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ABSTRACT

SOLVING THE INVERSE PROBLEM OF ELECTROCARDIOGRAPHY FOR
SPONTANEOUS PVC LOCALIZATION: ANALYSIS OF CLINICAL
ELECTROCARDIOGRAPHIC DATA

Rasoolzadeh, Nika
M.S., Department of Scientific Computing

Supervisor : Assoc. Prof. Dr. Yesim Serinagaoglu Dogrusoz

January 2023, 95| pages

The inverse problem of electrocardiography refers to the determination of the elec-
trical activity of the heart from the body surface potential measurements (BSPM).
Knowledge of this electrical activity can provide valuable insights for the diagnosis
of cardiac disorders and aid in the facilitation of the development of appropriate treat-
ments. Consequently, efficient resolution of this problem has the potential to be of
significant benefit to clinical practices, making it imperative to continue the research
in this field.

This problem is considered ill-posed due to the presence of attenuation and spatial
averaging effects within the thorax between the cardiac sources and the body surface.
This characteristic can result in highly inaccurate or oscillatory solutions, particularly
in the presence of measurement noise or an imprecise mathematical model. Despite
significant efforts to address the challenges and limitations, an optimal method for the
analysis of clinical data in this problem has yet to be developed.

A relatively limited number of studies have been conducted on the application of the
inverse problem of electrocardiography for the localization of spontaneous Premature
Ventricular Contraction (PVC). PVC refers to an abnormal cardiac contraction that
originates from one of the ventricles.
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This study focuses on using the Tikhonov regularization method for the reconstruc-
tion of unknown heart potentials with respect to various torso volume and cardiac
source models derived from BSPMs of patients who have been indicated for abla-
tion. By estimating Activation Time (AT) sequences, the PVC origin locations are
explored for a number of patients. The findings indicate that the implementation of
the proposed methods could provide physicians with more accurate localization of
spontaneous PVCs.

Keywords: Inverse Electrocardiography, Electrocardiographic Imaging, Tikhonov Reg-
ularization, Activation Time, Spontaneous PVC Localization
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ELEKTROKARDIYOGRAFININ TERS PROBLEMINI SPONTAN
VENTRIKULER ERKEN VURU KONUMLANDIRILMASINDA COZMEK:
KLINIK ELEKTROKARDIYOGRAFIK VERILERIN ANALIZI

Rasoolzadeh, Nika
Yiiksek Lisans, Bilimsel Hesaplama Boliimii

Tez Yoneticisi : Dog. Dr. Yesim Serinagaoglu Dogrusoz

Ocak 2023, [93]sayfa

Elektrokardiyografinin ters problemi, viicut yiizey potansiyel olciimlerinden kalbin
elektrik aktivitesinin tahmin edilmesini ifade eder. Kalbin elektrik aktivite durumu-
nun bilinmesi, kalp bozukluklarinin tanisi i¢in degerli bilgiler saglar ve uygun te-
davilerin gelistirilmesine yardimci olur. Bu nedenle, bu problemin etkili bir sekilde
¢oziilmesi klinik uygulamalar icin biiyiik fayda saglayabilir ve bu nedenle bu alanda
arastirmalarin siirdiiriilmesi 6nemlidir.

Bu problem, govde icinde kalp kaynaklar1 ve viicut yiizey arasindaki azaltma ve me-
kansal ortalama etkilerinden dolay1 saglam bir ¢6ziim bulunmasinin zorlugu nede-
niyle kotii konumlandirilmis olarak kabul edilir. Bu 6zellik, 6zellikle 6l¢iim giirtil-
tiisii veya hatali matematiksel modelin varli§inda yiiksek oranda yanlis veya osila-
tif coziimler olusmasina neden olabilir. Bu zorluklar ve sinirlamalarin asilmasi i¢in
onemli ¢abalar harcandig1 halde, klinik verilerin bu problem i¢in analizi i¢in optimal
bir yontem heniiz gelistirilmemistir.

Spontan Ventrikiiler Erken Vuru (VEV) lokalizasyonu icin elektrokardiyografinin ters
problemi uygulamasina iliskin az sayida calisma gergeklestirilmistir. VEV, ventrikiil-
lerden biriyle baglayan anormal kalp kasilmalarini ifade eder.
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Bu c¢aligma, viicut yiizey potansiyel ol¢ciimlerinden tiiretilen farkli toraks hacmi ve
kalp kaynaki modellerine gore bilinmeyen kalp potansiyellerinin yeniden ingas1 i¢in
Tikhonov diizenleme yontemini kullanmay1 odaklamaktadir. Aktivasyon Zamani (AZ)
dizilerini tahmin ederek, bir¢ok hasta i¢cin VEV kaynak lokasyonlar arastirilmaktadir.
Bulgular, 6nerilen yontemlerin uygulanmasinin, hekimlere spontan VEVlerin daha
dogru lokalizasyonunu saglayabilecegini gostermektedir.

Anahtar Kelimeler: Tersine Elektrokardiyografi, Elektrokardiyografik Goriintiileme,
Tikhonov Normallestirme, Aktivasyon Zamani, Ventrikiiler Erken Vuru Lokalizas-
yonu
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CHAPTER 1

INTRODUCTION

Cardiovascular Diseases (CVDs) are among the most common reasons for (sudden)
death worldwide. As per the estimations of the World Health Organization (WHO),
CVDs result in the deaths of approximately 17.9 million individuals annually, which
corresponds to 32% of all deaths globally. A majority of CVDs can be prevented by
addressing behavioral risk factors such as tobacco use, unhealthy diet and obesity,
physical inactivity, and excessive consumption of alcohol. It is crucial to identify
CVDs at an early stage, so that management through counseling and medication can
be initiated [66]. In fact, it has been proposed that as much as 90% of CVD cases

may be avoided through preventative measures [39, 43]].

As technology continues to advance within the medical field, the capability to non-
invasively view the heart and its associated blood vessels has also improved. A num-
ber of imaging modalities in use to this day include echocardiography, myocardial
perfusion imaging through nuclear scintigraphy, magnetic resonance imaging (MRI),
and computed tomography (CT), which can be utilized separately or together, de-

pending on the specific diagnostic requirements [S0].

Premature Ventricular Contraction (PVC) is a type of arrhythmia in which the heart-
beat is initiated by the Purkinje fibers in the ventricles instead of the sinoatrial (SA)
node [16]. These contractions result in an irregular heartbeat and may be accom-
panied by a fluttering or skipped beat sensation in the chest. PVCs are considered
benign as long as they occur infrequently. However, if they become very frequent,
they may indicate a pathological condition such as cardiac muscle failure. Sponta-

neous PVC is a naturally occurring phenomenon whereas pacemaker PVC responses



are generated by an algorithm that is dependent on the pacemaker device being used.

PVCs can have non-cardiac underlying causes such as smoking, stress, increased
adrenaline due to exercise, alcohol or drug misuse, and cardiac causes like congenital
heart disease, coronary artery diseases (CAD), heart failure, and a weakened heart

muscle (cardiomyopathy) [38].

A healthcare professional typically uses a stethoscope to listen to the heart in order to
diagnose PVCs. Several procedures are available to confirm the diagnosis, namely a
12-lead electrocardiogram (ECG), a Holter monitor which is a portable ECG device
for recording the heart’s activity during a day or two, an event monitor that is another
portable ECG device worn for several days until arrhythmia occurs, cardiac tests to

reproduce the arrhythmia due to exercise [1}38]].

Treatments suggested for PVCs vary depending on the symptoms and underlying
cause. Lifestyle changes, medications, and Radiofrequency Ablation (RFA) therapy
are among the treatment methods. Catheter ablation is a procedure used to eliminate a
malfunctioning electrical pathway from specific regions of the heart by burning them
with a current induced by radio waves, in individuals who are at risk of developing

cardiac arrhythmias.

Recently, noninvasive electrocardiographic imaging (ECGI) has been utilized for the
localization of ventricular contractions in clinical research [18, |65, 30]. Given that
the location of ablation can be inferred from cardiac activation maps, ECGI has the

potential to provide valuable insights for guiding catheter ablation procedures.

1.1 Motivation and Scope of the Thesis

In this study, ECGI techniques are employed to address the inverse problem of elec-
trocardiography with respect to different cardiac source models and the level of com-
plexity assumed in the forward model for spontaneous PVC localization. A relatively
limited number of studies have been conducted on the application of the inverse prob-

lem of electrocardiography specifically to this case.

Cardiac abnormality source localization is possible with activation time-based meth-
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ods. However, a major limitation of using activation time as the basis for source con-
figuration in the forward problem of electrocardiography is that it leads to a nonlinear
problem, making the calculations highly complex and challenging to solve. In this
study, we use heart potentials as the equivalent cardiac source model, and estimate
the activation times from these potentials. We aim to enhance PVC origin detection
by implementing and evaluating different cardiac and torso volume models for spon-
taneous PVCs. Obtaining promising results can be of advantage to physicians for

better facilitation of the planning and execution of ablation therapies.

1.2 Contribution of the Thesis

This study includes a thorough evaluation of PVC origin estimation for five differ-
ent torso models (homogeneous/inhomogeneous) and two different heart surface rep-
resentations (epicardial only, and combined epicardial-endocardial). The resulting
potential reconstructions are then utilized to estimate the activation times, and spon-
taneous PVC origins are localized as the earliest activated site on the heart surface. A
spatiotemporal activation time method successfully regularizes minimum derivative-

based solutions, consequently resulting in more robust PVC origin estimation.

