, correct active areas could still be localized even in the

case of dipole source imaging.
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Chapter 5

Compensation of Approximation and

Modeling Errors in EEG Imaging

The goal of EEG source imaging is to reconstruct the source activity inside the brain from
potential measurements on the scalp. The main factor that limits the current accuracy and
applicability of the approach is the complexity and the variability of the brain anatomy. In
particular, because the EEG source imaging is an ill-posed inverse problem [122], the solution
is highly sensitive to measurement and modeling errors. Specifically, the accuracy of the inverse
solution can be affected by errors in the shape of the head model [55] and in the conductivity
distribution within the brain [169].

The geometry of the skull and the conductivities of the different tissues within the brain
vary among individuals. For instance, in Fig. 5.1 we see the variation in the geometries and the
thicknesses of the main head compartments for three different individuals. Typical values for
the conductivities of different brain tissue types can be obtained from the literature [122], but
the imaging results can be incorrect if the variation of the conductivities and the anatomical
complexity and lesions of the individual under examination are significant [170].

The effect of the head geometry and the induced errors in the inverse solution have been
studied by several authors. The differences in the solutions between a simplified geometry, such
as a spherical head with concentric layers and a realistic head were studied in [21, 143, 184, 7].
Also, the discrepancies in the shape and thicknesses of skulls are significant factors resulting in
source misplacement [5, 184]. The evaluation of the skull inhomogeneities (i.e. holes, lesions)
was presented in [125] and the effect of the variation of the skull thickness was studies in
[20, 5]. All these studies indicated the need of an accurate computational implementation of the
underlying model while only very small scale details, e.g. sulci and fissures on the cortical layer,
may be neglected from the EEG modeling [173]. Furthermore, the effects of variations in the
conductivities and anisotropic properties of the brain tissues and the resulting imaging errors
caused by poor conductivity modeling have been investigated in [6, 170, 179, 181].

The inverse solution should ideally be based on an exact head model for each particular

individual. However, the extraction of the real geometry for each individual is a multidisciplinary,
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Figure 5.1: Head geometries for different individuals. The three different lines show the three
main head compartments [96].

time consuming, expensive and challenging task. Strong clinical expertise is required while the
development of fast and robust segmentation, registration and post-processing algorithms for
the extraction of the conductivities and the construction a head with the conjunction of multi-
modalities (CT/D-MRI) are still open fields of research [160]. Therefore, the use of exact head
models is not feasible if we wish to use the EEG as a fast and low cost modality for monitoring
of the electrical activity.

In this chapter, we apply the so-called Bayesian approximation error approach (AEA) [67] to
the EEG imaging problem to take into account modeling errors due to unknown head geometry
and uncertainty in the conductivities of the different tissues. The AEA has been developed
specifically to cope with both modeling and numerical discretization errors [66, 4, 112]. Hence,
instead of an accurate head model which is too complex and time consuming to be extracted,
an approximative computational model is employed in the inversion. The statistical discrepancy
between the accurate model and the approximate model is pre-computed and considered in the
inverse modeling. This discrepancy is called the approximation error and is incorporated in the
model as an additional term. The approach is Bayesian in the sense that the computation of the
approximation error statistics is performed over the modeled priors of the unknowns. The likeli-
hood model includes the statistical models of both the approximate error and the measurement
noise. By incorporating an appropriate prior, it is possible to construct the posterior density. A
Bayesian point estimate, e.g. maximum a posterior (MAP), can be used to visualize the brain
activity [66]. To summarize the main idea, the AEA allows the use of a simple head model for
every patient by taking the individual variations into account by means of a statistical model.

In this work, we evaluate the feasibility of the AEA to reduce the errors caused due to the
use of a coarsely discretized, three-layer, concentric circle geometry in the EEG source imaging
instead of a realistic head model. In the simulations, we consider only the reconstruction of sparse
sources arising in cases like focal epilepsy. In particular, we examine two different cases; in the
first case we assess how the method can compensate for the source localization errors arising
from the discrepancies in the head geometry and the model reduction. In this first case, we
consider fixed conductivity values and noiseless measurements. In the second case, we consider
the combination of unknown geometry, unknown conductivities and additive measurement noise.
With the second set of experiments, our intention is to test the method with more realistic

examples. The conductivities are isotropic in both cases. The tests were performed only in 2D
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domain. However, the extension of the method in 3D cases is straightforward and is left as a
future work. Our simulations show that the incorporation of the approximation error statistics
in the inverse model improve the estimation of the location of the focal sources.

The remainder of the chapter is organized as follows. In section 5.1, we give a brief overview
of the application domains where the AEA has previously been applied. The theoretical back-
ground of the AEA is presented in section 5.2. In section 5.3, we describe the details about the
the simulation configurations, the test cases we examine and the computation of the approxima-
tion error statistics. The results using simulated data are shown in section 5.4 which discusses

the feasibility of the AEA approach to reconstructing focal sources.

5.1 Review on Approximation Error Studies

The AEA has been successfully utilized in several applications, mainly in tomography-related
inverse problems, for example optical diffusion tomography (ODT) was studied in [4, 75, 164,
163], electrical impedance tomography (EIT) in [114, 85, 115], and several cases were studied
in [66] including dental X-ray imaging and image de-blurring. The extension of the AEA to
non-stationary linear and non-linear inverse problems was considered in [56], with application in
the time dependent tracking of the distributed thermal conductivity and perfusion coefficients of
human tissue [57]. The source of the approximation and modelling errors includes dimensionality
reduction (coarse mesh) of the model [4, 74, 85], unknown boundary shape [115], using isotropic
model for an anisotropic medium [45], truncation of the computational domain [75], unknown
contact impedances or sensors locations [114, 107], domain mismodelling [44] and approximative
mathematical model [164].

In ODT, the reduction of modelling errors caused by coarse discretization was studied in [4].
The method was tested with simulated data for two dimensional examples. It was shown that
the AEA allows significant reduction in the dimensionality of the FEM model while maintaining
accurate reconstruction compared with the conventional model when denser discretization is
employed. The feasibility of the AEA for the three-dimensional ODT problem with real data in
a cylindrical structure was presented in [75]. The method was able to compensate errors caused
both by coarse meshing and by truncation of the computational domain. The approach appears
to be especially attractive for low noise levels. In [44], the effects of the body shape discrepancy
on the computational model was studied. The difference between the actual geometry and the
standard model caused modelling anisotropy even though the actual medium was considered
isotropic. The optical absorption coefficients were estimated taking into consideration these
uncertainties when employing the AEA.

The anisotropic property of different tissues was considered in [45]. The uncertainties in
the background anisotropy values were treated as approximation errors. Specifically, the tissues
anisotropy parameters (i.e. the strengths and the direction) were considered as random variables,
with Gaussian prior distribution and the approximation error statistics were carried out. In [163],

the AEA was applied in order to reduce errors due to the approximate mathematical modelling
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of the light propagation in a low scattering body and the model dimensionality reduction. More
precisely, the computationally demanding radiative transfer equation was approximated with
the approximate diffusion model. However, the diffusion model describes light propagation in
strongly scattering media. Therefore, the AEA was used to balance the low accuracy of modelling
when a medium with weakly scattering property is examined. In [164], the approximation error
caused by the linear formulation of the problem was reduced applying AEA. In particular,
the linear model was derived from the first order Born approximation with an infinite space
Green’s function. Usually, the modelling errors can be corrected when reference measurements
with known background optical properties are available. However, frequently the background
properties are mismodeled and the reference measurement is not available. In those cases, it was
shown that the AEA allowed the reconstruction of good images. In addition, AEA was applied
to reduce the spurious artifacts caused by the scalp blood flow which can mask the underlaying
cortical activity [46]. Other errors related to optical sensors coupling, position inaccuracies of
the electrodes, unknown domain boundary and the feasibility of the AEA to reduced these errors
was studied in [107, 108].

Moreover, the approximation error approach has been utilized extensively in the electrical
impedance tomography (EIT). In particular, the AEA was applied for compensation of the errors
due to coarse discretization and restriction of the domain of interest in geophysical application
of EIT [80]. In process tomography, the model reduction and partially unknown level of the
liquid inside a cylindrical tank causing erroneous conductivity estimation, was treated with the
AEA [113]. Moreover, the extension of the previous study taking into account the errors due to
the unknown contact impedances of the electrodes was tested in [114]. In medical applications,
EIT has been proposed for the reconstruction of the conductivity distributions in the chest
region. The use of a generic geometry (in this case a cylinder) instead of the actual thorax
geometry and the reduced discretization introduced errors which were handled with AEA [115].
A further step for the approximate reconstruction of the chest cross sections was proposed in
[116]. Particulary, in addition to the conductivity estimation, a low rank approximation of the
modelling error was computed. An estimate of the modelling error was then used to compute an
approximation for the actual domain boundary shape which had been parameterized with low
number of parameters. Finally, other applications using EIT modality in process tomography for
the time-dependent tracking of the velocity flows in pipelines employed AEA for the reduction
of the model uncertainties [84, 85, 80].

5.2 Approximation Error Approach in EEG Imaging

In this section, we describe the theoretical background of the AEA for the generic EEG imaging
problem based on the analysis presented in [67]. The observation model for the EEG imaging

problem can be written in the form

v=A\o,z)+¢ (5.1)
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where v € R™ contains the measured potentials around the scalp, A is a mapping between the
quantity of interest z and the measurements. The variable x can be for example the source
distribution or the cortical potentials. The parametrization of the head geometry is denoted by
A, o are the electric conductivity of the tissues and £ € R™ is the measurement noise which is
Rmxm,

modeled as Gaussian  ~ N (&,,T'¢) with mean &, and covariance I'¢ €

In practice, for the estimation of z, the problem is represented in discrete form, i.e.

Ap(\,0,2) = AN\, o,2) as h — 0, (5.2)

R™*"™ is the numerical approx-

where h denotes the discretization level of the domain and A;, €
imation of A.

Let’s now define a sufficiently accurate numerical model
v = A(S()‘?O-vj) +&, (53)

where As € R™*" is the operator between Z € R and the measurements v € R™. The index
¢ in the operator implies that the discretization level and geometry description is such that the
numerical approximation errors are lower that the observation errors £.

In the AEA, the accurate model is replaced by an approximate computational model Ag(A\o, 09, z) €

R™>M0 with x € R™ in the following way:

v =A0(Ao, 00, 7) + (As(A, 0, ) — Ag(Xo, 00,7)) + &
:AO(A07 go, .Z') + E()‘a g, j) + f (54)
:Ao(/\o,Uo,.%') + v,

where

v=¢e(\o,z)+¢§ (5.5)

includes all the model uncertainties and the measurement noise. The error term (A, 0, %) in-
cludes all the modeling/approximation errors caused by the discretization, the geometry dis-
tortion and the unknown conductivities. In probabilistic terms, the approximation error is the
discrepancy of the predictions of the measurements when using the the accurate and approximate
model.

The variables Z and z in (5.4) are related according to
r = Pz, (5.6)

where P : R®™ — R™ is a linear model reduction map from the fine domain to the coarse
approximative domain.

The objective in AEA is to solve of the problem from Bayesian point of view, by deriving
an computationally efficient approximation 7 (z|v) for the posterior density 7 (z|v) based on the

model (5.4). In particular, in the Bayesian framework, all the variables including the measure-
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ments are considered as random and the stochastic nature of the problems is described with the

help of the probability distributions. The joint density of parameters x, v and v is
m(z,v,v) = (vlz,v)n(z, V), (5.7)

where 7(v|z,v) is the likelihood and 7(z,v) the prior model of z and v.

The joint posterior density using Bayes’ formula, is

m(x,v)m(v|x,v) ‘

m(v)

The joint posterior density model encodes all the uncertainties of the unknowns given the mea-

(5.8)

m(x,vv) =

surements. In practice, our interest is the primary unknown z which is obtained from the

marginal conditional distribution

m(x|v) = /77(1:,1/\1}) dv. (5.9)

In general cases, integral (5.9) does not have an analytical solution. However, it can be numer-
ically approximated with algorithms that are computationally highly demanding (e.g. MCMC
[66]). As we shall see in then next section, an alternative is to obtain a computationally efficient
approximation of the posterior density (5.9), by considering the Gaussian approximation 7 (z, v)

of the joint density m(z,v).