These methods have been evaluated previously using animal and human data with
artificially paced hearts. This study contributes to the literature by presenting in-
depth evaluations of the localization of naturally occurring (spontaneous) PVCs in

clinical (human) data.

This work has resulted in the following publication and presentation:

e Rasoolzadeh, N., Svehlikova, J., Ondrusova, B. and Serinagaoglu Dogrusoz,
Y., Variability of Premature Ventricular Contraction Localization with respect
to Source and Forward Model Variation in Clinical Data , Computing in Car-

diology, Tampere, Finland, Sep.4-7, 2022.



1.3 Organization of the Thesis

First, a brief background is given for heart anatomy, cardiac electrophysiology, and
forward and inverse problems of electrocardiography in chapter 2] Subsequently, the
clinical data in hand is introduced along with the problem definition in chapter
Next, the proposed methods for heart potential reconstruction and PVC localization
are discussed in the same chapter. Finally, the obtained outcomes are presented with
their evaluations based on the evaluation criteria defined in chapter 4] Lastly, A num-

ber of further improvements and research topics are suggested in chapter [5



CHAPTER 2

BACKGROUND

In this chapter, a brief background is given on heart anatomy, cardiac electrophysiol-
ogy, forward and inverse problems of electrocardiography, and information about the

datasets used in this study.

2.1 Heart Anatomy

The heart is a muscular organ located within the central portion of the chest between
the lungs in charge of pumping blood to the body. The blood delivers oxygen and
nutrients to the body and carries away metabolic wastes, such as carbon dioxide to be
eliminated from the body through the lungs [21]]. An adult heart weighs about 250-
350 grams with a shape that often resembles a fist with dimensions of approximately
12 cm in length, 8 cm in width, and 6 cm in thickness. However, athletes may have
larger hearts, for exercise causes the heart muscle to adapt and become stronger, sim-
ilar to the way it affects skeletal muscles in the body [8]]. There are four layers in the
heart wall: the pericardium, the epicardium, the myocardium, and the endocardium

as shown in Fig. 2.1]

e The heart is enclosed in a double-membrane sac called the pericardium, which
also contains a small amount of fluid that helps the heart move smoothly during
contraction and relaxation [8]. This layer protects the heart from infection and

keeps its position within the chest stable [60]].

e Epicardium is the layer under the pericardium in touch with the heart surface.
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During the ventricular contraction, the electrical activity spreads across the
heart in a wave-like manner from the endocardium to the epicardium. Both
pericardium and epicardium are responsible for lubricating the heart and pre-

venting friction during contraction and relaxation.

e Myocardium or the middle layer of the heart is the cardiac muscle responsible
for heart contraction. It has different characteristics from the other two main
types of muscle, skeletal and smooth muscles. The cyclical activity of con-
traction and relaxation are the two main features of the cardiac muscle through
which it maintains stable blood pressure despite large variations in the blood
flow. Skeletal myocytes (muscle) are made up of individual cells that are sep-
arately controlled by nerves, while cardiac myocytes are electrically connected

and work together as a single unit called a cardiac syncytium [13].

e The inner lining of the heart is called the endocardium. It consists of connective

tissues and protects the valves and heart chambers.

Human and mammal hearts have four chambers: left and right atria at the top, and left
and right ventricles at the bottom as shown in Fig. [2.2] The heart pumps blood in a
rhythmic pattern that is controlled by a group of pacemaker cells. These cells, which
are located in the SA node, produce an electrical current that causes the heart muscle
to contract. This current travels through the atrioventricular (AV) node and along the
heart’s conduction system, which is a network of specialized cells and tissues that

help coordinate and regulate the heart’s contractions. The current flow can be seen in

Fig.

The right atrium and ventricle are commonly referred to as the right heart, while the
left atrium and ventricle are referred to as the left heart. There are two blood circu-
lation circuits: pulmonary and systemic. In the first circuit, the right heart receives
oxygen-depleted blood from the rest of the body and pumps it to the lungs to be oxy-
genated. Then, in the systematic circuit, the left heart receives oxygen-rich blood
from the lungs and pumps it to the rest of the body as shown in Fig. 2.3] In both
circuits, the atria receive blood as it enters the heart, while the ventricles, which have

thicker walls, pump blood out of the heart [[14].
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Figure 2.1: Heart wall layers [8]

The four heart valves that regulate the blood flow through the heart are the mitral,
tricuspid, pulmonary, and aortic valves. Each valve acts as a gate to the heart cham-
bers. The blood flow direction through each of them is also evident in Fig. If
the valves do not open and close correctly, the blood flow through pulmonary and

systemic circulations gets disrupted.

2.2 Cardiac Electrophysiology

Cardiac cells are excitable cells that can generate electrical signals in response to a
proper stimulus, or on their own like SA node pacemaker cells, by changing their
membrane permeability to certain ions. The ionic concentration difference between
the inner and outer sides of every cell membrane causes a potential difference across
it. When a cardiac cell is excited, there is a rapid change in the electrical potential
difference across its cell membrane, known as the transmembrane potential defined
as:

Vin =V = Ve, 2.1)

where V; and V, are the intracellular and extracellular potentials, respectively. If the
stimulus is insufficient to reach the threshold value, the transmembrane potential will
quickly return to its resting state once the stimulus ends. However, if the stimulus

is above the threshold, the cell membrane will depolarize and the transmembrane
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Figure 2.2: Heart anatomy diagram with blood flow through chambers and valves

[21]

potential will increase from its negative resting value to a value near or above zero.
It will remain at this value for a certain period of time before returning to the resting

value as the membrane repolarizes. This event is known as an Action Potential (AP)

[13].

There are five phases of AP as illustrated in Fig. [2.4] It represents various stages
of activation and deactivation of different ion channel types, which leads to ionic

currents and membrane potentials [64]]:

e Phase 4 or Resting Phase: It is when the membrane potential is at the resting

state without any electrical stimulation.

e Phase 0 or Depolarization Phase: It is the rapid rise of AP dependent on a
fast Na™t current (Iy,). This current is classified as fast due to its extremely
rapid activation and deactivation kinetics when compared to other currents. As
a result, in the majority of activations, the channel remains open for a duration

of less than 1 ms.

e Phase 1 or Early Repolarization Phase: It is Na* channel inactivation and an



Superior vena cava

\  pump
) Left ventricle

Figure 2.3: Heart pump diagram [[14]]

increase in the outward current of potassium ions (K ), leading to a small,

transient depolarization.

Phase 2 or Plateau Phase: The membrane potential in this phase remains rela-
tively constant. The plateau is caused by the influx of calcium ions C'a®>* and

the outflow of potassium ions K.

Phase 3 or Repolarization Phase: It is the decrease in inward I, due to the
inactivation of C'a®>* channels and the increase in the outward K currents

(Ix) leading the cell back to its resting state.

The conduction system of the heart, shown in Fig. [2.5] which regulates the rhythm

and pace of heartbeats, comprises the following components [11]:

SA node: It is responsible for initiating the electrical signals that trigger the

contraction of the heart.

AV node: It is responsible for conducting electrical signals from the upper

chambers of the heart, the atria, to the lower chambers, the ventricles.
Left bundle branch: It transmits electrical impulses to the left ventricle.
Right bundle branch: It transmits electrical impulses to the right ventricle.
Bundle of His: It sends impulses from the AV node to the Purkinje fibers.
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Figure 2.4: Ventricular action potential with the five phases labeled (0-4) [64]

e Purkinje fibers: They are responsible for triggering the contraction of the ven-

tricles, which results in the pumping of blood to the entire body.

Following the initiation of electrical activation in the heart at the sinus node, it prop-
agates through the atrial walls. Once depolarization has traveled through the atrial
walls, it eventually reaches the AV node. The propagation through the AV node is
delayed, during which the ventricular filling is completed. The activation continues
to propagate along the Purkinje fibers until it reaches the inner walls of the ventricles
[37]. This electrical activity can be measured on the body surface by using electrodes.
The electrodes are positioned such that they accurately represent the spatiotemporal
changes occurring in the cardiac electrical field. By using the voltage differences be-
tween the electrodes an ECG recording can be obtained. The recording in Fig. [2.6]
shows a signal for the electrical activity propagation originated from the SA node and

is called a normal sinus rhythm [58]].

A normal ECG signal consists of several wave intervals as illustrated in Fig.
which correspond to a particular segment of the cardiac cycle. The P wave repre-
sents the sequential activation (depolarization) of the right and left atria. QRS com-

plex shows the depolarization of the ventricles which normally occurs simultaneously,
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Figure 2.6: Normal sinus rhythm [58]

while the T wave shows ventricular repolarization. The PR interval is the time interval
from the onset of atrial depolarization to the onset of ventricular depolarization. QT

interval corresponds to the duration of ventricular depolarization and repolarization

[68]].

PVCs occur when an action potential in the ventricular muscle is generated prema-
turely, without being stimulated by the normal conductive mechanism of the heart,
resulting in an early contraction of the ventricles [58]. Distinguishing PVCs from
normal heartbeats is possible by monitoring the electrical activity of the heart through
an ECG. An example recording for a single impulse activation from the right ventricle
can be observed in Fig. [2.8] It depicts the multiplication of the time interval between

R peaks when PVC occurs.

PVCs with benign characteristics and no underlying cardiac pathology do not require
treatment, particularly if the individual experiences limited symptoms [1]. For pa-

tients who experience severe symptoms and have not responded to medical manage-
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Figure 2.8: Premature ventricular contraction ECG [37]]

ment, that is medications, lifestyle changes, and other non-invasive therapies, radio

frequency catheter ablation (RFA) as a treatment option may be appropriate.

Accurate identification of PVC origin location is crucial for the success of ablation
therapy. ECG analysis techniques are efficient in identifying abnormal cardiac behav-
ior, however, they provide limited insight into the specific spatial properties of these
abnormalities [12]]. This is where techniques such as ECGI can be utilized to provide

valuable information.
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2.3 Standard 12-Lead ECG

In clinical practice, the standard 12-lead ECG is usually used to noninvasively mea-
sure the electrical activity of the heart. In the conventional 12-lead ECG, ten elec-
trodes are placed on the patient’s limbs and on the surface of the chest. The overall
magnitude of the heart’s electrical potential is then measured from twelve different
views or leads and recorded over a specified period of time, typically ten seconds.
This allows for the capture of the overall magnitude and direction of the heart’s elec-

trical depolarization during each moment of the cardiac cycle.

Despite its utilization, this technique still falls short in terms of providing exact in-
formation on the localization of regional electrical activity within the heart, such as
PVC origin localization, as well as the activation time sequence during arrhythmias
[28]. Studies has shown that additional ECG leads can enhance the precision of di-
agnosis and, as a result, the forecast for specific cases [63]. Therefore, body surface
mapping was introduced for two reasons. First, to enable a thorough exploration of
the spread of excitation throughout the thorax. This made it possible to analyze the
typical patterns and make inferences about when the activation first occurred in the
right and left ventricles. Second, to quantitatively evaluate the electrical information
available, with the possibility of subsequently connecting it through an inverse model

to epicardial excitation and other related factors [36].

2.4 Electrocardiographic Imaging

ECGI is an imaging modality for cardiac electrophysiology and arrhythmias, which
noninvasively reconstructs the epicardial potentials with high resolution from body
surface potential measurements with the use of patient-specific cardiac MR and CT
images [47,29]]. It has been gaining increasing attention from researchers in academia

and industry as it overcomes the limitations of the conventional 12-lead ECG.

ECGI studies are based on addressing two key challenges in imaging the electrical ac-
tivity of the heart, namely the forward and inverse problems in electrocardiography.

The forward problem aims to predict the body surface potentials from the known
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electrical activity of the heart, while the inverse problem attempts to infer the electri-
cal activity of the heart from noninvasive measurements of the body surface potential

(BSP).

2.5 Forward Problem of Electrocardiography

A forward problem is a process of calculating the output of a model for given input
values. It consists of two steps: first, to resolve the system state using the described
physical parameters i.e. to find a forward operator, and second, to apply the forward
operator to predict the behavior of the system at the given values. The term forward
problem of electrocardiography refers to the computation of the electric potential
field within and on the torso surface resulting from the cardiac electrical activity.
The internal structure between the heart and torso surface affects this electric field
significantly. The organs like lungs, bones, skeletal muscles, liver, kidneys, fat, and
blood are the inhomogeneities in the thorax whose size, location, and properties are
important factors in the resulting body surface potentials [40]. This problem can be
formulated as a simplified version of Maxwell’s equations, known as the quasi-static

approximation. This results in Laplace’s equation with a boundary condition of [27]:

V.-oVe(r)=0, reB; (2.2)
Vo(r) -ng =0, re€Spg, (2.3)

where 7 is the spatial coordinate, B is an isotropic torso volume with its scalar con-
ductivity o, ¢(r) is the extracellular potential at the point = (z,y, z), and Sp is the
torso surface. Therefore, to solve either the forward or the inverse problem of electro-
cardiography first a geometric model needs to be considered; then a proper numerical

method is to be utilized respectively.

There are multiple approaches that can be used to solve this problem, which depend
on the specific volume conductor (torso) model and the configuration of the cardiac
model. The heart can be represented using discrete source models, such as a single
dipole [S3]], multiple dipoles [45]], multipoles [17], or cardiac surface potential mod-
els [20, 36]]. The core idea behind the discrete source models is that the electrical

behavior of the heart can be accurately represented by a simple current source, par-
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ticularly when viewed from a distance such as the surface of the body. This offers an
advantage in that it reduces the number of parameters needed to describe the sources,
which in turn simplifies both the forward and inverse problems associated with the
modeling process. However, the absence of uniqueness in the inverse problem of

electrocardiography greatly restricts the application of these models [S1].

The underlying notion of surface potential models is that the potentials measured on
any closed surface that fully encloses all active cardiac sources provide a fully equiv-
alent representation of the actual cardiac sources. For the sake of ease and accuracy
in determining source parameters, it is typical to choose the epicardium (or peri-
cardium) as the enclosing surface. The difficulty then lies in creating a mathematical
model that can predict potentials throughout the thorax, including the body surface,
based on this source [36]. In the mid-1970s, Barr and his team successfully solved
this problem using the boundary element method (BEM), which also offers a straight-
forward numerical solution [4, 5]. BEM relies on a grid of boundaries encircling a
region, such as the surfaces that envelop the heart, torso, and internal organs with
varying electrical conductivity. It is better suited to homogeneous/inhomogeneous

but isotropic tissues than regions with anisotropy.

Other common approaches for solving this problem are volume methods, like the fi-
nite difference method (FDM) and the finite element method (FEM). In the former,
the torso geometry is represented by a three-dimensional grid of discrete nodes. Re-
sistive elements are specifically chosen to reflect the resistance of the torso and are
situated between the nodes. For every node, Kirchhoff’s current law is employed,
resulting in a number of equations that describe the potential between adjacent nodes
[20]]. On the other hand, FEM uses a set of volume elements of tetrahedra or hexahe-

dra shapes to estimate the torso geometry.

The advantages of FEM and related volume methods are their capability to account
for various types of tissue conductivity, and the availability of efficient computational
tools that enable effective implementation. An advantage of using BEM is that it
involves a smaller number of nodes or degrees of freedom in the computation process
in comparison to FEM. This is because BEM only employs surface nodes as opposed

to volume nodes, reducing the number of computations required [20]].
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The solution of the forward problem can be represented as the forward operator A in

the equation:

y = Ax, (2.4)

where A € RM*N 2 ¢ RM*! is the heart potential vector and y € RM*! is the

resulting body surface potential vector.

The discussed multiscale nature of the ECG forward problem makes the accurate
calculation of the body surface potentials challenging. The larger the number of in-
homogeneities and their properties considered, the greater will be the computational
complexity of the problem. Computer memory and computational capacity limita-
tions prompt simpler mathematical modeling and formulation of the problem such
that a trade-off between accuracy and complexity is found. The reliability of solv-
ing the inverse problem in electrocardiography heavily relies on the precision of the

forward problem formulation [7]].

2.6 Inverse Problem of Electrocardiography

The primary objective of the inverse problem of electrocardiography is typically to
assess the condition of the heart based on body surface measurements. It is important
to note that forward solutions only describe potential paths for source-measurement
relationships, and do not demonstrate causality by themselves. It is conceivable that
different parameters or models in forward solutions could lead to comparable mea-
surement predictions. To prove causality and ensure uniqueness or to quantify the
uncertainty in the forward predictions, an inverse solution is required. This inverse
problem is ill-posed, meaning that small variations in the data, such as measurement
noise or geometric errors that are practically unavoidable, can result in large and un-

bounded errors in the solution.

There are various deterministic techniques that can be used to address the ill-posed na-
ture of this problem such as Tikhonov regularization [59]], minimum residual method
(MINRES) [22], generalized minimal residual (GMRES) [47], truncated singular
value decomposition (TSVD) [23], and conjugate gradient methods [22]. To im-

prove the generalization performance, regularization techniques impose constraints
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on the solution. The spatial and temporal characteristics of the cardiac sources, allow
regularization to be applied in both domains for increased accuracy. Tikhonov regu-
larization is a commonly used technique for inverse problems to avoid instability [9],

that can be used in ECGI [47]].

Understanding the normal cardiac excitation is crucial for understanding and treating
arrhythmias. Epicardial breakthroughs happen when the activation wavefront reaches
the epicardium and penetrates its surface. The timing and position of these occur-
rences supply crucial data regarding the sequence of ventricular activation. In the
distant past, the lack of a non-invasive imaging technique for evaluating cardiac elec-
trical function prevented the examination of normal cardiac excitation in healthy in-
dividuals under typical physiological conditions. However, with the development of
ECQGI, it has been presented as a research tool in physiological studies both to inves-
tigate the normal human cardiac activation and repolarization of healthy adults [48].
Detection and quantification of ventricular and atrial arrhythmia in patients have also

been studied in the past decades [70, 19, 54, 26]].