5.2.1 Construction of the posterior density

In this section, our objective is to derive a computationally efficient approximation to the pos-

terior density (5.9) using the model (5.4). From Bayes’ rule, the posterior is given by

m(v|z)m(x)

7(v)

where 7(v|x) is the likelihood and 7(x) is the prior density. The probability w(v) > 0is a constant

m(zlv) = x w(v|z)m(x), (5.10)

and can be neglected. The first step for the estimation of the posterior is the derivation of the

likelihood. In particular, from (5.4) we have that the likelihood for given x and v is
m(v|x,v) = 6(v — Ag(No, 00, ) — V), (5.11)

where §(+) is the Dirac-delta function. The marginal likelihood over v is

m(v|x) = /W(U,V|.%') dv. (5.12)
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From chain rule n(z,v,v) = 7(v|z,v)n(z,v) = w(v|y,z)r(v|z)n(z) [132] and Bayes’ theorem,

we can derive the density (v, v|z), i.e.
7(v,v|z) = m(v|v, )7 (v|x). (5.13)

From (5.12), (5.13) and (5.11) the likelihood is

mw(vlz) = /TF(UZ/, x)m(v|x)dv = /5(1} — Ap(Ao, 00, ) — v)m(v|x) dv. (5.14)

Thus,
m(v|z) = T (v — Ao(Ao, 00, 2)|2). (5.15)

The subscript v|z is used to clarify that m,,(.) is the conditional probability density of the
random variable v given z.

From (5.10) and (5.15), the posterior density becomes
m(z|v) o< 7(v]x)T(T) = 715 (0 — Ao (Ao, 00, 7)|2)) (). (5.16)

In the AEA, the additive noise is consider Gaussian with § ~ N (&, T¢) and independent
of x and the modelling parameters. Furthermore, before the inference, the joint density m(z,¢)
is approximated by a Gaussian distribution 7(z,¢e). Therefore, the conditional 7, (5.15) is

approximated by

- 1 _
Tyl (v — Ao(No, 00, ) |) o< exp (—2(1) — Aog(No, 00, ) — y*|m)TFV|;(U — Apy(Xo,00,2) — V*|m))

(5.17)
where
Vilpy =E€ylgp +
o =Esfo + b (5.18)
F1/|;z :F6|:c + Ff
The approximate posterior model (5.16) becomes
T(x|v) o< Ty (v — Ao(No, 00, ) |2)) (). (5.19)

In the next section, we derive the formulae of the conditional mean ¢,|, and covariance matrix
| RS

Approximation Error Statistics

Let’s z denote the stacked variables

2= <x> . (5.20)
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The joint distribution of z is

7(x,e) = m(z) ox exp (—;(z —z) T (2 = z*)> (5.21)
where
Iy Tae
T, = [Fm FJ (5.22)

is the joint covariance matrix with the following inverse

Bi1 Bia

r;'=p=
Bs1  Bas

(5.23)

and mean z, = (4, e4) 7.

From (5.20) and (5.23), the expansion of the exponent in (5.21) yields

7(x,€) x exp —% ((x — 2)TBi1(z — 2.) + (¢ — &x) " Baa(e — 1) + 2(z — 2%) " Bia(e — &4))
(5.24)
as Bio = BQTl.
The conditional 7(e|z) is estimated from (5.24) by completing the quadratic form in the

exponential into squares

~ 1
7(e|z) o exp (—2(5 - 6*‘x)TBQQ(€ - s*x)> (5.25)
where the conditional mean is
Exlz = Ex — By Boi(x — ) (5.26)

and the covariance matrix
I'., = By (5.27)

Using the matrix inversion Lemma [66], we have that B,,' = I' — T.,T;' Ty and B,y Ba =
—T'.,I'; 1. Substituting these identities into (5.26) and (5.27)
Exle =Cx T+ wa‘;l(x — )

) (5.28)
Fs\x :Fs - FE:tF; F:ce-

5.2.2 Maximum A Posteriori Estimate

The statistical inference from the posterior density in a high-dimensional parameter space is
conceptually and computationally inconvenient. Instead, Bayesian point estimates such as the

maximum a posteriori (MAP) estimate enables visualization and ease interpretation of the so-
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lution. The MAP estimate of x is
% = arg max 7(z|v) (5.29)
xT

where 7(z|v) was defined in (5.19).

Thus, variable x is estimated according to

& :=min||L, (v — Ao(Xo, 00, %) — v4p) |3 — 2In7(z), (5.30)
€T
where F;ﬁ: = LI'L, is the Cholesky factorization of F;ﬁ [100] and 7(zx) is chosen prior model.

There are also other Bayesian point and spread estimates e.g. conditional mean (CM)
zem = [ z7@(z|v) dz and conditional covariance estimate given by cov(z|v) = [(z — zom)(z —
zem) 7 (z|v) dz. In this thesis, we use only the MAP estimate and we compute = by solving
problem (5.30).

5.3 Computations and Simulated Data

5.3.1 EEG focal Source Imaging using AEA

For the EEG inverse computations, we employ the distributed source modeling(DSM) which
relates linearly the dipole source vector with the measured potentials, v € R™ [7]. The finite
element method (FEM) is used for the numerical formulation of the problem.

Briefly, the EEG observation source model in a 2D domain is
v=EK3(@)d+€E  €~N(O,Te), (5.31)

where K3(7) € R™*?" is the lead field matrix of the accurate geometry, d = [d},dy]" € R*"
is the accurate representation of the dipole components in column form, index A denotes the
domain (i.e. geometry parameter) and & € R™ is the conductivity distribution. For the additive
noise { we assume that has covariance matrix I'c = 752[ mxm where I™*™ is the identity matrix.

In practical clinical measurements, the exact knowledge of the geometry and electrical prop-
erties of the head are not always available and therefore the reconstruction is carried out using
an approximate model \g.

The accurate model is replaced by an approximate model and the approximation error is

incorporated in the previous equation according to

v =Ky, (00)d + (K5(5)d — Kx,(00)d) + &
:K)\O(O'o)d-i-E(J, 5\, 7g)+¢ (5.32)
:K/\O(O')Cl—i- v

where d = , € 0, Ky, (0g) € 0 (m < ng) is the lead field matrix of the
h d d;rdgT R2" K, Rm*2n is the lead field ix of th

standard geometry \g and og € R™. The total noise is v = ¢(d, \,7) + &, where £(d, \,7) is the
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approximation error term due to the geometry and conductivity uncertainty. The additive noise
£ is statistically independent of the dipole distribution d.
The dipole source distribution in the standard geometry can be represented by a linear

transformation
d = Pd, (5.33)

where P € R™ ™ is a matrix that interpolates nodal dipoles from geometry X to Ao according to

a deformation scheme. The geometry deformation model is defined as
x =T(x), (5.34)

where x € ()5 is a position vector in the MRI domain Q5 and x € €y a position vector in the
standard circular domain Q¢ and 7" : Q25 — 1), is the domain deformation operator.

Analogous to the analysis in section 5.2, the posterior distribution is
7(dv) o< Ty jg(v — Ko (00)d|d))m(d). (5.35)

For the reconstruction of sparse focal sources, the prior distribution 7 (d) is

(6% 0
m(d) o< exp <—2 sz‘Hdz‘HQ), (5.36)
i=1

where d; is the dipole vector at location i, « a scaling factor and w; the depth weighting factors

defined in section 3.3. The approximate posterior is

- 1 o
#(dJo) ox exp (—QHLV(v ~ Kag(o0)d — o) I~ 5 ;wz-udiu%) (537
1=
where LT L, is the Cholesky factorization of F;‘b The joint covariance matrix is
Tyjg = Tog +pel™™ (5.38)

and the mean is v,y = €,|4. The approximation error statistics are

Ela =€+ + Teal'y' (d — d.)

.., =I.—T. 070 (5.39)
eld =te edt g Lde

The dipole mean is considered d, ~ 0. As in section 3.2.3, we have that the scaling parameter

Q1S & = CQpnqy Where ¢ € (0,1) and

V2, bTU Do)

ws

fori=1,...,n9 (5.40)

Qmar = Max
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where U+(=1m0) jg the corresponding column of the matrix U = L,(Ky, + ngfgl) and
b=L,(v—ey).

5.3.2 Computation of the Error Statistics

The approximation error statistics can be enclosed in the the analytical expression of the condi-
tional mean (CM) or MAP estimate in the case of linear Gaussian observation model, Gaussian
prior and simple modelling errors e.g. model reduction errors. However, the computation of the
estimate requires the solution of a system which still includes the complexity of the accurate
modeling (see for instance equation (5.26) in [66]). Additionally, for general cases where the
prior is not Gaussian, for example, in the EEG sparse imaging problem where L1 2 norm prior
is employed or for a non linear problem, these estimates do not have analytical expressions.
Thus, the mean and covariance of the approximation error (5.39) need to be computed through
simulations.

For the estimation of the mean and covariance matrix of the approximation error, we
employed K different (training) geometries denoted {A\?: i = 1,...,K}. The dipole mo-
ments were drawn from a Gaussian distribution given by 7(d) x exp (—%ng J). We note
that this distribution is a function of d'd = ||d||3 and does not, therefore, depend on the

dipole orientation. The conductivities, o, were drawn from the truncated Gaussian distribution
1

— 5=

74(6) = 1 when all element of & > 0 and equals to zero otherwise.

() x w4 (7) exp ( (7 —a.) (7 — 5*)> where 7, are the nominal tissue conductivities and
For the computation of the error statistics, for each geometry A9, a set of M draws were
generated from the distributions 7(d) and 7(5). The samples of the dipole distributions, d, and

the parameter ¢ are denoted by
{d0, 0 1=1,... M} (5.41)

for each geometry A9, The total number of samples was Ny = KM.

By setting k = (i — 1)K + [, the predictions of the accurate and the approximate model
were v(F) = K’/\(i) (@) d*) and v*) = K, (00)d®). Samples d*) were estimated from the linear
reduction mapping from geometry A to Ay, d¥) = P;\(i)ci(k) (Fig. 5.2).

The samples of the approximation errors )

were

e®) = K50 (%) d® — Ky (00)d®  for k=1,..., KM. (5.42)

Let us denote ¢ the stacked variables ( = . The numerical joint mean and covariance
€

matrix of the approximation error ¢ and the unknown d is given by

kNil ((k)

G = N,

(5.43)
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and

P DAL (5.44)

d®) d)
where N, = KM, () = ) | are the samples and %) = ]~ Cs-
€ €

d Iy T
The numerical mean is (, ~ * ] and the covariance ¢~ d de .
6* F&d FE'

Actual Mesh

Deform MRI shape to
Standard Geometry

deform
mesh
— —
d=Pd
localize dipole in the deformed mesh Interpolate d to coarse mesh

Figure 5.2: Projection of a single dipole to the standard geometry

5.3.3 Different Reconstructions and Quantification of the Accuracy

To test the approximation error approach, a new head geometry that was not included in the set
of previous (training) geometries was selected. Then, the boundary data was computed using
the accurate head model. With this data, three different reconstructions were computed and
compared.

First we estimate the boundary data vy by solving the forward problem
ve = Ky (04)ds +&, (5.45)

where A\, denotes the accurate geometry with lead field matrix K 5, (04) € R™*2% when a
sparse dipole vector di and a noise vector £ are given.

Afterwards, three different inverse solutions were computed using the estimated data v..
The first one was computed using a coarsely discretized version of the accurate head model with
the correct conductivity distribution. The coarse discretization was used in order to avoid the
so-called inverse crime [66]. The second inverse solution was computed using the standard model
that consisted of three concentric circles [36] that depicted scalp, skull and brain. The third
solution was computed again using the standard model but now accompanied with the statistics
that compensated the approximation errors.

The maximum a posteriori (MAP) estimates were used for the evaluation and visualization
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of the results. The MAP estimate in the accurate geometry is
R 1 n
dace := min | 575_1(’U+ — Ky, (o 0)d)[l3+ a1 Y willdilla, (5.46)
i=1

where ¢ is the variance of the measurement noise, K3, € R™*2n n < and 0y = Py L0 with
Ps, € R™ ™ heing a linear interpolation matrix for the fine mesh to the coarse actual mesh.

Subsequently, the MAP estimate in the standard geometry is
1 —

dsy = min || 5y (04 = K (00)d)|[5 + oz > willds|2, (5.47)
i=1

and finally, the third MAP estimate that utilizes the approximation error approach in the stan-

dard geometry is

no
dAEA = mdin ||L,,(U — K)\O(O'o)d - V*|d)||% + a3 Zwindz’HQ (5-48)
1=1

The scaling parameters (a1, ag and ag) were selected based on visual observations but their

values were always lower than the bound defined in section 3.2.3.

5.3.4 Simulation Configuration

In this section, we describe the set-up of the simulations for the evaluation of the performance
of the models (5.46), (5.47) and (5.48) when used to reconstruct focal sources.