A limited number of ECGI studies for the localization of spontaneous PVCs have
been conducted to date. The existing studies have concentrated on specific PVC
types like idiopathic PVCs, idiopathic Outflow Tract Ventricular Arrhythmias (OT-
VAs) [67, [71] or patient cohorts [42] with the use of 12-lead ECGs. According to
Yamada [67]] twelve-lead surface ECG algorithms are highly accurate in pinpointing
the origin site of idiopathic PVCs. However, the precision of these algorithms may
be constrained by various factors such as the patient’s physical characteristics, heart
rotation, specific conduction properties, the presence of structural heart disease, and
other similar aspects. Zhou etal.’s article [71] demonstrated that ECGI has greater
accuracy in differentiating the right ventricular outflow tract (RVOT) from the left
ventricular outflow tract (LVOT) and the septum from the free wall in the RVOT,
which enables precise prediction of the origin of OTVAs. This capability of ECGI
surpasses that of traditional 12-lead ECGs.

The fastest route algorithm has been used for PVC localization on patient-specific
models and myocardial activation with 12-lead ECG by first converting activation

isochrones into ECG waveforms and then comparing every millisecond of the simu-
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lated ECG with the measured ECG [62]. Another study with 12-lead ECGs for paced
PVC localizations [34]] shows the sensitivity of activation time mapping is influenced
by variations in both the geometrical model and the placement of time markers, al-

though it is comparatively less affected by changes in the body position.

Recently, learning-based methods have been used for PVC identification [69]], PVC
detection [35]], arrhythmia classification [61], and PVC monitoring in portable devices
[10] using the ECG recordings. The aforementioned studies have exclusively relied
on the MIT-BIH database [41] as their source of training data, and they do not solve
the inverse ECG problem. The effectiveness of their proposed techniques cannot be
extrapolated to alternative datasets. However, they present promising results for state-

of-the-art learning-based ECGI.

There is a lack of spontaneous PVC data for research. The previous studies have
mostly used the pacing data available in EDGAR data repository [3] for PVC origin
prediction [25]], analyzing the geometrical constraint [S6], and creating a simulated

dataset for paced data [S3].

2.7 Limitations of Current Approaches

There are some limitations linked to the utilization of the 12-lead ECG algorithms.
For instance, accurate measurement of various ECG parameters is essential for several
algorithms, which can lead to inconsistencies and heterogeneities between assessors.
This is particularly true in situations involving wandering baselines, lead noise, and
the absence of electronic calipers [[71]. The main constraint of ECGI is the smoothing
effect that inner organs have on the projection of cardiac potentials into the body

surface, which leads to the loss of sharp morphologies and sudden transients [26]].

Another limitation is that the current state of available clinical data is inadequate to
conduct a thorough investigation into spontaneous PVCs, and the existing studies
have relied heavily on a limited range of datasets, resulting in insufficient general-
ization. In order to comprehensively investigate the localization of PVCs in clinical
settings, it is imperative that future research incorporates a wider range of datasets

with preferably known PVC origin sites.
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The present study holds considerable significance due to its exploration of sponta-
neous PVC localization utilizing a novel dataset that has not previously been exam-
ined. Furthermore, the utilization of relatively simple techniques, such as Tikhonov
regularization, has yielded satisfactory outcomes, further adding to the study’s signif-

icance.
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CHAPTER 3

METHODS

In this chapter, we introduce the clinical data and the problem definition and explicate
the relationship between the electrical activity of the heart and the corresponding
activity on the surface of the body. We will then delve into the various solution
algorithms used to address the inverse problem in detail. Finally, we discuss the

evaluation metrics employed to assess the results.

3.1 Clinical Data

The clinical data used in this study contains the body surface potential measurements
of 10 patients with spontaneous PVC that were indicated for RFA. The measurements
were obtained by ProCardio measuring system [33] with 128 electrodes, organized in
16 strips with 8 electrodes around the chest. This data has been provided by the
Institute of Measurement Science, Slovak Academy of Sciences (SAS) as part of
the project "ClinECGI: Performance Evaluation of Noninvasive Electrocardiographic
Imaging for the Localization of Premature Ventricular Contractions from Clinical
Data" jointly supported by Scientific and Technological Research Council of Turkey
(TUBITAK, grant no 120N200). Computed Tomography (CT) scan of each patient
was procured while the electrodes were affixed to the torso. A patient-specific torso

model was created by segmentation of these CT scans, an example of the geometries
can be observed in Fig. [3.1]and

The invasive heart mapping of patients was generated during the RFA procedure and

presented for assessment by a physician. The estimated ablated region information
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Figure 3.1: Heart geometries all from the same view angle: a) Epicardium surface, b)
Epicardium-Endocardium surface, c) and d) Epicardium-Endocardium surface with
blood cavities blue as left ventricle cavity green as right ventricle cavity respectively
from two different view angles.

was then recorded. In table [3.1] a brief description of each patient’s procedure and
diagnosis are listed along with their age and the mapping system used for cardiac
mapping. There are a total of 12 patients with irrelevant patient numbers in PXXX
format. Due to inaccurate mesh generation in the geometries of patients PO24 and
P027, they have been excluded from our analysis with HBLT models explained in the

further sections.

The measurement duration is subject to variation, with a range extending from a min-
imum of 5 minutes to a maximum of 20 minutes. The measured signals are processed

using a high pass filter with a finite impulse response designed by the windowing
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Table 3.1: Patient Information

Meas-RFA

_ R Descring
Patient # Age escripion Interval (days)

Ablation in LVOT.
The focus was on the septum near
h i icul
POO1 17 the a.trlovc?ntrlcu ar node 180
The earliest signal was detected
in the left ventricle, at the

septum, towards the back.

Ablation in the anteroseptal part

POO2 63 of the RVOT. 282
P004 7 Ablation in RVOT, anterolateral on 5
a free wall.
POOS 46 Focus in RVOT, upper part, ’
laterally.
The focus is in the septum at the
LVOT level, more backwards.
The earliest signal was detected
PO10 4 near his bundle and thus the 330
patient did not undergo
ablation.
P020 37 Ablation in right ventricle. 42
The earliest signal was
P021 33 detected near to the his bundle, ablation 2
in the left ventricle.
P023 38 Ablation in septum. 380
Ablation under the aortic valve,
P024 79 at the interface of the right and 8

left coronary cusp.

P027 57 Ablation in RVOT, under the 15
pulmonary valve.

Patient with anterior infarction.
P029 64 Ablation in RVOT, under pulmonary 0
valve, anterior free wall.
Ablation at the interface of the right
P036 61 and left coronary cusp. The earliest 150
signal was detected in the aorta.

method using the Blackman-Harris window with a cut-off frequency of 0.5 Hz. In the
chosen signal, R-peaks were found for all cardiac cycles and the cycles are clustered

according to their morphology. Then the signals in clusters for PVC beats are aver-
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aged. Finally, the starting time instant is estimated for the PVC beat and all signals
were corrected by a constant value in such a way that at this instant the BSP value

was zero. This signal averaged PVC beat is used for ECGI [S7].

Electrodes that exhibit excessive levels of noise or have ambiguous placement in CT
scans have been designated as bad leads and removed from the analysis. A sample
of averaged and corrected BSPs of a patient (POO1), with a total of 128 leads, is
demonstrated in Fig. [3.3]

-25

L L . . . . . . L 25 . . n L . . . . L
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
ms ms

(a) Averaged BSPMs before correction (b) Averaged BSPMs after correction
Figure 3.3: The average signals recorded from all leads for a patient’s body surface
potentials, (a) before correction of the PVC beat starting point to zero and (b) after
correction

3.2 Problem Definitions

In order to obtain a feasible solution for the inverse problem of electrocardiography,
the temporal and spatial aspects of it needs to be formulated. First, the mathematical
model is obtained by solving the forward problem. Then, the inverse problem can be

solved based on the chosen cardiac source model.

3.2.1 Potential-Based Problem

Here, two source models for heart potentials are used: Epi (i.e., epicardial electro-

grams) and EpiEndo (i.e., epicardial-endocardial electrograms). Given the BSPMs,
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Epi, and EpiEndo potentials are estimated using the following linear equation:
y(k) =Ax(k)+v(k), k=1,2,... K, 3.1)

where x(k) € RN*! are the heart surface potentials and y(k) € RM*! are the
corresponding BSPs at time instant k. A € RM*¥ ig the forward transfer matrix
and v(k) € RM=! represents noise in the measurements. Depending on the source
model, x(k) corresponds to either the epicardial surface or the combined epicardial-
endocardial surface potentials with N as the number of nodes on the heart, M as the

number of ECG electrodes, and K is the number of time samples.

Given the heart, torso, and lung geometries, the forward matrix A is computed with
the BEM based on [4] using five geometrical models: one homogeneous and inhomo-
geneous torso medium with an epicardial surface and one homogeneous and inhomo-
geneous volume conductor with epicardium-endocardium surface. The conductivity
values are chosen as body conductivity equal to 0.2 .S/m, lung conductivity equal to

0.05 S/m, and blood cavity conductivity equal to 0.67 S/m.

3.3 Inverse Problem of Electrocardiography

To solve the inverse problem of electrocardiography, the forward operator must be
known. In other words, a mapping describing the relationship between the heart
nodes and body surface electrodes must be available. Here, for solving the forward
problem, we first derive a set of coefficients to establish a correlation between the
potentials on the irregularly shaped inner surface of a volume conductor and those
on its outer surface by interpolation. This correlation applies even when the shapes
of either surface are not uniform. Notably, this set of coefficients can be utilized to

connect the potentials around the heart with those present on the surface of the body.

The inverse problem is ill-posed, meaning that small variations in the data, such as
measurement noise or geometric errors that are practically unavoidable, can result in

large and unbounded errors in the solution.

The application of constraints in this method necessitates some prior knowledge of the

properties of the solutions. Typically, it leads to spatial smoothing of the epicardial
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potentials, which can result in a reduction of spatial resolution and loss of diagnostic
information. The method also requires accurate determination of a regularization

parameter, the value of which controls the degree of constraint applied [47]].

There are various methods available to solve the inverse problem of electrocardiogra-
phy and address the ill-posed nature of this problem. Tikhonov regularization is one
such method, in which a trade-off is achieved between a good fit to the measurements

and constraints defined on the solutions [59].

3.3.1 Tikhonov Regularization

As a regularization technique, Tikhonov regularization stabilizes the solution by uti-
lizing general knowledge about the solution to constrain it [20]. It can be used for
various problems; in this study, the Tikhonov regularization method [59] is used to
deal with the ill-posed nature of the inverse electrocardiography problem of [3.1] and
the heart potentials were found for each time instant separately such that the cost

function below is minimized:
& = argmin, (|| Az — y||3 + \|| Rz[[3). (3.2)

The solution has the form of?:
&= (ATA+ NRTR) ATy (3.3)

Here, R € RY*" is a regularization matrix and ) is the regularization parameter for
balancing the trade-off between a fidelity term, which measures the accuracy of the
data approximation, and the regularization term, that limits the spread of inaccuracies

in the data into the calculated approximate solution.

This is only feasible if A is an over-determined matrix. When the number of mea-
surement locations is insufficient compared to the number of parameters that need
to be estimated, leading to an under-determined forward transfer matrix A, a unique

solution cannot be obtained [46].

The regularization matrix R can be chosen based on the desired smoothness of the
solution, it can be either an identity matrix or a first or second-order derivative oper-

ator. To begin, we utilized the zero-order Tikhonov regularization method, in which
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the regularization matrix is the identity matrix, in order to facilitate computations and
have a reference point for comparison should we decide to explore more advanced
optimization methods in the future. As it is widely acknowledged that an appropriate
regularization matrix can produce higher quality solutions than zero-order Tikhonov

solutions [44].

The value of A > 0 is also critical to the quality of the computed solution: a too-
large parameter will result in an over-smoothed solution that lacks important details,
while a too-small value will yield a computed solution that is unnecessarily affected
by errors that have been propagated [44]. If the heart surface potentials, x are already
known, as is the case with simulation or experimental studies, A can be defined as the
value that minimizes the relative error (RE), as outlined in the following equation:

.f —IHQ

re =1 34)
|ll2

However, in clinical tests on humans, epicardial potentials are not known. Therefore,
some other method must be used for finding an optimal A value [20]. In this study, we
utilized the L-curve method, as described in [32] to determine the optimal value of A
at each time instant. This was achieved by selecting the corner point of the L-shaped
plot produced by the L-curve method, which plots in log-log scale || Ax — y||2 vs ||z]|2
in the zero-order Tikhonov regularization. It is at this point that the minimum norm
solution and minimum error properties are jointly satisfied [24]. Then, median of
those values was selected as the regularization parameter for all time instants in the

inverse problem solution.

For R = I, we can use singular value decomposition to find the unknown heart

surface potentials as follows:

A=Usv" (3.5)

with
U = [ug, Uz, ...tp], V = [v1, 09, ...0,]. (3.6)
Y =diag(oy,...,04), where o1 > 09 > ... > oy, (3.7)

The heart potentials can be estimated by:

- o? uTy
P = L. 3.8
i Zl S (3.8)

2
o7+ A 0
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Hence, Tikhonov regularization dampens the impact of division by small singular

2
values as U;’ + will go to zero for small singular values, but large singular values still
¢ 2
95

have an effect on the computed solution as —+~ will go to 1 in Equation
oA

The application of constraints in this method necessitates some prior knowledge of the
properties of the solutions. Typically, it leads to spatial smoothing of the epicardial
potentials, which can result in a reduction of spatial resolution and loss of diagnostic
information. The method also requires accurate determination of a regularization

parameter, the value of which controls the degree of constraint applied [47]].

3.3.2 AT estimation and PVC Localization

Activation time is the time instant at which the heart cell/tissue depolarizes (in the
cell, it is when the TMP is at phase 0, shown in Fig. [2.4). Estimating cardiac ac-
tivation times can be difficult due to various sources of noise [52]]. In such cases,
AT maps may appear falsely homogeneous or show artificial lines of block due to

over-smoothing or ambiguities in the inverse problem.

In the conventional approach, the local activation time is determined by analyzing
the electrograms (EGM) and identifying the timepoint of the steepest downslope in
the QRS complex, which represents the onset of electrical activation at that specific
location within the heart. This corresponds to the time instant at which the negative
of the first derivative of the EGM signal is maximum (or when the first derivative
is minimum). When using ECGI, the EGMs may be overly smoothed or have non-
standard waveshapes with multiple peaks ("W-shaped") [6]. As a result, accurately
determining local activation and recovery times from EGMs is a challenging task.

Prefiltering the EGM can remedy this issue to some extent [49].

In order to locate PVCs with precision, it is necessary to have a high degree of ac-
curacy when determining the cardiac depolarization sequence or activation time. To
achieve this, a low-pass Butterworth filter with a cut-off frequency of 30 Hz was
applied to the reconstructed EGM prior to estimating the activation times, as the ac-
curacy of the activation times is dependent on the accuracy of the heart potential

estimations.
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Sudden changes in LATs can occur due to signal inaccuracies, to avoid these fluc-
tuations a spatiotemporal method [15] was utilized to regularize AT sequences such
that they are smoothed over space. This method involves the use of an adjacency
matrix on a graph defined over the geometry to compute partial derivatives of first
and second order for the canonical basis of functions on the said geometry. In other
words, it calculates the partial derivatives for all possible combinations of setting one
node to 1 and the rest to O within the given geometry. Then, by using the Hessian
approximation of the found matrix, a forward operator is estimated to be used in a
regularization method. In this study, we used Tikhonov regularization to obtain a bet-
ter AT estimation from minimum derivative-based AT. However, alternative methods

may also be employed.

For both the derivative-based temporal AT method (from LATSs) and the spatiotempo-
ral AT method, the earliest activated node is identified as the PVC origin.

3.4 Evaluation Metrics

As ground truth heart potentials are not available, we cannot evaluate the accuracy
of our heart potential reconstructions. However, we can evaluate the performance
of the proposed AT methods in localizing the PVC origin, by comparing them with
the physician-identified ablation points. These points were manually marked on the
EpiEndo heart geometry as the true PVC origins for all patients by the physician who
applied the RFA procedure. However, the localization errors found for Epi models are
calculated with respect to those same ablation points which can be sometimes located
inside the Epi geometry. If there are more than one ground truth PVC origins, LE is

taken as the average over all LE values for each ground truth annotation.

The position of the successful RFA intervention was estimated additionally as a ver-
tex/vertices of the triangles of the EpiEndo heart model surface by the physician ac-
cording to the documents from the procedure. Therefore, the accuracy of such esti-
mation can be influenced by a model error. If only one ablation point was assigned,
then this error for the EpiEndo surface is zero. Apparently, this error is larger for

the epicardial surface, mainly for the patients with ablation points near the septum.
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Finally, some errors can be acquired by the personal opinion of the evaluator.

Two forms of assessments are used in the next chapter for three patients as representa-
tions of good, bad, and inconsistent cases in the methods behaved. First, a qualitative
assessment of heart potential maps, AT maps, and PVC localization on the AT maps
is provided for the defined four geometrical models. Then, the effect of an extra inho-
mogeneity in the model is discussed. Finally, a quantitative assessment is presented
by the calculated Localization Errors (LE) in millimeters with respect to the ablation

points.
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CHAPTER 4

RESULTS

In this chapter, we delve into the examination of the efficacy of the methods put
forth in the context of utilizing clinical data. This encompasses an appraisal of the
calculated heart potentials, as well as an analysis of the activation time sequences,

with the ultimate goal of accurately determining the origin of PVCs.

4.1 Torso Volume Conductor Models

As explained in Section [3.1] triangulated closed surface geometries of the torso, Epi-
cardium (Epi), Epicardium-Endocardium (EpiEndo), lungs, and left and right blood
cavities of each patient are provided. As anticipated, the shapes of the organs for each
patient vary. However, the mesh format for each is consistent and closely resembles
the geometries depicted in Fig. [3.1)and [3.2] with the latter showing the placement of

128 electrodes on the torso geometry.

We use these geometries to construct five torso volume models, two for each heart
geometry, one being homogeneous and the other being inhomogeneous with an addi-
tional inhomogeneous model for EpiEndo geometry:

e HT Epi: Homogeneous torso model with Epi geometry as the heart surface.

e HLT Epi: Inhomogeneous torso model with lungs, and Epi geometry as the

heart surface.

e HT EpiEndo: Homogeneous torso model with EpiEndo geometry as the heart

surface.
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e HLT EpiEndo: Inhomogeneous torso model with lungs, and EpiEndo geometry

as the heart surface.

e HBLT EpiEndo: Inhomogeneous torso model with lungs and blood cavities,

and EpiEndo geometry as the heart surface.