Head Models for the Error Statistics

For the computation of the approximation error statistics, several accurate head models were
needed. Therefore, 32 (training) head geometries were acquired from the OASIS project database
[96]. The head geometries were from healthy adults, both men and women.

The analysis was carried out in 2D. First, the traverse (axial) cross sections which correspond
to the head area above the eyes were selected (for example see the left image in Fig. 5.3).
Each cross section was segmented into three compartments Scalp/Skull/Brain. The scalp was
extracted using the FieldTrip toolbox [129]. The skull was segmented using threshold and
morphology operators [136] and the brain with the help of the brain masks provided by the
OASIS database for each individual adult.

Then, 32 measurement electrodes and an additional fixed ground electrode (above the right-
hand-side ear) were equally distributed around the scalp. The corresponding meshes were con-
structed using comsol64 [53]. The lead field matrices were estimated using the FEM with linear

nodal basis functions [182].
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Segmentation 32 point electrodes (grey)
3 Compartments Grounded electrode (red)

MRI cross section

Figure 5.3: Left image: MRI cross section, middle: segmentation into scalp, skull and brain
area, right image: 32 point sensors around the 2D domain and a fixed ground point.

Geometries for the Validation

To evaluate the AEA, a new head geometry ( the left image in Fig. 5.4) that was not included
in the set of the (training) geometries, was used. The mesh of the forward problem was finer
than the inverse meshes. For the inverse solutions, we used two different meshes. The mesh in
the middle of Fig. 5.4 is a coarse version of the forward mesh. The circular domain (“Standard

Model” in Fig. 5.4) was used in the minimization problems (5.47) and (5.48).

Forward mesh

Inverse meshes
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Figure 5.4: The discrete domains used in the forward and inverse problem. (Left image) A
fine mesh used to compute the accurate noiseless (forward) measurements. This mesh was
constructed based on an MRI cross section. (Middle image) A coarse mesh of the same MRI
geometry which was employed in the (accurate model) inversion and (right image) the standard
circular mesh employed in the inversion for the standard model and AEA model.

Projection Operator

In this section, we give an explanation how the mapping between the actual geometry and the
circular standard model is performed and how the projection operator P in equation (5.33) is
constructed.

The selected geometry deformation model (5.34) preserves the angle and relative distance

between the center of the domain and the boundary. The construction of the interpolation
matrix Py in (5.33) was carried out as follows; let %; be the position vector of the i'® node of
the FEM mesh of geometry A. First, we estimate the deformed coordinate x; = T'(X;). The

estimation is based on x; = r%, where 7 is the length of the line passes, through point X; and

93



connects the center of the domain and the boundary for the MRI geometry, and 7 is the radius of
the standard circular geometry (see for example left and middle image in Fig. 5.5). Subsequently,
the FEM element of the standard mesh in which the point x; is located, is estimated. Once this
has been done, we express x; as a linear combination of the element nodes using barycentric
coefficients (Iy,1a,13). We assign the barycentric coefficients in the elements of the i*" row of
P which correspond to the indices of the nodes of the FEM element where x; is located (right
mesh in Fig. 5.5 shows the element and the nodes of the standard mesh where x; is located).
Similar deformation scheme has been previously used in [108, 115]. This scheme was found
useful also in the test cases studied here. Alternative models for the mapping can be found from
image registration literature [49]. However, for small deformation between convex domains we

do not expect significant differences between the mapping methods.

MRI (Actual) Geometry Deformed MRI Geometry Standard Geometry
Xi e Xi _',.-"' /,—"

O Point Source
*  Projected Point Source
O Centre of mass

Figure 5.5: First, the deformed coordinates are estimated using a simple radial deformation
scheme that keeps the relative distances with respect to the origin. Subsequently, a linear
interpolation scheme (barycentric coefficients) is applied for the estimation of the coefficients in
the mapping P.

Sources Set-up

The candidate sources were located in the grey matter of the brain (Fig. 5.6) which is in accor-
dance with the fact that the grey matter includes regions of the brain involved in muscle control
and sensory perception [122].

The candidate source locations for the accurate model are shown on the left in Fig. 5.6.
The candidate source locations of the standard model are the whole brain area, as shown on
the right in Fig. 5.6. A single dipole source was generated at a randomly selected candidate
source location. The values of the dipole components (in x and y coordinates) were drawn from
a Gaussian distribution. The single peak was blurred using a Gaussian [5 x 5pixel] (where 1
pixel ~ 1mm) low pass filter. Hence, a single source consisted of a small patch with smoothly
varying magnitudes and similar orientation. This source resembles a set of pyramidal neurons

that form layers with similar orientation. Depending on how many active regions we wanted to
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Candidate source locations in
the inverse problem

Accurate model Standard model

Figure 5.6: Candidate source locations for the accurate model and the standard model.

simulate, we selected the corresponding number of source locations. In the following test cases,

we simulated up to three different active regions.

Scaling Parameter and Weighting Factors

The scaling parameters in (5.48), (5.46) and (5.47) were in the range [0.1maz, 0.001 0042 ] Where
Qmaz 18 the upper bound which can be derived for each minimization problem according to
the analysis in section 3.2.3, and it depends on the lead field matrix, covariance matrix and
measurements. For the AEA problem (5.48), the upper bound of this parameter is given in
(5.40). The scaling parameters were selected to be in this range in order to relax the strict
sparsity and to enable the fast algorithmic convergence.

The scaling parameter of the AEA minimization problem (5.48) was selected to be slightly
higher than the parameters used in the other two problems (5.46) and (5.47). Specifically, matrix
L, in (5.48) tends to spread the solution. Therefore, we ensured that the solution in (5.48) is
focal by selecting a slightly higher scaling parameter. The weighting factors w; were computed

according to section 3.3.

5.3.5 Metrics for Evaluation

The validation of the inverse EEG method is a difficult task due to the lack of the “ground
truth” and the gap for systematic ways of inspection and supervision of the brain activity
and functionality. The most efficient way to test the liability of the proposed method is by
reconstructing simulated data d € R?". In this section, we describe the validation metrics used
to evaluate the accuracy of the inverse EEG solutions.

We denote d € R2™ a solution of the inverse problem and d = Pd € R2™ the projection
of the actual dipole vector to the inverse geometry. We compared the estimated d with the
projected vector d or the actual dipole d by using four different metrics. The first two metrics,
the earth’s mover distance (EMD) and the nearest source distance (NSD) give a quantitative
rendering of how far are the estimated distribution from the actual sources. With the strength
difference (SD) we compared the total power difference between the two distributions. The

weighted angle difference (WAD) gives information related to the difference in the orientations
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of the actual sources and the reconstructed ones.

In particular, for assessing quantitatively the source localization accuracy we used the earth
mover’s distance (EMD) metric. The EMD has been introduced in computer vision for compar-
ing image [145] and it has been used previously in EEG [42, 91] as it is suitable for comparing
signals with possibly non-overlapping support e.g. sparse vectors.

The EMD is defined as the minimum work that must be done to transform one normalized
discrete signal into the other, when a metric between the discrete points of the domain is
provided. For the EEG inverse solution, we are interested in measuring the weighted distance
between the locations of the actual sources and the estimated distribution. The EMD gives these
weights which are called flow values and they correspond to the fraction of the estimated dipole
strength which is “transported” from location ¢ to j in such way that the work is minimized.
The EMD is shown graphically in Fig. 5.7. Given d and d, the EMD is estimated according to

EMD(d,d) = min Y  fiilii
() {fij}%: Y

s.t. Zfij =1, Zfij < Gi Zfij <9j
ij J g

(5.49)

ldill2 1Idjl2
S0y lidil 32521 djll2
the normalized actual strengths, for ¢,7 = 1,...,n9 and f;; the flow. As a metric between

where g; = is normalized vector of the estimated dipole strengths and g; =

the source locations we use the Euclidean distance l;; = ||x; — x;||2 where x; and x; are the

coordinates of the i and j** nodes of the mesh. The minimization problem (5.49) is computed

i

gll|||1||

J

Figure 5.7: The EMD for the EEG problem is the minimum work needed to transform the
normalized strength § of the estimated distribution to the actual normalized distribution g.

using linear programming solver [11, 135].

The second metric used is called Nearest Source Distance (NSD) and it is given by

> min {l;}dsll2
Jj=1,...,k
> lIdill2

where Hllin k{lij} is the minimum Euclidean distance between the estimated dipole at location
=150
i and a focal source at location x; with k the total number of actual focal sources.

NSD =

: (5.50)

For instance, in Fig. 5.8, there are two actual sources (j = 1, 2) and the estimated distribution
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Figure 5.8: NSD is the mean distance between a reconstructed distribution and its nearest actual
dipole source.

has two active regions which are close to source 7 = 1. The NSD is the weighted distances
between the estimated distribution and the location xq).

We used two different metrics for the source localization evaluation because there are cases
were the depicted results cannot be explained by the EMD and we needed the complementary
NSD validation metric. Specifically, the EMD and NSD metrics are expected to give almost
similar results for a single source case. However, for more than one sources, the values of the
EMD and NSD may differ from each other. Usually the EMD gets higher values than the NSD.
For example, for the case of two equal sources which are far from each other, the reconstruction
algorithm may give two sources in the correct locations but with uneven strengths. In this
case, the EMD value can be unexpectedly high because a fraction of the more intense source is
“transferred” to the less intense source location. On the other hand the NSD value is going to
be quite low (for example see test case in Fig. 5.14).

Additionally, to assess the strength difference in Decibel (db) between the simulated vector
d and the reconstructed d we use the strength difference metric

SD = 101log; HC{—H% (5.51)
|13

For the orientation error we estimate the angle between the dipole d; at location i and the
projected dipole d; weighted by the flow values f;; that were estimated in (5.49) according to

d;-d;

Idill2/ld,ll2" (5:52)

WAD = Z fij\wij] where Wi = cos™!
(2]
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5.4 Results and Discussion

In this section, we study the feasibility of the AEA to reduce the source location errors due to
the unknown head shape, different thicknesses of the head layers, coarse discretization of the
mesh and conductivity uncertainties. T'wo different types of test cases were studies. In the first
set of test cases, it was studied how AEA could be used to compensate head geometry errors.
In the second set of test cases, also conductivity and measurement errors were considered.

Fixed Conductivities Mean conductivities
3 compartments 5 compartments

Figure 5.9: Conductivity distribution of the forward models. The left hand side image corre-
sponds to the first cases (unknown geometry) where the conductivities in the three compartments
are fixed. The right hand side image has the mean values of the conductivities for the 5 layer
model which corresponds to the second case study (Unknown geometry and conductivities).

5.4.1 Case 1: Unknown geometry

In these test cases, only the effects of the unknown geometry were studied. A new head geometry
(that was not included in the training geometries) and sparse dipole distributions were selected.
The boundary data was computed using the forward model with accurate geometry and three
compartments (scalp, skull, brain as shown in the left hand side picture of Fig. 5.9). The
conductivities of the different compartments (0.33, 0.016 and 0.33 S/m, respectively) were fixed.
The total number of MRI cross sections used for the estimation of the error statistics in (5.42)
was K = 321,

In the following figures, the small images on the left hand side show the actual head geometry
and the simulated dipoles. The location of the simulated dipole is marked with a blue circle
and the orientation with a small blue line. The remaining images, starting from the left, show
the reconstruction solution of (5.46), (5.47) and (5.48) respectively. In particular, in the images
titled “Accurate model” we have the results obtained by solving the accurate model (5.46)
where the geometry and conductivity distribution are the same as in the forward model but
the dimension of the inverse model is lower. The images named “Standard” depict the result
obtained from the standard model (5.47), in this case we considered the 3 concentric circles and
we did not take into account the AEA statistics. The right hand side images (“AEA”) show the
AEA results obtained from (5.48). The blue circle shows the correct location of the projected

! Appendix D.1 presents reconstruction results when the approximation error statistics were estimated based
on different number of MRI geometries.
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dipole. The estimated metrics (as defined in section 5.3.5) for each inverse model are shown
below the images. In the right hand side of the figures, there is a scale in millimeters in order
to give a quantitative estimation how far are located the reconstructed sources from the actual

dipole locations. In this study, there was no additive measurement noise.