We calculate the results in the subsequent sections using the first four of the afore-
mentioned models, wherein the lungs are considered as the sole inhomogeneity. Sub-
sequently, in Section 4.5] we present the results of the fifth model and explore the
impact of incorporating an additional inhomogeneity, such as blood cavities, into the

torso model on the inverse solutions.

Given that the true heart potentials are not available, it is not possible to directly
evaluate the accuracy of the forward matrix A in [3.1] However, an assessment of
the matrix may be performed by evaluating its impact on the solutions to the inverse

problem.

4.2 Quantitative Evaluation of PVC Localization

In this section, we explore the quantitative performance of our PVC localization by
evaluating the Euclidean localization errors found for each model with respect to the
specified ablation points in the dataset. For half of the patients, the error values across
all five models are rather clustered and are not significantly distant from each other,
illustrated in Fig. . 1] showing the stability of the method over different torso volume
conductor models. The total mean and standard deviation results listed in Table
also confirm the stability of the used method for various models across the dataset.
Some inconsistencies between the errors of individual patient models can be observed
from the median values. However, the median error values across the models for half
of the patients are less than 30 mm and for the other half is around 45 mm, illustrated
in Fig. 4.1] The total interquartile range (IQR) of each model shows the distribution
of the errors is around 30 mm, except for HLT Epi and HBLT EpiEndo models that
is around 20 mm in Table .11

In this chapter, only a subset of the patient results is presented due to the size of the
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Figure 4.1: PVC origin localization error plot of all five models for each patient, with
the red line showing the median of the five model

Table 4.1: Localization errors (mm) of the five models with their mean, standard
deviation, median, and IQR values

Patient # HT HLT HT HLT HBLT mean  std
Epi Epi EpiEndo EpiEndo EpiEndo
P001 27.9 27.7 29.2 29.7 29.2 28.8 09
P002 58.2 51.6 55.2 55.2 40.6 521 69
P004 20.4 20.8 23.0 20.9 19.1 208 14
P008 20.0 20.0 12.1 12.1 28.6 18.6 6.8
P010 59.2 40.7 49.15 53.3 39.6 484 83
P020 16.5 16.5 23.3 25.6 23.4 21.1 4.2
P021 42.1 42.0 53.7 43.7 49.8 462 52
P023 36.2 78.5 56.5 67.6 20.5 519 235
P029 51.9 51.9 19.1 19.1 19.2 323 18.0
P036 39.9 36.4 55.1 55.1 429 436 8.8
meantstd | 36.1+16.7 36.7£17.7 36.4+18.8 37.8+17.5 31.3+11.1
med (IQR) | 38.0 (30.0) 32.1(19.1) 39.2(32.0) 35.9(294) 28.9(19.1)

dataset, with a particular emphasis on the three distinct behaviors exhibited by the
methods based on the mean error values in Table[d.I] As an example for good local-

ization performance, the results of patient POO8 with a mean error value of 18.6 mm
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are discussed in the following sections, whereas for a bad performance example, pa-
tient PO02’s results with a mean LE of 52.1 mm are presented. Finally, the consistent
performance of the method over different models is discussed in the results of patient

P029.

As shown in Table homogeneous and inhomogeneous EpiEndo models of PO08
and P029 have resulted in smaller LEs, indicating EpiEndo geometry can provide a
better representation of the electrical heart activity. The existence of lung inhomo-
geneity in the models of these three patients does not affect the localization of the
sources (LEs) when compared to homogeneous models, and neither does it changes
the earliest time detected by the model in Table f.3] According to this table, the
time ranges detected for the potential-based models are slightly larger than the ones
of the dipole-based models. Potential-based PVC localization performance is nearly
two times more accurate than dipole-based solution for POOS, see Table [4.2] In the
same table, the mean LEs for P029 are almost the same, however, this is due to the
undesirable LEs found by Epi models in the potential-based method. In fact, the
potential-based EpiEndo models indicate better estimates for PVC origin of P029

than the dipole-based ones.

Table 4.2: Localization errors (mm) of potential based models with their means and
mean LE of dipole based models

. Potential-based Dipole-based
Patient #
HT HLT HT HLT mean
. . . . mean

Epi Epi EpiEndo EpiEndo
P008 | 20.0 20.0 12.1 12.1 16.1 32.2
P002 | 58.2 51.6 55.2 55.2 55.0 36.0
P029 | 519 519 19.1 19.1 355 31.0

Although the mean LE of dipole based PVC origins is in range of 30 milimeters
for P002, they are still a much accurate estimate than potential based PVC origin

estimates, given Table #.2]

We are also provided with dipole-based PVC origins and their LEs by the IMS-SAS
group in order to gain a more comprehensive understanding of the outcomes, illus-
trated in Fig. 4.2] [4.3] and 4.4} The potential-based PVC localizations are displayed

with square markers. The dipole-based ones are displayed with triangle markers, and

36



Table 4.3: The earliest time detected for potential based models and dipole based
model in miliseconds for each model and the time range detected for both methods
HT  HLT HT HLT
Epi Epi EpiEndo EpiEndo
POO8 | 40.84 4096  40.97 37.82
P002 13.8 1546 15.1 15.34
P029 | 34.05 3446 41.57 39.72

Patient #

the ablation points are marked with black circles.

Pacing Locations on EpiEndo Geometry for P008
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¥ dipole HT Epi
dipole HLT Epi

Figure 4.2: Dipole based vs potential based PVC estimates with the physician identi-
fied ablation points of POO8

The bad and inconsistent examples of the method performance can be seen in the
scattered PVC origin estimations in figures 4.3] 4.3] and[4.4] The dipole based PVC
origins for POO2 look significantly closer to the ground truth than the potential based

ones.

However, a similar poor performance for P029 is observed in Fig. {.4] for dipole
based method as the potential based method, suggesting the inconsistency may not

be solely due to the method, but rather due to the existence of other factors like noisy
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Pacing Locations on EpiEndo Geometry for P002
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Figure 4.3: Dipole based vs potential based PVC estimates with the physician identi-
fied ablation points of P002
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Figure 4.4: Dipole based vs potential based PVC estimates with the physician identi-
fied ablation points of P029

measurement, complicated cardiac issues, age, etc.
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4.3 Heart Potential Reconstruction

The electrocardiograms of all patients are determined through the application of Tikhonov
regularization and are subsequently analyzed across various time intervals. The pur-
pose of this analysis is to evaluate the consistency and pertinence of the outcomes

with respect to the patients’ clinical profiles.

4.3.1 Qualitative Evaluation of ECGI

The three evaluation cases of good, bad, and inconsistent performances are explored
through the results of patients POOS, P002, and P029, respectively. The heart potential
distributions of the four torso models for each patient are mapped in Fig. 4.5] 4.6] and
@ for three time frames after the QRS starts in each row. In these figures, the red
regions highlight higher potential values, or regions of activation. The blue points
or regions show small potential values. The propagation can be observed from the
variation of potential values in a particular region, in other words, by the color change

from blue to red.

The heart potential distributions for the four distinct torso models of patient POO8
demonstrate compatibility with the observation that the point of origin for propagation
is located in the upper region of the RVOT, see Fig. 4.5] The angle views are identical
and the left and right ventricles have been labeled in both the Epi and EpiEndo models
for better comprehension. We can see the consistency of the results across the four
models with one another. The minimal variations in the potentials between the Epi
and EpiEndo models can be attributed to the compactness of the Epi geometry. The
EpiEndo geometry, however, provides a more accurate representation of the heart’s

structure.

Patient POO2 underwent ablation in the anteroseptal region of the RVOT, indicating
that the focus was situated anterior to the interventricular septum. However, the re-
constructed potentials indicate the origin of propagation to be elsewhere, specifically
in the posterior of the RVOT and the inferior region of the right ventricle, as depicted
in the encircled area of Fig. [4.6] Despite the fact that the results do not align with the

patient’s clinical description, the reconstructed electrograms across all four models
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P008 Heart Potential Maps during QRS
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Figure 4.5: Heart potential distribution of patient POO8 during the first 9 seconds of
QRS

are consistent with each other, showing the stability of the used method. The incom-
patibility of the results with the ground truth may be due to the long time interval

between the measurement and the ablation, given in Table[3.1]

The variation in the compatibility of the results obtained from P0O02 and POO8 with the
clinical descriptions may be attributed to the characteristics of BSP signals, illustrated
in Fig. 1.7] and the dependency of the reconstructed heart potentials on them. The
QRS region for PO02 is from 206 to 381 ms and for POOS is from 196 to 341 ms.

Lastly, P029 has suffered from an infarction in the anterior region and undergone an
ablation procedure in RVOT, located beneath the pulmonary valve and on the anterior
free wall. The reconstructed heart potentials show activation origin from the anterior
free wall during the 15 seconds of QRS in Fig. f.8] The left and right ventricles
are marked in the figure. The view angle is slightly elevated, and the right and left

ventricles can be differentiated by the cavity observed in the EpiEndo models.

As depicted in Fig. 4.9] the body surface potentials of P029 appear to be less distorted

in comparison to the previous two patients, with the QRS region spanning from 216
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P002 Heart Potential Maps during QRS
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Figure 4.6: Heart potential distribution of patient PO02 during the first 15 seconds of
QRS
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Figure 4.7: The 128 lead body surface potential signals of PO02 and POOS

to 421 milliseconds. The reconstructed heart potentials are again consistent across all
models. The performance inconsistency of this patient arises in the activation time

calculation which we will cover in the next section.
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Figure 4.8: Heart potential distribution of patient P029 during the first 15 seconds of

QRS.
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Figure 4.9: The body surface potentials of P029
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4.4 Activation Time Maps

By utilizing the reconstructed heart potentials of the patients, we are able to estimate
the corresponding activation time sequences to eventually localize PVC origin. In

order to provide a better understanding of the variations between the methods, the
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AT maps obtained through the minimum derivative method and the spatiotemporal

method for all four models are illustrated in two columns in Fig. [4. 10, [4.11] and [4.12]

P008 Activation Time Maps
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Figure 4.10: The activation time maps of POO8 found by minimum derivative and
spatiotemporal methods with the cross showing the pacing location.
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The left-hand side of the illustrations show maps of activation time based on the
minimum derivatives for the first four torso volume conductor models. On the right-

hand side, there are spatiotemporal activation time distributions of the same models.

P002 Activation Time Maps
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Figure 4.11: The activation time maps of PO02 found by minimum derivative and
spatiotemporal methods with the cross showing the pacing location
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An examination of both sides of the figures for all three patients indicates that us-
ing the spatiotemporal method improves the robustness of activation sequences by

reducing abrupt changes caused by signal inaccuracies in LATs.

P029 Activation Time Maps
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Figure 4.12: The activation time maps of P029 found by minimum derivative and
spatiotemporal methods with the cross showing the pacing location
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This demonstrates the greater stability of the spatiotemporal AT method. As a result,
we choose to use the spatiotemporal AT-based PVC origin localizations as our final

estimates, and refer to spatiotemporal AT maps as AT maps.

In the case of PO02, we can see in Fig. [.I1] there is a greater discrepancy be-
tween the results obtained by the minimum derivative method and the spatiotemporal
method, particularly in the EpiEndo models. It is apparent that the spatiotemporal
method enhances the activation time sequence obtained through the minimum deriva-
tive method. In the illustrated AT map of Fig. 4.13] certain regions are observed to
have substantially distinct values in the AT sequence in comparison to their adjacent
nodes. The smoothing effect of the spatiotemporal method improves the AT estima-
tion for such regions. Thus, the results obtained through the spatiotemporal method

are more stable.
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Figure 4.13: The activation time map of PO02 HT EpiEndo model found by minimum
derivative method and the reconstructed heart potential at node 365 and 763: pink
vertical line shows AT found with minimum derivative method and green vertical line
shows AT found with spatiotemporal method at these nodes

A comparison of the estimated AT maps of POO8 reveals minor discrepancies in both

the distribution and the identified PVC origins. The consistency of the AT maps
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and PVC origins across both homogeneous and inhomogeneous models of heart ge-
ometries with one another and their compatibility with the clinical description of the

patient is indicative of the good performance of the methods for this case, illustrated
in Fig. 4.14]

The AT maps for all four models of PO02 are found to be consistent with one another.
However, we can observe in Fig. 4.13] the activation time distributions highlight the
left ventricle and do not fully align with the patient’s clinical description, which points
to the ablation being in the anteroseptal part of the RVOT. One possible explanation
for this discrepancy may be the large time interval between the measurements and the
ablation procedure, which is approximately 282 days as noted in Table[3.1] In the case
of patient P029, a slight variation can be observed between the AT maps of Epi and
EpiEndo models in Fig. 4.16] The Epi models highlight a broader activation origin
area on the right ventricle side extending to the left ventricle, while the activation
distribution in the EpiEndo models is more concentrated around the RVOT, which is

consistent with the clinical description.

Activation Time Maps for P008
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Figure 4.14: The spatiotemporal activation time maps of POO8 with ablation points
identified by the physician. The ablation points are located inside the Epi models,
making them invisible in this figure
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Activation Time Maps for P002
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Figure 4.15: The spatiotemporal activation time maps of PO02 with ablation points
identified by the physician. The ablation points are located inside the Epi models,
making them invisible in this figure
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Figure 4.16: The spatiotemporal activation time maps of P029 with ablation points
identified by the physician.
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4.5 Blood Cavity Inhomogeneity Effect

In this section, we investigate the impact of adding an extra inhomogeneity layer to
the torso volume condutor model. The activation time distributions are consistent
with the previous inhomogeneous models for all the three patients. The activation
time distributions for all three model seem to have been improved, showing a more

compact activated region and compatibility with the clinical descriptions for the three

patients, illustrated in Fig. F.17/4.18] and [4.19]
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Figure 4.17: Spatiotemporal AT map for models with additional inhomogeneity of
blood cavities of patients POO8 (The left chamber seen in all three figures is the left
ventricle and the chamber located at the right side of the figures is the right ventricle)

The identified source of PVC in P0O08 is slightly deviated, despite the activation se-
quences appearing to be correct. This discrepancy may be attributed to the use of a
single point estimation method chosen in the study. Although the estimation of the
origin of PVC in P002 is not entirely accurate, it has undergone a 5.3% improve-

ment, see Table @ resulting in a location that is much closer to the ablation point,
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Figure 4.18: Spatiotemporal AT maps for models with additional inhomogeneity of
blood cavities of patients PO02 (The left chamber seen in all three figures is the left
ventricle and the chamber located at the right side of the figures is the right ventricle)
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Figure 4.19: Spatiotemporal AT maps for models with additional inhomogeneity of
blood cavities of patients P029 (The left chamber seen in all three figures is the left
ventricle and the chamber located at the right side of the figures is the right ventricle)

illustrated in Fig. [4.18] Lastly, although the PVC origin of P029 for this model is al-

most the same as the ones found for both homogenous and inhomogeneous EpiEndo
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models, a 9.2% improvement in the total mean LE of the patient is obtained, given in

Table 4.4l

Table 4.4: The EpiEndo model with inhomogeneous blood cavity localization error,
the total mean LE improvement percentage, and estimated PVC origin along the true
origin side

HBLT EpiEndo
Patient # LE(mm) improvement prec.iicted abl'ation
percentage side side
P0O08 28.6 -15.6 RV RV
P002 40.6 5.3 RV RV
P029 19.2 9.2 RV RV
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CHAPTER 5

CONCLUSION AND FUTURE WORKS

In this study, the variation of spontaneous PVC localization based on various cardiac
source and forward models have been examined on clinical data of 10 patients. The
following methods are utilized for ECGI in this work:
e Tikhonov regularization for reconstruction of heart potentials
e Minimum derivative and spatiotemporal methods for estimation of activation
time sequences.

The performance of the presented method are evaluated for the following five models:

e HT Epi: Homogeneous torso model with Epi geometry as the heart surface,

e HLT Epi: Inhomogeneous torso model with lungs and Epi geometry as the heart

surface,

e HT EpiEndo: Homogeneous torso model with EpiEndo geometry as the heart

surface,

e HLT EpiEndo: Inhomogeneous torso model with lungs and EpiEndo geometry

as the heart surface,
e HBLT EpiEndo: Inhomogeneous torso model with lungs and blood cavities
with EpiEndo geometry as the heart surface.
The evaluation of the forward matrices for all these models are not feasible as the true

heart potentials are unknown. Therefore the results are evaluated in two ways: qual-
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itatively based on the patient’s profile, and quantitatively in relation to the ablation
point positions identified by the physician. The results of the patients in three per-
formance categories of good, bad, and inconsistent are presented based on the mean
localization error value of all five models for each patient. Then, the performance
comparison of potential and dipole based methods is discussed with respect to the

PVC origin estimates.

Even though Tikhonov regularization generally resulted in smooth EGMs, the mea-
surement artifacts and geometrical errors can cause the activation time calculation to
be inaccurate for some nodes. Prefiltering the signals temporally improved the mini-
mum derivative results and hence the spatiotemporal activation times to some extent,
however, the final localization of PVC is still prone to AT performance. The spa-
tiotemporal method smoothed the abrupt changes due to signal inaccuracies in LATS,

resulting in more robust activation sequences.

The statistical information like mean and standard devations show the stability of the
AT method employed across various models in the dataset. While there are some
inconsistencies in the error values of individual patient models based on the median
values, the median error values across all models are below 30 mm for half of the
patients and around 45 mm for the other half. The IQR of each model reveals that
the errors are not significantly distributed, indicating that the method is reliable and

consistent with different models in the dataset.

Although the use of more complex models may present challenges in terms of com-
putational complexity, it is demonstrated to yield improvements in the estimation of
activation times for certain patients, thus resulting in a more precise localization of
PVC. The spatiotemporal AT method produced stable results compared to minimum
derivative method for both homogeneous and inhomogeneous models for each heart
geometry. In some cases, EpiEndo models proved to result in a more precise PVC

localization.

To sum up, this study investigates a novel spontaneous PVC dataset for PVC origin
localization in human patients with the use of straighforward and computationally
efficient Tikhonov and spatiotemporal regularization methods. The outcomes show

the AT maps are often quite consistent in all five models, however, variations has
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been observed in PVC origin estimates. Therefore, rather than relying on a single
point PVC origin estimate, comparing potential and dipole based pacing locations
these maps can guide the physicians for more accurate PVC localizations in ablation

therapies.