Single Source

The first set of pictures shows the results in the cases where a single focal region of activity is
recovered. We studied the reconstructions for different depths and different locations around
the brain: we placed the source deep in the brain (Fig. 5.10) and in the frontal area and back
side (Fig. 5.11). In the test case with a deep source, all the models have good performance

as shown in Fig. 5.10. With visual inspection of Fig. 5.11, we can see that the AEA model is

Test case Accurate model Standard AEA

d ®
2 4 6 8 2 46 810
CC .
x 107 x 107
EMD (mm) : 14 7.1 56 015 30mm
| -
NSD (mm): 3.2 7.0 7.7
SD (dB) : -0.9 -0.2 -1.0
WAD (): 0.4 0.3 1.1

Figure 5.10: A test case of a single deep source reconstruction is examined. The left image shows
the actual dipole source and the other three pictures (from left to right) show the reconstructions
when: (1) the actual geometry and conductivity distribution, (2) the standard modelling and
(3) the AEA model are used.

able to localize a superficial dipole source more accurately than the standard model. This is in
agreement with the EMD and NSD metrics. Also, it is worth noting that the differences between
the EMD values of the accurate and AEA model are quite moderate.

Moreover, the standard model without using the AEA recovered slightly scattered source
distributions which quantitatively are expressed with higher values of the EMD metric. The
scattered solutions are partly related to the differences between the forward geometry and the
inverse one. The solution would be less scattered if a higher a parameter had been selected.
However, the dipole would have been misplaced deeper in the brain. Also, about the standard
model without AEA we can say that this model gives better reconstruction when the source is

in the back side compared to the case where the source is in the front side. This may be related
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Figure 5.11: Two test case of a single source located in the frontal side and back side. The left
image shows the actual dipole source and the other three pictures (from left to right) show the
three different reconstructions when: (1) the actual geometry and conductivity distribution are
considered, (2) the standard geometry without the AEA statistics and (3) the standard model
with the AEA statistics are used. Below the pictures, the estimated metric values are presented
for the three different reconstructions.

to the head deformations, i.e. in the forehead area the differences between the MRI geometry
and the three concentric circles are more prominent.
The previous results show that the AEA can compensate errors related to the geometry

because it gives better accuracy that the standard model. In the superficial source cases, the
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AEA is almost as good as the accurate model based on the EMD values. The accurate and the
standard model perform better when the source is deep in the domain. Possibly, the different
discretization (between the forward and the inverse model) close to the boundaries can cause
some numerical errors which result in less accurate superficial source reconstructions.
Additionally, we evaluated the overall performance of the three different reconstructions by
running 500 simulations of single dipole sources and estimating the EMD and NSD values. In the
histograms, Fig. 5.12, the first row shows the EMD distributions for the three reconstructions
and the second row shows the NSD distributions. Under the title of each picture, the averages
and the standard deviations of the EMD and NSD are presented. The EMD and NSD statistics
indicate that the AEA model works better than the standard model and that the AEA and

accurate model have quite similar performance.
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Figure 5.12: Statistics of the EMD and NSD for single dipole reconstructions using the accurate,
standard and AEA model. The statistics were estimated based on the reconstructions of 500
different simulated single sources. Above each image, the average and the standard deviation of
the corresponding metrics are given.

Furthermore, Fig. 5.13 illustrates how the three different reconstructions depend on the
depth of the source by depicting the average EMD with respect to depth. For the accurate
model the lowest average EMD values correspond to deep dipole locations while the highest
errors are for dipoles near the boundaries (see leftmost image in Fig. 5.13). The EMD value
is pretty constant with respect to depth for the standard model (middle picture Fig. 5.13) even
though its performance is worse compared to the accurate model. The AEA model shows almost

similar performance both for deep and superficial source reconstructions.
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Figure 5.13: Average and standard deviations of the EMD with respect to the depth of a single
focal source are presented. The EMD values decrease when the source is deep in the domain for
the accurate model. The overall performance of the AEA model is better than the conventional
(standard) model both for deep and shallow sources.

Two Sources

Next, we simulated two sources with equal strength and randomly chosen orientations. In Fig.
5.14 and Fig. 5.15 we show two cases. In the first case, the sources are close to each other and
in the second case the sources are far from each other. It seems that two sources are not always
found when they are close to each other: for example, the accurate model finds one broad source
in the middle and another smaller on in the wrong brain hemisphere, the same happens with the
standard model, but the AEA on the other hand finds both sources relatively accurately. When
the sources are far apart, all the models have some difficulties: the accurate model reconstructs
several additional small sources; standard model finds two sources which however have very
uneven intensities; and AEA finds two slightly spread sources. The EMD values are higher than
in the single dipole cases. Based on these figures and the metric values, the AEA model gives
better results than the standard model.

Furthermore, the values of the EMD and NSD metrics are notably different for the standard
model. For instance, in the middle image of Fig. 5.14, the EMD is pretty high compared to
the respective NSD value. In this case, the standard model finds two sources that are visually
quite close to the correct locations but still the EMD value is very high because of the wrong
intensities. In other words, EMD does not only depend on the accuracy of the locations of
the sources but also on the accuracy of their strengths. One the other hand, the NSD value is
lower because it is a weighted average of the distances between the reconstructed dipoles and
the closest actual dipoles. Here, it should also be noted that the EMD numbers may contain
small numerical errors due to the projections from the accurate domain to the circular domain.

We assessed the feasibility of the models to reconstruct two sources with equal strengths by
performing 500 reconstructions. The histograms in Fig. 5.16 shows the overall performance of
the three models. AEA model performs better than the standard model and pretty similar to
the accurate model. Additionally, we compare the average EMD values as a function of the
distance between the two sources (see Fig. 5.17). The average value of the EMD is almost the

same for the AEA and accurate model regardless how far the two sources are from each other
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Test case Accurate model Standard AEA

CC CC
x10°° x 107
EMD (mm) : 6.8 17.7 72 015 30mm
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NSD (mm): 8.9 11.9 7.0
SD (dB) : 0.1 1.8 0.1
WAD (): 20.0 28.8 8.0

Figure 5.14: A test case with two sources close to each other. The left image shows the ac-
tual dipole source and the other three pictures (from left to right) show the three different
reconstructions using the different models. Below the pictures, the estimated metric values
are presented for the three different reconstructions. The AEA model manages to recover two
separated sources.

Test case Accurate model Standard AEA
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SD (dB) : 1.1 -0.9 -0.5
WAD (°): 14.0 22.9 11.0

Figure 5.15: A test case with two sources symmetrically placed in the two sides of the head.
The reconstruction results are good both for the accurate and the AEA model.

(right hand side Fig. 5.17). The poorest performance is shown in the middle image especially
when the source are far apart from each other. Probably, the standard model (5.47) cannot

retrieve two locations or the strength of the dipoles is dramatically uneven.

103



Accurate Standard AEA

11.61£5.31 19.55 £ 5.67 12.52 +4.99
T

0 20 40
EMD (mm)

15.94 £ 5.82

ol o £ b . g Do
0 20 40 0 40 0 20 40

20
NSD (mm)

Figure 5.16: EMD and NSD statistics for 500 reconstructions for the case where two focal sources
are reconstructed. Also a Gaussian curve is fitted to examine how close is the histogram of the
metrics to the normal distribution.
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Figure 5.17: Average EMD and standard deviation with respect to the distance between two
sources which have equal strength.

Three Sources

In the following cases, we tested the potential of the models to recover three regions of activity.
The simulated sources had equal strengths and randomly chosen orientations. In the following
figures, we present two test cases. In the first case, we have three sources which are clearly
separated from each other (Fig. 5.18). The reconstruction results show that the accurate model
can localize the sources, but there are also some artefact, the standard model retrieves three
regions of activity but the intensities are uneven and the two out of three sources are misplaced.
The AEA model localizes quite accurately the two of the three focal sources and recovers also
the third source but with lower intensity.
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Figure 5.18: A test case where three sources are placed close to the surface. The AEA results
are comparable to those obtained from the accurate model.

For the second test case, there is one deep source and two sources near the boundaries. From
the results in Fig. 5.19 we can say that the accurate model detects the three regions of activity
even though the result is a bit scattered. The standard model reconstructs two regions, one
closer to the boundary and the other between the deep and the superficial source.

The AEA model gives a slightly scattered source reconstruction but it is able to localize all
the three regions of activity (even though the intensities are uneven). There is an extra peak
in the right hand side of the circular domain. The EMD values are lower for the AEA model
than the standard model since the reconstructed peaks are closer to the actual dipole locations

despite the extra peak.
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Figure 5.19: A test case with two sources near the surface and one deep in the domain. The
metrics and the images designate the AEA model with the error statistics is superior over the
standard modeling.

For 500 reconstruction, we estimated the statistics of the EMD and NSD. The values of the
metrics are higher than in the previous test cases and consequently the reconstruction errors
increase for the three dipole case compared to the two sources case (Fig. 5.20). The average and
standard deviation of EMD are comparable for the AEA and accurate model. In Fig. 5.21, the
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Figure 5.20: Histograms of the EMD and NSD for the three source case. The average and the
standard deviation of the metrics were estimated based on 500 different realizations.

average and standard deviation of the EMD with respect to the triangular area that connects

the three sources is presented. Sources which are close to each other or collinear have small
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surface area. In Fig. 5.21, the AEA model gives average EMD values between 10 — 18 mm and

the result seems that slightly improves for sources which are far apart from each other. It should
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Figure 5.21: Average EMD values with respect to the area designated by the three focal sources.

be noted that recovering more than two focal points is a challenging task because the difficulty
of the problem increases. Also, the evaluation of the results is challenging because the EMD
and NSD may not always be appropriate criteria for good performance. This is because these

metrics can have high values even when the sources are correctly localized if the reconstructed

intensities are incorrect.
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5.4.2 Case 2: Noise, unknown geometry and conductivity

In these test cases, we assess the use of AEA when the head geometry and the precise tissue con-
ductivities are unknown and the boundary measurements contain noise. The forward boundary
data was now computed using the five compartment head model (scalp, skull, CSF, GM and
WM as shown in the second picture of Figure 5.9). The conductivities of the tissues were drawn
from Gaussian distributions: the mean values were the nominal conductivity values (0.33, 0.016,
1.76, 0.14, 0.33 S/m, respectively) and the standard deviations were 1% of the nominal values.
Finally, additive measurement Gaussian noise was simulated and the signal to noise ratio (SNR)
was 40dB and 20dB, that corresponds to noise level: 1% and 10% of the standard deviation of
the measurements.

In the “accurate” inverse solution, the accurate geometry and precise conductivity values
were known. In the “standard” and “AEA” models, the head consists of three circles (scalp,
skull, brain) and the conductivity values are fixed to their nominal values (0.33, 0.016 and 0.33
S/m, respectively).

Single Source

In these test cases, we deal with errors caused by the additive noise, the unknown geometry
and conductivity distribution. For the single source case, in the following two figures we show
the results for a deep and superficial source reconstruction. These cases correspond to the same
noiseless cases as in Fig. 5.11 and Fig. 5.10.

In these tests, we generated 30 different noise vectors and we performed 30 reconstructions
using the noisy boundary data. Figure 5.22 and Fig. 5.23 show the average of the 30 reconstruc-
tions. The average and the standard deviation of the estimated metrics are listed below the
figures. For the low noise case (40dB), we noticed that the values of the metrics increase when
compared to the noiseless case (Fig. 5.11) and the results deteriorate except for the standard
(“without AEA”) model whose performance is largely unchanged. For the standard model this
is possibly because the reconstruction artefact caused by the modelling errors (geometry and

conductivity) are much higher than the ones caused by the simulated noise.
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Figure 5.22: One test case with a single superficial source is shown on the left. The dipole
location is the same as (frontal source) Fig. 5.11. However, here five compartment forward
model was used and the conductivity distribution was considered uncertain. The reconstruction
results are averages of 30 different realization of noisy measurement (in dB) and the averages
and standard deviations of the EMD, NSD, SD, and WAD are shown below the reconstructions.
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Figure 5.23: A test case with a deep source is shown on the left. The simulation setting were as
explained in Fig 5.22. The reconstruction solutions with the three models are presented in the
rest of the pictures for two different levels of noise.
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Similar conclusions can be drawn from Fig. 5.24. Figure 5.24 shows histograms of the EMD
evaluated on 500 simulated single sources at both 40dB and 20dB SNR. The EMD values in
Fig. 5.24 indicate that when the SNR decreases from 40dB to 20dB, the performance of the
AEA and accurate models becomes closer to the standard model. For the AEA model, we can
say that when the level of the additive noise is higher than the level of approximation error i.e.
in the covariance I')|g = I'c + I';4, the noise part I'¢ is dominating over the I';|; then we expect
that the result becomes closer to the standard model solution. For additive errors, in general, it
is required [[&,]|3 4 trace(I'¢) < 4(|le,jall3 + trace(I'zq)) to ensure that the the modelling errors

dominate the measurement noise [68].
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Figure 5.24: Histograms with the EMD values for 500 different single source reconstructions.
Above the histograms are shown the average and standard deviation of the EMD for each of the
three models.

Two Sources

The two source reconstruction results are presented in Fig. 5.25. The actual sources have equal
strengths and different orientations. The test case corresponds to the noiseless case shown in
Fig. 5.15. It can be seen that all the models have some problems reconstructing the two sources.

However, the AEA model can reconstruct pretty well the two sources.

111



Test case Accurate model Standard AEA
o & @ o
02 46
Co
x 107 0o 1 2 12345 1.2 3
——— ] ——— ] —— ]
SNR = 40dB x 107 x 107 x 107
EMD (mm) : 11.9+2.1 14.3+1.1 9.2+2.0 9 15 30mm
NSD (mm) : 8.5+0.5 9.9+0.2 7.9+0.9
SD (dB) : -0.5 £0.5 -3.3 £ 0.1 -39 +0.4
WAD (°): 255+2.9 29.2+0.3 17.0+2.7
Test case Accurate model Standard AEA
) () 6] (o)
X 10-7 2 4 0 2 4 1 2 3
— ] — ] — ]
SNR =20dB x 107 x 107 x 107
EMD (mm) : 19.5+ 3.6 16.5+4.7 16.0£5.7 015 30mm
| S——
NSD (mm) : 15.0+3.3 9.8+2.0 12.1+3.7
SD (dB) : -0.3 +0.8 -3.7 £0.5 25 +0.8
WAD (°): 38.6+9.7 29.4+27 28.4+7.3

Figure 5.25: Reconstruction of two superficial sources far apart from each other in the presence
of measurement noise when the forward model consists of 5 compartments and the conductivity
in each tissue is perturbed.

Three Sources

One test case with three equal sources was selected, the same as in Fig. 5.19. It is interesting
to observe that the AEA model results are very good and less scattered than the results of the

other two models even for the case where the noise level is 20dB.
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Figure 5.26: A test case with three focal sources and SNR =40dB and 20dB. The dipole location
is the same as in Fig. 5.19. But here the five compartment forward model was used and the
conductivity distribution was perturbed from the nominal values. The reconstruction results
are averages of 30 different realization of noisy measurement and the averages and standard
deviations of the corresponding metrics are shown below the reconstructions.

We summarize the EMD statistics estimated from the reconstruction of 500 dipole distri-
butions using the three models. The results are shown in Table 5.1 with the corresponding
forward model used for the measurements, number of sources and SNR level. For all the cases
the accurate model and AEA reached the same level of EMD values. It can be seen that the
EMD values are lower for the noiseless 3 compartment cases (case 1: unknown geometry), and
that the increase of noise (lower SNR) in the 5 compartment cases (case 2:unknown geometry

and conductivities) gives higher EMD values.
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Table 5.1: To evaluate the accuracy of the different solutions, 500 dipole distributions were
simulated. Here are the averages and the standard deviations of the corresponding EMD-values
when the different inverse models were used.

Forward Number of SNR EMD (mm)

model sources (dB) Accurate model Standard model AEA model
3 compartments 1 00 5.9 4+ 3.9 14.2 £ 4.6 7.6 + 3.7
3 compartments 2 00 11.6 £ 5.3 19.6 £ 5.6 12.5 £ 5.0
3 compartments 3 00 16.9 £ 6.1 21.3 £5.7 173 £ 6.4
5 compartments 1 40 11.6 + 4.8 15.8 £ 4.5 11.5 £ 4.7
5 compartments 1 20 16.9 + 6.2 16.2 + 4.7 14.4 £ 6.1
5 compartments 2 40 17.1 £ 6.0 23.1+ 7.1 17.8 £5.9
5 compartments 2 20 20.3 £5.9 23.5 £ 7.2 20.5 £+ 6.5
5 compartments 3 40 19.5 £ 5.3 232+ 7.0 19.2 £ 5.0
5 compartments 3 20 23.3 £ 5.3 26.9 + 7.0 22.6 = 5.4

It is worth noting that the quality of the reconstruction depends on the approximation error
statistics, i.e. how similar the test geometry is to the set of the (training) geometries used for the
estimation of the approximation error statistics. An example, where different test geometries

were used, is shown in Appendix D.2.

5.5 Summary

In this chapter we studied the reconstruction of one, two and three foci of brain activity. We
showed that the AEA can be used to cope with uncertainties related to the head geometry,
tissue conductivities and noisy measurements. AEA model proved to be feasible regardless of
the number of focal sources and the source locations; in particular, the AEA results for superficial
sources were far better than the results with the standard model. Surprisingly, in some cases
the AEA also worked better than the accurate model in which the geometry and conductivity
uncertainties were known. Therefore we can conclude that with AEA model it is not always

necessary to know the exact head geometry nor the accurate tissue conductivities.
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Chapter 6

Future work and Conclusions

The study and analysis of techniques for the reconstruction of dipole source distributions and
electric fields inside the brain were the major objectives of this thesis. The results demonstrated
the feasibility of these techniques to localize the brain activity.

This chapter gives the suggestions for the future work. The chapter is divided into two main
sections. Section 6.1 concerns the future aspects in vector field tomography (VFT) and section
6.2, the improvement of the focal source estimation. Moreover, we describe the basic concepts
how VFT could be used in trans-cranial direct simulation and how the Bayesian approximation

error approach (AEA) could enhance EEG cortical imaging.

6.1 Vector Field Tomography in Brain Electric Field Imaging

In this thesis, it was shown that the line integral equations penalized with prior information can
be efficiently used for the reconstruction of electric fields generated by dipole sources inside the
brain. The proposed approach was tested with a simple circular head model in 2D and in the

future work more realistic models will be used.

Electric Fields of Dipole Sources

The future aspects of the electric field reconstruction using VFT are the followings: 3D mod-
elling, numerical approximation of the line integrals and experimental studies using real data.
More precisely, electric fields are inherently three dimensional, therefore the reconstruction of
electric fields produced by intracellular dipole sources will be carried out in 3D. Also more
realistic head model will be used.

In some cases, the linear approximation of the line integrals and the corresponding electric
field may not be accurate enough. Therefore, it is justified to study other line integral ap-
proximations. Another possibility is to utilize approximation error statistics to compensate the

associated numerical errors. Finally, the utilization of real data is in our prospective plans.
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Electric Fields due to Trans-cranial Currents

Another interesting bioelectric application in which the VFT could be used is the brain stimu-
lation with an external source such as the trans-cranial direct current stimulation (tDCS). The
tDCS is a non invasive excitatory technique applied to the brain by injecting weak currents
through planar electrodes. This technique can be used for example in therapeutical rehabili-
tation after a stroke or other neuropathologies [117]. We propose the utilization of the VFT
approach for the reconstruction of the electric field produced by these external stimulation. In
the following paragraphs, we describe the tDCS problem and illustrate how the VFT could be
used.

In particular, the inverse problem in tDCS can be defined as the recovery of the electric
field induced by external (applicable) source. The VEFT could be used for the computation of
the direction of the electric field. The knowledge of the electric field is important for verifying
that the selected electrode locations are such that correct brain areas will be excited and the
treatment will be effective.

In mathematical terms, the volume conduction problem posed in tDCS can be described by
the quasi-static Maxwell equations, which lead to the Laplace equation [141] and algebraically
it can be expressed by

Au =, (6.1)

where A is the FEM matrix (2.11) estimated in section 2.4, u(x) the potential inside the head
volume denoted by 2 and v the electrodes excitatory voltages. The continuous electric field is
given by e(x) = —Vu(x) and the electric field is associated with the current source according to
j(x) = oe(x) where o is the tissue conductivities.

The electric field produced by the tDCS can be estimated employing VET. The linear system
(4.26) can be used in the inversion which has the advantage over matrix A that the exact
knowledge of the tissue conductivities is not required.

Another possible extension is the application of the AEA to directly estimate the source j

when the tissue conductivities are unknown. Specifically, similar to (4.26), we can have
Dv = Slle. (6.2)

Moreover, j = Xe where is the matrix representation of the continues relationship j(x) = oe(x).
Matrix ¥ is a diagonal matrix with the conductivity values at the discrete nodes. The observation
model for the tDCs with respect to the source distribution in VFT can be defined as

Dv=SIx"14¢, (6.3)

where ¢ is the noise vector. Similarly as in section 5.2, a simplified computational model (ho-

mogeneous/isotropic domain) with an additional error term can be used

Dv=Slj+e+e¢ (6.4)
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where the approximation error is ¢ = Sl ~1j —Sllj and ¢ additive noise. This approach requires
a set of training models in which the electrical properties of the tissues and the geometries are

accurately known for the approximation error statistics.

6.2 Brain Source Imaging with EEG

Two approaches for the recovery of focal source distributions inside the brain were described in
chapters 3 and 5. For the reconstruction of focal sources the dipole strength prior, also called
L1 norm, was used. For the solution of the problem a solver based on truncated Newton
interior point method (TNIPM) employing logarithmic barrier of the L; » norm was utilized. In
future, the TNIPM can be used with mixed priors that incorporate structural and physiological
information related to the neurophysiological information, for instance the connectivity between
different brain regions or a mixed regularizer that combines relative smoothness and sparsity
as in [42]. Moreover, the suggested solver can be used in other applications related to vector
parametrization problems (flow fields) or in problems related to compressed sensing and color

(rgb) imaging.

Compensation of Modelling Errors

The study presented in chapter 5 acts as the proof of concept for applying AEA in EEG imaging
and further work is required to make AEA applicable in practice. For example, the approach
needs to be tested in 3D, more precise computational model for the training set geometries needs
to be applied for a more precise estimation for the approximation error statistics and finally the
approach needs to be validated with real data.

In particular, for the improvement of the method we propose the following possible future
tasks.

e The statistics of the approximation errors (5.42) can be computed using more accurate

training geometries where the gray and white matter anisotropy are considered [179, 181].

e The corresponding lead field matrices can be constructed using different basis functions
than the linear ones which could describe the conductivity “jump” between the tissue
boundaries basis more accurately [180]. One possibility is to use the discontinues Galerkin
method [18].

e For the standard model (geometry), a more realistic head model than the concentric circle
model could be used to improve the identification of active regions. For example, an elliptic

geometry with distinctive brain regions could enhance the result.

e Supplementary MEG data which has the advantage that it is insensitive to head inho-
mogeneities could be included in the modeling [122]. Since the brain activity propagates
with respect to time, also the application of temporal constraints in order to improve

reconstruction accuracy could be studied as was suggested in [131].
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All in all, it can be said that AEA will become important in EEG source imaging in the fu-
ture. This is because it can be used to take into account many different uncertainties in the
experimental setup. Even when highly accurate head models are used there may be significant
uncertainties related to the electrode positions and the electrode-skin contact which can also be

integrated in the approximation error statistics.

Skull related Uncertainties in Cortical Imaging

The AEA can be used for many different applications. In the field of brain imaging using
EEG, one of them could be EEG cortical imaging in which the uncertainties related to the skull
thickness and conductivity could be taken into account.

Cortical imaging (also called high resolution EEG [122]) is defined as the reconstruction of
the potential distribution on the cortical surface (dura) from potential measurements on the
scalp [124]. Cortical imaging can be very beneficial as a diagnostic tool because it can improve
the spatial resolution that is deteriorated due to the skull inhomogeneities. Moreover, it can
potentially reduce the need of diagnostic surgery in which electrodes are implanted on the brain
surface for better monitoring of the cortical activity. The cortical imaging differs from the source
imaging in the sense that we are interested in the estimation of the potential distribution on
the dura instead of the actual neural sources. Compared to the EEG source imaging, cortical
imaging is slightly easier problem as we do not need to deal the dipole source modelling, possible
singularities and the high dimensionality of the source imaging problem.

However, for the accurate estimation of the cortical potential, precise knowledge of the
electrical properties and the shape of the skull are required for the computational model. Instead
of an accurate model, the statistic of the modelling errors can be incorporated into a less accurate
model in a similar fashion as in the EEG source imaging.