5.1 Future Works

There are a lot of factors affecting the solution of this problem. Therefore, a wide
range of studies can be done for improvement of performance. To mention a few,
other regularization techniques can be investigated over this clinical data, other or-
ders of Tikhonov regularization performance may be evaluated, optimization of the
regularization parameter for spontaneous PVCs, and improvements in mathematical
modelling of the heart and torso volume are among popular research topics which

may be pursued.

In our future work, we aim to achieve a more robust AT estimation method to im-
prove PVC localization performance by using Bayesian estimation and deep learning

methods after doing data registration and creating a proper dataset for training.
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APPENDIX A

DIPOLE-BASED PROBLEM

A.1 Problem Definition

For a dipole in each specific point position BSPs are computed by the linear equation:
y(k) =Td;(k), k=1,2,..., K, (A.1)

where T is a transfer matrix computed by a boundary element method for a torso
model, describing the relation between the dipole d;(k) at time instant k in the given
position ¢, and y(k), the potentials at the same time instant on the torso. Then, for the

unknown dipole moments, equation (A.T) leads to:

A

d;(k) = T'y(k). (A.2)

where TT is the pseudo-inverse of matrix T, and (A.2)) has a unique solution fulfilling

the criterion of the minimal least-squares method.

A.2 Dipole-Based Method

This method has been employed by our project partners in IMS-SAS. However, as
a comparison between the results, it has been mentioned. A brief overview of the

method will be provided below.

Given that the activated area during the initial 20-30 ms of the PVC interval is limited
in scope, it can be approximated by a single dipole. Utilizing this assumption, the
PVC origin can be computed by considering every point on the triangulated surface

of the ventricles, both on the epicardium and epicardium-endocardium [56]].

65



In each time step for the beginning 20-30 ms of activation, the result of Equation
[A.T]is computed for each assumed position of the dipole on the ventricular surface.
Possible positions of the PVC origin are defined on the whole surface or volume of
the heart model (: = 1,2,..., N, where /N is the number of nodes/possible dipole
locations on the heart). Then the inverse solution is computed for each predefined po-
sition ¢ and each time step £ starting from the beginning time interval. The quality of
each result is evaluated by relative residual error (RRE) between the input measured

map y (k) and the map y.,,, (k) computed using the resulting dipole as:

RRE () < 1Y) = Yoo Bl s

[y ()]l

where y?,,., (k) = Td,(k), and ||.]| means the Euclidean norm. Then the position i

of the dipole with the minimal RRE’(k) value out of all time steps and all positions

on the ventricles is considered as the location of the PVC origin.
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APPENDIX B

PATIENT RESULTS

B.1 Reconstructed Heart Potentials

P001 Heart Potential Maps during QRS
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Figure B.1: Heart potential distribution of patient POO1 during QRS

67

Potential(mV) Potential(mV) Potential(mV)

PotentialmV)



HT_epi frame: 4

HT_epiendo frame: 4

HLT_epi frame: 4

HLT_epiendo frame: 4

-0.05

-0.1

-0.05

0.1

-0.05

0.1

0.1

Potertial(mv) Potertial(mv) Potential(mV)

Potential(mV)

Heart Potentials of P004 in QRS
HT_epi frame: 9

HT_epiendo frame: 9

HLT_epi frame: 9

HLT _epiendo frame: 9

0.2

i 0.4
o
-0.2
04

-0.2

-0.4

04

Potential(mv) Potential(mv) Potential(mV)

Potential(mv)

HT_epi frame: 14

HT_epiendo frame: 14

HLT_epi frame: 14

HLT_epiendo frame: 14

Figure B.2: Heart potential distribution of patient PO04 during QRS
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Figure B.3: Heart potential distribution of patient PO10 during QRS
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Figure B.4: Heart potential distribution of patient P020 during QRS
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Figure B.5: Heart potential distribution of patient PO21 during QRS
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Figure B.6: Heart potential distribution of patient P023 during QRS
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Figure B.7: Heart potential distribution of patient P024 during QRS
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Figure B.8: Heart potential distribution of patient PO27 during QRS
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Figure B.9: Heart potential distribution of patient P0O36 during QRS
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B.2 Potential-Based AT Maps
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Figure B.10: Minimum derivative based vs spatiotemporal AT maps of POO1 with
the cross showing the estimated PVC origin and white triangle representing ablation
point(s)
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Figure B.11: Minimum derivative based vs spatiotemporal AT maps of P0O04 with
the cross showing the estimated PVC origin and white triangle representing ablation
point(s)
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Figure B.12: Minimum derivative based vs spatiotemporal AT maps of PO10 with
the cross showing the estimated PVC origin and white triangle representing ablation
point(s)
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Figure B.13: Minimum derivative based vs spatiotemporal AT maps of P020 with
the cross showing the estimated PVC origin and white triangle representing ablation
point(s)
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Figure B.14: Minimum derivative based vs spatiotemporal AT maps of PO21 with
the cross showing the estimated PVC origin and white triangle representing ablation
point(s)
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Figure B.15: Minimum derivative based vs spatiotemporal AT maps of P023 with
the cross showing the estimated PVC origin and white triangle representing ablation
point(s)
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Figure B.16: Minimum derivative based vs spatiotemporal AT maps of P024 with
the cross showing the estimated PVC origin and white triangle representing ablation
point(s)
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Figure B.17: Minimum derivative based vs spatiotemporal AT maps of P027 with
the cross showing the estimated PVC origin and white triangle representing ablation
point(s)
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Figure B.18: Minimum derivative based vs spatiotemporal AT maps of PO36 with
the cross showing the estimated PVC origin and white triangle representing ablation
point(s)
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B.3 Spatiotemporal AT Maps
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Figure B.19: Spatiotemporal AT maps of POO1 with pacing locations
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Figure B.20: Spatiotemporal AT maps of PO04 with pacing locations
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Activation Time Maps for P010
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Figure B.21: Spatiotemporal AT maps of PO10 with pacing locations
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Figure B.22: Spatiotemporal AT maps of PO20 with pacing locations
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Activation Time Maps for P021
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Figure B.23: Spatiotemporal AT maps of PO21 with pacing locations
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Figure B.24: Spatiotemporal AT maps of PO23 with pacing locations

83



Activation Time Maps for P024
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Figure B.25: Spatiotemporal AT maps of P024 with pacing locations
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Figure B.26: Spatiotemporal AT maps of PO27 with pacing locations
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Activation Time Maps for P036
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Figure B.27: Spatiotemporal AT maps of PO36 with pacing locations
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B.4 Spatiotemporal AT Maps of HBLT Model
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Figure B.28: Spatiotemporal AT maps of POO1 for EpiEndo model with blood cavity
inhomogeneity
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Figure B.29: Spatiotemporal AT maps of PO04 for EpiEndo model with blood cavity
inhomogeneity
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Figure B.30: Spatiotemporal AT maps of PO10 for EpiEndo model with blood cavity
inhomogeneity
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Figure B.31: Spatiotemporal AT maps of P020 for EpiEndo model with blood cavity
inhomogeneity
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Figure B.32: Spatiotemporal AT maps of PO21 for EpiEndo model with blood cavity
inhomogeneity
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Figure B.33: Spatiotemporal AT maps of P023 for EpiEndo model with blood cavity
inhomogeneity
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Figure B.34: Spatiotemporal AT maps of PO36 for EpiEndo model with blood cavity
inhomogeneity
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B.5 PVC Locations
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Figure B.35: PVC origin estimates by spatiotemporal method and dipole based
method for POO1 with the ablation points
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Figure B.36: PVC origin estimates by spatiotemporal method and dipole based
method for PO04 with the ablation points
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Figure B.37: PVC origin estimates by spatiotemporal method and dipole based
method for PO10 with the ablation points
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Figure B.38: PVC origin estimates by spatiotemporal method and dipole based
method for PO20 with the ablation points
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Pacing Locations on EpiEndo Geometry for P021
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Figure B.39: PVC origin estimates by spatiotemporal method and dipole based
method for PO21 with the ablation points
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Figure B.40: PVC origin estimates by spatiotemporal method and dipole based
method for P023 with the ablation points
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Pacing Locations on EpiEndo Geometry for P024 Ablation points
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Figure B.41: PVC origin estimates by spatiotemporal method and dipole based
method for P024 with the ablation points
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Figure B.42: PVC origin estimates by spatiotemporal method and dipole based
method for PO27 with the ablation points
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Figure B.43: PVC origin estimates by spatiotemporal method and dipole based
method for PO36 with the ablation points
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APPENDIX C

QUANTITATIVE RESULTS

Table C.1: Localization errors(mm) of potential based models with their means and
mean LE of dipole based models

) Potential-based Dipole-based
Patient #
HT HLT HT HLT HBLT mean
Epi Epi EpiEndo EpiEndo EpiEndo fean
P0OO1 27.93 27.72 29.2 29.7 29.2 28.75 12.1
P004 20.35 20.79 2296 20.92 19.05  20.81 17.2
PO10 59.18 40.71 49.15 53.32 39.55 48.38 34.8
P020 16.52 16.52 23.3 25.59 2336  21.06 40.1
P021 42.07 42.03  53.67 43.66 49.76  46.23 19.6
P023 36.23 78.47  56.54 67.64 20.52 51.88 18.6
P024 49.67 27.1 51.93 30.01 - 39.68 17.5
P027 11.32 26.83 8.61 41.73 - 22.12 23.3
P036 39.85 36.38 55.13 55.13 4293 4588 39.2
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