In particular, if the computational model is described by v = Agucort + € + € where v are
the potentials around the electrodes, uco-+ the potentials along the cortical surface, Ag is a
standard modeling matrix given in [126], { the measurement noise and ¢ the modeling error
then by following the steps described in section 5.2, the cortical potentials could be estimated
using the AEA. Of course, an appropriate prior model needs to be considered. In Fig. 6.1 and
6.2, preliminary results of cortical potential estimation are presented. In the right images of
Fig. 6.1 and Fig. 6.2, we can see the cortical potentials estimated using three different models.
Specifically, the estimated cortical potentials using a computational model where the correct
thickness of the skull is known is depicted with the black line, the result of the standard model
without AEA is with the green line and the AEA model is in blue. For the standard model,
the skull thickness was constant. It can be seen that the AEA gives better results than the
standard modelling. For the cases in which the exact skull shape cannot be extracted then the

AEA approach seems to be the best alternative.
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Figure 6.1: Potentials evoked by a tangential superficial source. (Left Image) Potentials on
the electrodes (in blue) and on the cortical surface (in red). (Right Image) Estimated cortical
potentials when (a) the thickness of the skull is known (black line), (b) standard circular skull
is used (green line) and (c) standard circular skull with AEA is used (blue line).
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Figure 6.2: Potentials evoked by a radial superficial source. (Left Image) Potentials on the
electrodes (in blue) and on the cortical surface (in red). (Right Image) Estimated cortical
potentials when (a) the thickness of the skull is known (black line), (b) standard circular skull
is used (green line) and (c) standard circular skull with AEA is used (blue line).
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6.3 Conclusions

In this thesis, three different mathematical approaches were developed and presented for the
accurate estimation of focal brain activity using EEG measurements. The proposed approaches
were tested and found feasible using simulated test cases.

In chapter 3, we developed and analyzed an algorithm for the recovery of sparse dipole
sources. It was showed that the solution employing the dipole strength penalty term (called
the L2 norm) is superior over other common priors for focal source recovery. The proposed
algorithm for the solution of the inverse problem was based on the truncated Newton interior
point method with a logarithmic barrier function. In addition, we used Bayesian analysis to
derive the depth weights in the prior that were used to reduce the tendency of the solver to
favor superficial sources. It is worth noting that until now, there has not been a rigorous
presentation of how to derive these weights; previously, the weights have always been considered
as ad-hoc choices.

In chapter 4, we proposed a method of recovering the electric field produced by dipole sources
using vector field tomography. The electric field was reconstructed using a set of line integrals.
We showed that, even though the absolute values of the reconstructed electric field were not
always exact, the pattern of the field identified the correct location of the activity which in most
cases is the paramount consideration. The benefit of this approach is that there is no need to
use a mathematical model for the sources.

The most significant shortcoming of most EEG inverse methods is that an accurate head
model (geometry and tissue conductivities) is required for each individual in order to get a
reliable solution. The procedure to extract these features is time consuming, expensive, requires
special expertise and in many cases is not even possible. Therefore, approaches that do not
require exact knowledge of these features would be extremely valuable. In this thesis, we suggest
and evaluate an approach that fills these requirements.

In chapter 5, we showed that exact knowledge of the head geometry and tissue conductivities
are not always necessary. These head features can be taken into account statistically by using the
approximation error approach. We demonstrated that a coarse model, the three concentric circle
model, accompanied with the approximation error statistics is able to give results comparable
to those obtained with an accurate head model. This means that it is possible to get accurate
EEG imaging results for every patient without having detailed knowledge of their head features;

it is enough to know the statistical variations in these features.
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Appendix A

Theoretical Aspects and Numerical

Solution of the EEG Source Imaging

A.1 Maxwell Equations and Derivation of the EEG Source Prob-
lem
The derivation of the EEG source imaging problem is based on the macroscopic Maxwell equa-

tions inside a domain 2 where x € Q C R? and for ¢t € R* [3]. In particular, the Maxwell

equations are

V xe(x,t) = —aBgt{’t), (A.la)
V x H(x,t) = j(x,t) + aD(E;t{’ t), (A.1b)
V -D(x,t) = p(x,t), (A.1c)
V.B(x,{) =0 (A.1d)

where e(x, ) is the electric field, B(x,t) the magnetic field, H(x, t) the magnetic field intensity
and D(x,t) the electric displacement field. Additionally, j(x,?) is the electric current density,
p(x,t) is the electric charge density. Considering linear and isotropic medium, the following

equations hold, i.e.

D(x,t) = e(x)e(x, 1) (A.2a)
B(x,t) = p(x)H(x,t) (A.2b)
(A.2¢c)

where €(x) is the dielectric permittivity and p(x) the magnetic permittivity. Furthermore, for

the electric current density in the EEG problem we have that

j(x,t) =P (x,t) + o(x)e(x, t), (A.3)

136



where o(x) is the electric conductivity within the domain, jP(x) is the primary neural activity
and o(x)e(x) the induced secondary currents. Here, we need to mention that there are cases
where the medium is considered anisotropic and the conductivity is a tensor instead of a scalar
function [181] however, in this work we consider only isotropic media.

In EEG problem, the electric neural activity is a time-harmonic signal. In this case, the

time-harmonic version of the Maxwell equation (A.la)-(A.1d) is considered, i.e.

V x e(x) = —iwB(x), (A.4a)
V x H(x) = j(x) + iwD(x), (A.4Db)
VD) = o). (Ado)
V- B(x) =0, (A.4d)

where w is the angular frequency and i is the imaginary unit. Neural signals recorded using EEG
are in very low frequencies (below several kHz) and therefore the quasi-static approximation of
the problem is justified [32, 62, 63]. Term iwB(x) can be neglected and (A.4a) becomes

V xe(x) =0. (A.5)

This implies that
e(x) = —Vu(x), (A.6)

where u(x) is an electric scalar potential function.

Using (A.2a) and (A.3) in (A.4b), we get
V x H(x) = j* + oe(x) + iwee(x). (A.7)
By taking the divergent V- in both side of the previous equation, we have
0=V "+ V. (0+iwe)e(x). (A.8)
The capacitance effects are negligible (o > we) which results in
V.oe(x)=-V-j (A.9)
or equivalently
V-oVu(x) =V -j>. (A.10)
A.2 Existence and Uniqueness

In this section, we show that the solution of a Poisson equation with the Neumann boundary
condition has a unique solution up to an additive constant and thus an extra constraint is needed
to specify this additive constant [127, 103].
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In a bounded domain 2 C R? with x € Q, the Poisson equation with Neumann condition on

the boundary 02 is given by

V- oVu(x) = p(x) in Q (A.11a)
oVu(x)-n=0 on 09, (A.11b)

where 1 denotes the outward pointing normal vector on 0€2, ¢ > 0 defines the properties of the
medium (conductivity) and p(x) is the source term.

If p(x) is continuous and differentiable and wu(x) is a solution of (A.1la), then space U is
defined to be the set of all real valued function w with the property that u and its first and
second derivatives are continuous in Q0 = Q + 9. For the existence of a solution, we begin
with the assumption that there is a solution u € U which satisfies (A.11a) and (A.11b). By
integrating both sides of (A.11a) and applying the divergence theorem [3], we have that

/ pdx:—/ oVu-nds = 0. (A.12)
x€N s€082

This is the necessary condition for the existence of a solution w [127]. The complete proof for
the existence of a solution relies on the Fredholm Alternative theorem which it is out of the
scope of the current paragraph however further details can be found in [127].

The next step is to check if (A.11a) and (A.11b) ensure a unique solution. Uniqueness is
ensured if the operator V - oV is positive definite (Ch.10, Theorem 10.20 [127]). We can write
that V - oV is positive definite iff

(u;V-oVu) >0 forallu0 (A.13)
(u;V-oVu)y = 0= u=0, (A.14)

where (;) denotes the L? scalar product|3].

From Green’s theorem, we have that

/ (uV - oVu)dx = —/ u(oVu) - nds + / o(Vu)?dx = / o(Vu)>dx >0 (A.15)
x€Q S€OQ X€N Q

because o > 0 is strictly positive. Thus, condition (A.13) is satisfied. However, every constant
u = c satisfies condition (A.14). In addition, any constant ¢ satisfies also the homogeneous
Neumann boundary condition. So, the solution is no unique because one can add in any con-
stant ¢ to solution u without affecting neither the equations (A.11a), (A.12) nor the boundary
conditions (A.11b). Therefore, Poisson boundary value problem with homogeneous Neumann
condition does not have a unique solution. Instead, we have a family of solutions which differ

by a constant. For uniqueness, an additional condition should be considered. Frequently, it is
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used a similar condition as condition (A.12) [33], i.e.

/ udx = 0. (A.16)
x€Q

For w = u + ¢, condition (A.16) gives ¢ = 0. Alternatively a value for ¢ can be specified (for

example in EEG forward problem usually a reference electrode is set).

A.3 Weak Formulation

A sufficiently smooth function u which satisfies (A.11a), (A.11b) and (A.16) is known as a
classical solution to the Poisson problem with homogeneous Neumann boundary condition. In
general cases of non-smooth domains or discontinues source functions p(x), function u(x) may
not be smooth enough to be regarded a classical solution. An alternative description to the
Poisson boundary value problem is through its weak form where the differentiability requirements
imposed on the classical solution can be relaxed [33].

For the weak form, the solutions space of u is
U={uecHQ), x=(2,y) € Q| oVu(x) -2 =0 on 0Q}, (A.17)

where H'(Q) = {u(x) : Q@ = R | [,u? dx, [ou? dx, [, ug dx > 0} and u does not need to be
twice differentiable. Moreover, as we shall see in the next equations it is only necessary for p(x)
to be integrable.
If we assume that u(x) satisfies (A.11a) and (A.11b) and u € U then,
V- (cVu)g=pg forall g€ G, (A.18)

where ¢ is a test function defined in space G. By integrating (A.18) and using the Green’s

identity with homogeneous Neumann condition, we obtain

/UVU-ngX:/png for all g € G. (A.19)
Q Q

The weak formulation of (A.11) is to find u € U such as to satisfy

/UVU-ngx—/pgdx for all g € G. (A.20)
Q Q

Or alternatively,
findu € U so that a(u,g) = f(9)Vg € G. (A.21)

where a(u,g) = [, 0Vu- Vgdx is the bilinear functional a : U x G — R and f(g) = [, pgdx is
the right hand side linear functional f: G — R.
The solution of (A.11) is also a solution of (A.20), however if u is a solution of (A.20), this

does not automatically imply that w is also solution of (A.11). Using calculus of variation [33],
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we can show that the solution of the the weak formulation is also solution of the problem (A.11).
The proof is omitted but details can be found in [127].

A.4 Galerkin Method

For the numerical solution of the forward problem we reformulate problem (A.11) into the weak
form (eq. A.20) and function g is chosen from a suitable space of test functions G.
In particular, the problem is solved in a discrete space U, C U where the space G = U|[33]

and thus, the discrete version of (A.21) is
find up, € U, so that a(up, gn) = f(gn)V gn € Un. (A.22)

Let &1, @2, ... ¢nN be basis functions of U, then we can find u;, € U, such that

a(up, ¢;) = f(¢;) for j=1,...,N (A.23)
and where uj, = Z,fil diu;.
So,
N
a(d_ iui, 6;5) = (@) for j=1,...,N. (A.24)
i=1

A.5 FEM Implementation details

The coefficient of the matrix A in (2.11) can be expressed as the sum of the integrals over the
elements €; of the domain Q2 = Uleﬁl where L is the number of the elements of the FE-mesh.

A coefficient a;; becomes

L
i = Voi(x) - Vo,(x)dx
w = 3 [, oVt Vo
= / oVpi(x) - Voj(x)dx (i.eif i and j Nodes € €)). (A.25)
Uy

For the estimation of the coefficients (A.25) we used one-to-one mapping x = F(x) that maps
Q on Qycr [171] (see Fig. A.1). Thus, we have that

5. .

T

P

Qref

P

Figure A.1: Mapping F: from element €2,.s to a reference element €2;.
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/Q oV i(x) - Vo (x) dx = / Vi (F(X)) - Vo (F(%))| det x| ds, (A.26)

Qr'ef

where det Jg is the determinant of the Jacobian of F'.
The gradients of (A.26) are estimated using the derivative chain rule i.e. V(%) = JLV¢;(x)
[171]) and thus
Voi(x) = (JF)'Li (A.27)

where Lz == ng)l(ﬁ)
We re-write (A.26) by substituting (A.27)

/ o [(J?lLi)T(J?le) | det Jp| d. (A.28)
Q'ref

Numerical Estimation of the FEM Integral

The integral (A.28) is estimated using the three points Gaussian Quadrature approximation
[43]. The integral (A.28) becomes

o\ % 1 om om om
/Q ahij(x) dx ~ 6 [O‘;qnhij(xl ) + O‘ggﬂhij (XQ ) + O‘fcgnhij(X?) )] , (A.QQ)
ref

where h;;(X) = (J;flLi)T(J}Cfleﬂ det Jp|, X; are, for u = 1,2, 3, the midpoints of the edges of
ey and ogm the corresponding conductivities.
The conductivity at these points is estimated as a linear combination of the conductivities

at the nodes i.e. ogm = Z?:l By0;, where og; are the conductivities at the corners of the triangle.

Iso-Parametric Mapping

In the FEM implementation, we use an iso-parametric mapping F' [171] i.e.

x=Y ¢i(®)x (A.30)

where x; are the coordinates at nodes of the element. For triangle elements, Ngq, is either 3 or
6 for the linear or quadratic basis function case respectively.

For 2D meshes, the Jacobian of the mapping F' is given by

T

XL 3:i(3) . DXL 4i(3)
JF = i:alj ‘ X; l:alg G X;

(A.31)

where the position vector is % = (#,7)".
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Linear Basis

The linear basis functions for a triangular mesh are

$1(%) 1—2—7
2(R)| = i (A.32)
P3(%) (0

We can simultaneous estimate the integrands of (A.28) for the three basis functions and get a

3 x 3 symmetric matrix.

In particular, if we set L = [Ll Lo L3] = [Vcbl(f() Vo (%) V¢3(§<)} then

-1 1 0
L= (A.33)
-1 0 1
and the Jacobian (A.31) for the linear case is
T
Jrp = [Xg —X] X3 — xl} . (A.34)

T
Moreover, it can be easily shown that the Jacobian is equal to JT. = LP where P = |:X1 X9 X3:| .

Hence, we obtain a 3 x 3 matrix with the coefficients h;; of (A.28)

H = [(J}Q’IL)T(JFL)] | det Jp|. (A.35)
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Appendix B

Theorems and proofs used in VFT

B.1 Helmholtz Decomposition Theorem

The Helmholtz decomposition is a fundamental theorem of the vector calculus analysis [3, 103].
This theorem states that any vector f which is twice continuously differentiable and which, with
its divergence and curl, vanishes faster than 1/r? at infinity (e.g. Schwartz vectorial functions

[161]), can be expressed uniquely as the sum of a gradient and a curl as follows
f=1fr+fs= (B.1)

f=—-Vuy+V xa. (B.2)

The scalar function v is the scalar potential and a = (a,, ay, a.) is the vector potential which
should satisfy V -a = 0.

Since, V x fy = V x (Vug) = 0, component f; is called irrotational or curl-free while fg is
the solenoidal or divergence-free component as it satisfies Vig =V - (V x a) = 0.

In the 2D, the decomposition equation becomes
f=—Vug+V xa.,(r,y)z, (B.3)

where Z is the unit vector normal to the zy plane.

B.2 Fourier Slice Theorem

The Fourier(central) slice theorem (FST) states that the 2D Fourier transform (FT) of scalar
function f(z,y) along a line with inclination angle ¢ is equal to the 1D FT of its longitudinal

line integral I(¢,p) along the same line. In particular, the line integral of f(x,y) is

“+o0 +oo
I(p,p) = /_ /_ f(x,y)d(xcosp + ysinp — p)dxdy. (B.4)
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The Fourier transform of I(¢, p) is

_ +o00 +o00 +o0 )

I(k,¢) = / / / f(z,y)d(zcosp+ ysing — ple” P dxdydp =
heo preo _ ) (B.5)

/ / fla,y)e WEeosotvsng) qudy — F(kcos g, ksin ).

The FST in conjunction with many algorithms (e.g. filtered back-projection) gave rise to the

2-D Fourier Transform

Jtx.y) fN(p cos,p sind)

»

Figure B.1: Central Slice Theorem

development of accurate and robust imaging results (e.g. Computed Tomography (CT) image

reconstruction) [111].

B.3 Vectorial Ray Transform

In a bounded 3D domain £2,the longitudinal ray transform is expressed as
Ig((ﬁ? 9,]9) :/ £ §¢79 de
L(¢,0,p)

:/ fu(z,y,2) cos psinh dl
+/ fy(z,y, 2)singsinb dl
L(¢,0,p)

+/ fo(xz,y,2)cosB de,
L(¢.6,p)

where f,, f, and f, are the components of vector f, ¢ and 6 define the direction of the 54 ¢ unit
vector along line L(0, ¢, p) as shown in Fig. B.2. Point p gives the intersection coordinates of the

line with the plane which passes through the origin and it is orthogonal to 54 4. Consequently,
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Figure B.2: Londitudinal ray transform in 3D.

the line integral (B.6) can be written as a volume integral using Dirac delta functions. Thus,
Ig(qb, 0,p) = ///fo(:v, Yy, 2) cos ¢sin 00,6, drdydz
—i—///ﬂfy(a:,y,z) sin ¢ sin 06,6, drdydz (B.7)
+ ///sz(x, Y, 2) cos 06,0, drdydz,

where d,, = 0(zsin ¢ —y cos ¢ —y,) and J;, = d(—x cos ¢ cos  —ysin ¢ cos O + zsin 6 — ) where

(xp,yp) are shown in (Fig. B.2).

B.4 Reconstruction of the Solenoidal Component of a Vector
Field

In this section, we show that the CST can be used for the reconstruction of the solenoidal part of
the field from longitudinal line integrals assuming homogeneous boundary condition [119, 120].

Particularly, the Fourier Transform (FT) of (B.6) IQ(Q 0,p = {xp,yp}) is

f¢70(/€1,/€2) = //IQ((JS,0,:rp,yp)e_i(’“wp+“2y") dxpdyy, (B.8)
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where ¢ = y/—1. So, from (B.8) we obtain
ff¢79(/£1, Kg2) = cos ¢ sin fo(l/, v, w) + sin ¢ sin Oﬁy(y, v, w) + cos 0]7;(1/, v, W) (B.9)

where f;, f; and f; are the FT of f., f, and f. respectively and v = K1 sin¢ — k3 cos ¢ cos 0,
V= —K1C08p — Kasingcost and w = kg sin 6.

Applying the Helmholtz decomposition (eq. B.2) we have

Je(z,y,2) = oy 0 0w
Oa, Oa, Oug
—_ Px 770 B.1
fy($7y7z) 6.%' + az ay ( 0)
_ Oay  Oay  Oug
fz('r7y7z)_ ax - 8y - 62

For vanishing boundary values the FT yields to

Fo(vv,w) = iva, (v, v, w) — iway (v, v, w) — ivug(v,v, w)

fy(v,v,w) = twag (v, v,w) — iva,(v,v, w) — vy (v, v, w) (B.11)

fvv,w) = iwvay(v,v,w) —wag(v,v,w) — iwiy (v, v,w).
Therefore, from (B.9) and (B.11) we have

ff¢79(m, Ko) =i(k1 cos ¢ cos b + ko sin @)ay,

(B.12)
+i(K1 sin ¢ cos @ — ko cos p)a, — ik sinba,
In two dimensional cases, 8 = 71/2, k = k1 and Ky =0
Iy(Kk) = —iKka (kK cos ¢, K sin ). (B.13)

B.5 Discrete Laplace Operator

In our implementations we employ the symmetric/normalized discrete Laplace operator B which
is given by
B = IPN*2N _ diag(H) Y2 Hdiag(H) /2, (B.14)

I2NX2N g the identity matrix and the elements of matrix H are for i # j we have that

where
H;; = —% if nodes ¢ and j are connected with a vertex, otherwise H;; = 0, and the diagonal
ij

element equal to H;; = — ) . H;; where h;; is the distance between the nodes j and j.
J J J

146



Appendix C

Interior Point Solver

C.1 Interior Point Method with Logarithmic Barrier

Here we show that for increasing values of ¢, the solution of the interior point function with s
logarithmic barrier converges to the optimal value of the primal constrained problem (C.1), and
that for any given positive ¢, this solution cannot be more than n/t suboptimal, where n is the
number of constraints [11]. Additionally, we define the dual problem and we show that duality
problem gives lower bounds to the optimal value of the primal problem. The analysis is based
on [11, 50].

Convergence of the Interior Point Solution

Lemma 1. Suppose we have the convex constrained problem (Primal Problem)

p*= min f(d,r
(d,u)GCf( ) (Cl)
subject to r; > fi(d), i=1---n

where f: D — R, p* is the optimal value and f is differentiable.
We define a feasible set C as C = {(d,r) € D : r; — fi(d) >0i=1,...,n} and the associated

centering problem

fildr) = f(d,r) — 1/tzn:10g (ri — fi(d)) (C.2)
i=1
we show that, if (df,r}) € C is a minimizer of (C.2) for given t > 0, then
0 < f(d;,ry) —p* <n/t (C.3)
and
Jim (5, r5) =’ (C4)

where n is then number of constrains in (C.1).

Proof. Let assume that (dj,r) € C is a minimizer of (C.2) for ¢ > 0. So, for the minimizer
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(dy,r;) we have that the optimality condition
n

_— 1
v(dz,Tt)ft(dtvrt)_Z (

Wv(d,r) [ri — fi(dy)] =0 (C.5)
=1 % g

In addition, (df,r;) minimizes the Lagrangian of (C.1) given by

L(d,r,v) = f(d,r) +ZZ/Z ri — fi( (C.6)

when V m .

In particular, the gradient of the Lagrangian at (df,r;) is

Vo) L5 75, 0) = Vg, F(d7 ) = > wilrf — fild])]. (C.7)
i=1
From (C.5) and (C.7) we obtain that
ViaryLld,75,v") =0 when v = —————— fori=1,...,n. (C.8)

t(ry — fild7))

Additionally, the optimal value p* is related with the Lagrangian according to

p* > min L(d,r,v)

(d,r)eC
— d i
Join_ f(d,) Z

=f(dy,r{) zn: vi (r dy)) (C.9)

n

—f dt7Tt Zt fz d*))( ;k_fz(dr))

=1

=f(d;,r) —n/t.

Thus,
fde,r®) —p* < n/t. (C.10)

As p* is the optimal value of (C.1), we have that p* < f(d;,r}). So, we proved equation (C.3)
which ensures that for any given ¢ > 0, the minimizer of (C.2) is no more than n/t suboptimal.
Moreover, from (C.3) we can deduce directly condition (C.4) ie. p* = limy_o0 f(d},u;),

which confirms that for large values of ¢, (dj,r}) is the minimizer of problem (C.1).
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Dual Problem and Duality Gap

A dual problem of (C.1) is defined as the minimization of Lagrangian (C.6) over (d,r) € D

j(v) = inf L(d,r, C.11
i) = inf | Ld.r.v) (€.11)

where v should be dual feasible point in order g(v) > —oo.
From (C.8) we have that every point (df,u;) which minimizes the objective (C.2) yields to
a dual feasible point v* and consequently we have that p* > g(v*).

In particular, we define the duality gap between (C.1) and (C.11) as
n=fld,r)—3g). (C.12)
For the minimizer (df,r}) of (C.2) and v* a dual feasible point we have that
n=fldi,ry) —gw*) = f(dy, i) = L(dy, i, v") = n/t. (C.13)
From (C.11) and (C.9)
fldi,ri) =n/t+g(w") and f(df,r{) —p" <n/t =p"=g(") (C.14)

which shows that the dual problem gives lower bounds on the optimal value of the primal

problem. Finally, we define the relative duality gap, which we use in our implementation, as

fdi,r) —gw™) o fdi,ri) —p
g(v*) - p* '

Nrel = (C.15)

C.1.1 Sub-Differential

The sub-differential concept generalizes the derivative to functions which are not differentiable.
In particular, a vector z € R” is defined as the sub-gradient of a function f : R¥ — R, at x € RF
if for all y € RF

Fiy) > fFx) +2" (y — x). (C.16)

Function f is called sub-differentiable at x if there is at least one sub-gradient at x. The set
of sub-gradients of f at x is called the sub-differential of f at x, and is denoted by df(x). For
example, consider f(z) = |z| which is not differentiable at 0. For x < 0, the sub-differential is
unique: 0f(x) = {—1}. Similarly, for z > 0, df(z) = {1}. At = = 0, the sub-differential is
defined by the inequality |y| > zy, which is satisfied if z € [—1, 1] and therefore 0f(0) = [-1, 1].
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C.2 Preconditioned Conjugate Gradient (PCGQG)

C.2.1 Newton system

For the minimization of the associated centering problem (3.13) we seek a zero of the gradient
V®:(p) = 0, where p = [d',rT]T. The gradient of ®; can be approximated by the truncated
Taylor expansion [43].

V&(p+ Ap) =~ V&(p) + He,(p)Ap, (C.17)

where Ap = [Ad", ArT]T the search direction in column form. The new point p := p+ Ap leads
to an optimal estimation if V®;(p + Ap) ~ 0.

So, we want to estimate a new p such as
He, (p)Ap = =V &(p). (C.18)

This is called Newton’z system (C.18) and Ap is the Newton’s step. This system can be solved
efficiently using iterative methods (e.g Steepest Descent Method, Conjugate Gradient etc. [43]).
Far from the actual solution, the Newton step Ap gives an unreliable estimate. Usually, a
parameter s can be estimated along Ap using line search scheme in order to ensure that the new

point approximates the solution. The update rule is then
p:=Dp+ sAp. (C.19)

When s ~ 1, from (C.17) and (C.18) we deduce that the new point is near the solution as
V@’t(p + SAp) ~ 0.
C.2.2 Gradient and Hessian of Newton System

In this section, we give the explicit formulae for the gradient and the Hessian of ®; (3.13) for

the 2D case problem where vector d = [d}, dE]T, similar expressions can be derived for the 3D

case.
We set V&;(p) = g(p) where g(p) = [gg,gg,g;r]T € R* and p = [d;r,dg,rT]T € R3".
The gradients with respect to x, y and r are given analytically
24"
T(1)27d(zl)27d3(41)2
gr = Vau®(dy,dy,r) = 20K, (Kd —v) + : € R". (C.20)
2d(")

'rf 2 n)2
T(n)2—d(z ) —dé )
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Similar expression we obtain for the y component g,. Also, we have
P12
T(I)Q—dg;l)Q—d(yl)g
gr = atl — : e R" (C.21)
,,.(n)2
r(n>2_dgn)2_d:’(/n)2
where 1 € R" is a unit vector and K = [K,, K| is the lead field matrix.

The Hessian matrix is given by

QtKng-i-Hll QtKgKy—l-HlQ His
H(p) = |2tK] K, + Hip 2tKIK,+ Hy Hy| € R (C.22)
Hys Has Hss

where the elements of H are diagonal matrix given by

Hll :diag 2 (1 (1( ) 7'--72 +d
’]"(1)2 d dy ) (7"(”)
H22 :diag 2 (1(1)2 PECIRIEEE) 2 —"_ d
(1)2 —dy")? (r(n) _
the =dee | S g g e
(r dy’”) (r
)d(l) (C.23)
Hi3 =—diag [ 4 i o4
( (r(h2 — dé 2 _ g2y (rm2 _ dg(ﬁn)2 _ dé”) )2 )
" T
Hy3 = —diag | 4 Y 4 y
23 & ( (r(1)2 — dg(cl)Q . d?(Jl)Q)Q (T’(n)2 . d(n)2 - d(n)2)2
H3z =diag | 2 P02 4 i dl(/m 2 r(m2 4 g{M? 4 d(”)2
33 - g0y .
(r(02 — g2 _ 4022 (rm2 — g2 _ gm2)

C.2.3 PCG Algorithm

The algorithmic steps of PCG for the estimation of the search direction Ap by solving system
(C.18) [43, 157]. From (C.18) we set x = Ap, H(p) = H and V®,(p) = g. PCG algorithm solves

the system Hx = —g with pre-conditioner P as follows:
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Algorithm 5 Preconditioned Conjugate Gradient

Initialization: k = 0, residual ag = g + Hxo, direction of PCG Axzg = P~ ay
Stopping criteria: convergence tolerance epcg or maximum number of iterations Npcg
Pre-conditioner: P

Repeat for £ = 1,2,... until convergence:
T p—1
_ ap P ay
Loay = AI{HA.I)C

2. gy = a8 + o Axy,

3. agi1 =z — apHAxg

T -1
. ak+1P Gkt1
4. ﬁk""l - azP—lak

5. Az = P lagpr + Bepr Ay,

6. Quit if £+ 1 = Npcg or Hak_HHg/HgHQ < epca

At each iteration k of the PCG we need to apply two vector matrix multiplications, i.e. HAxy
and P 'ay,.;. Step P7'aj;; even though it adds an extra matrix-vector multiplication can
accelerate the conjugate gradient method. By transforming the linear system into P~'Hxj, =
—P7lg, the transformed matrices may have better eigenvalue clustering and lower condition
number and thus the algorithm can converge more quickly than the original one [157]. The
algorithm terminates when the norm of the residual falls below a small fraction of the initial
residual | g||2.

In the current implementation, the pre-conditioner P is an approximation of the Hessian,
keeping the diagonal elements of the lead field matrix K and the Hessian matrices (C.23) i.e.
P = 2tdiag(KTK) + V2®,(p).

C.2.4 t Update Rule explanation

In the t-update rule (3.41), line search threshold s,,;, determines if the values of ¢ will increase
or not in each outer loop. As we explain here, we select a value for the threshold s,,;, in order
to ensure that the value of ¢ is updated when the new estimated solution (d,r) approximates
the minimizer (d*(¢),r*(¢)) of ®; (3.13).

In particular, let assume that the line search step s ~ 1 in (Alg. 2). This implies that
the search direction [AdT, ArT]T estimated from the Newton system (3.14) gives a new point
[dY,rT)T 4 s[AdY, Ar™]T which nearly minimizes (3.13) as for the new value V®; ~ 0. On the
other hand, when s < 1, the new estimation is not close to the minimizer of ®; (3.13).

Hence, we select the threshold sy, in (3.41) to be close to 1. With this selection when the
line search gives a value approximately 1, we know that the estimated solution approximates the
actual minimizer and thus the value of ¢ is updated. Otherwise, when s < s,,;, the algorithms
continues with constant ¢ until the solution is nearly optimal.

Moreover the choice of the update rule for the branch of (3.41) where s > sy, can be

152



explained as follows. We showed that the optimum (d*,r*) of ®; (3.13) gives no more than
n/t suboptimal estimates (lemma 1, appendix C.1) which means that the function f(d) in (3.9)
satisfies f(d*) — p* < n/t where p* is the optimal value of problem (3.9). In addition, we have
f(d) —p* < n because p* > g(v) (3.21) and n = f(d) — g(v) is the duality gap.When s >~ 1, then
the value d approximates the minimizer d*. Therefore, the previous two inequalities give that

t < n/n which is the update rule for ¢ when s is greater that sp;y.

C.3 Levenberg Marquardt (LMA) Algorithm

In this paragraph, we give the steps of the LMA algorithm used for the estimation of the Gaussian

prior variances [43].

Algorithm 6 Estimate Variances 74 of the Gaussian prior

Initialization: Set 7((;) = 1/’y§?L and estimate G(74) (3.56) and the Jacobian of G, J.

Set the parameters: x = 1079 max{diag(J*J)}, A = 2 and maximum number of iterations
Nma:(:'

Repeat:

1. Estimate Jacobian J = VG(vq).
2. Approximate Hessian H ~ (JT.J + wIF7xkn),
3. Solve Avyy = —(HT)=1JT.

4. Perform Line Search (Alg. 2): estimate s along Ay

e If s>0.5
Update vq := V4 + sAvq and Grew(7a) := G(74 + sAvq)
K:i=K/A

e Else xk := Ak and go to step 2.

5. Quit if Gpew < eéif and ||sAvglle < eg“hd”g or exceed Nyax.
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Appendix D

Further Results using Bayesian

Approximation Error Approach

This chapter is complementary to chapter 5 and its aims are (i) to present some further test
cases examined during the investigation of the application of the Bayesian approximation error
approach in the EEG source imaging problem, (ii) to show some extra results which were not of

primal importance but may be of interest to some readers.

D.1 AEA Results when Different Numbers of training Geome-

tries for the Error Statistics

It is well known that the number of MRI geometries can affect the accuracy of the Bayesian
approximation error solution. For instance, by using only few geometries, the computed covari-
ance matric may not efficiently describe the variation within individuals. On the other hand,
the estimation of the error statistics using too many geometries is not very practical. In this
section, we examined how the reconstruction results were affected when the statistics of the
approximation errors were computed using different number of MRI geometries. To evaluate
how the number of geometries influences the performance, we reconstructed dipole distributions
using potential data obtained solving the three compartment forward problem with constant
nominal conductivity in each compartment (skull/skull/brain). For the inverse solution, the
three compartment circular domain was used. The approximation error covariance matrix was
estimated using 5, 15 and 32 MRI cross sections. The results in Fig. D.1 and Fig. D.2 suggest
that when the number of MRI geometries is 32, the reconstruction results improve. More pre-
cisely, we can expect that when the EMD number is low and approximates the EMD value of
the accurate model, additional geometries cannot improve the EMD number of the AEA model.
By comparing the EMD values of these results with the EMD of the accurate MRI model (which
was equal to EMD=7.2 for the case of Fig. D.1 and EMD=5.31 for the case in Fig. D.2) we can
say that the 32 geometries seems to be good in describing the geometrical variation of the MRI

cross sections. Thus, this is the number that was used for the estimation of the error statistics
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in the test cases presented in chapter 5.
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Figure D.1: Single source reconstructions using different number of training geometries in the
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Figure D.2: Two source reconstructions using different number of training geometries in the
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D.2 Reconstructions using two Different Forward Geometries

In this section, our intention was to compare the performance of the Bayesian AEA to localize
correctly sources for two different individuals i.e. two persons with different head geometries
when the electric activity inside the brain is in the same area.

In the following figures, the reconstruction results obtained using two forward models (which
correspond to two individuals) when a source is located approximately in the same place in both
geometries. According to the metrics, the overall results are better for the individual with
geometry A (test case A) compared to the individual with geometry B (test case B). For the
standard model (without AEA) this is possible because the difference between the circular
domain and the MRI are smaller for the geometry A compared to geometry B. Also, the AEA
performs better for the test case A which could be explained as follows: The set of the geometries
used for the computation of the error statistics share more similarities with geometry A than with
geometry B. In other words, the statistics “support” better the features (shape/conductivities)
of geometry A.

Test case A
Actual Geom. without AEA with AEA

'3 x
x 107
0 1 024638
x107° x 107 x107°
Qs 30mm
EMD (mm) : 412 8.78 4.16
NSD (mm) : 3.86 8.81 5.31
SD (dB): -2.06 -3.05 -1.53
WAD (): 15 2.47 2.12
Test case B
Actual Geom. without AEA with AEA
X L3
123
x 107
12345 01 2 3
x10° x10°
45 30 mm
EMD (mm) : 5.68 111 9.44
NSD (mm): 5.25 10.9 10
SD (dB) ; -2.25 -0.0405 -0.673
WAD (): 17 4.26 6.37

Figure D.3: A test case with a deep source when two different forward models were used.
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Test case A

Actual Geom. without AEA with AEA
x «
0 5 0 1 2 0 2 4 6
C— C— C—
x107° x 107 x10°
lI]_T‘S_ZI}O mm
EMD (mm) : 9.19 12.9 3.16
NSD (mm) : 9.93 12.8 3.85
SD (dB) : -0.544 1.66 0.105
WAD (°): 12.1 10.6 6.95
Test case B
Actual Geom. without AEA with AEA
X "
1 2 3 0 1 2
e e
x10° x10°
15 30 mm
EMD (mm) : 1.5 19.9 8.74
NSD (mm) : 11.4 20.2 10.5
SD (dB) : -0.352 1.89 0.959
WAD (): 8.1 12.3 5.65

Figure D.4: Superficial source reconstructions in geometry A and B.

D.3 Further Results

D.3.1 Histograms of WAD and SD

For the EEG source imaging problem, we are usually interested in source localization errors and
for this purpose, EMD and NSD are more suitable than the SD and WAD metrics. However,
in order to have a better understanding of the overall performance of the different solvers we
decided to include here the corresponding histograms of SD and WAD metrics for the one, two
and three sources case, studied in section 5.4.1. In those cases, the forward and inverse model
were consisted of three compartments and there was no additive noise. In most cases, also SD
and WAD metrics verify that the AEA model works better than the standard model (without
AEA).
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Accurate Standard AEA
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Figure D.5: Single source: Histograms of SD and WAD for 500 simulations of a single dipole.
Values closer to zero for the SD figures and smaller values for the WAD indicate better result.
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Figure D.6: Two sources: Histograms of SD and WAD for 500 simulations of two dipoles with
equal strength.
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Figure D.7: Three sources: Histograms of SD and WAD for 500 simulations of three simulated
dipoles.
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D.3.2 Effect of the Orientation of the Dipole

In this section, we study the effect of the source orientation to the reconstruction result. We
simulate a single dipole with different direction and constant strength (Fig. D.8). From the
graphs, we see that there is periodicity in the values of the metrics as a function of the orientation.
The values of the EMD and NSD seem to be relatively stable with respect to the orientation.
However, the WAD metric is affected by the orientation of the simulated dipole. The strength

difference SD has the greatest fluctuation in the standard model.

Test case

WAD (%)

(mm)
8

20;/W

[m)
0
=z

Actual Geom.
without AEA
with AEA

SD (db)
S A b oo v o

0 100 200 300 400
Angle rotation (°)

Figure D.8: EMD, WAD, NSD and SD for different dipole orientations. The dipole was rotated
anti-clockwise from the shown orientation.
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