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Summary

Idiopathic ventricular fibrillation (IVF) is diagnosed in patients who have survived a ventricular
fibrillation (VF) episode without any identifiable structural, electrical or metabolic cause. Recently,
a research project has started to identify possible substrates that can elucidate the development of
VF in IVF using electrocardiographic imaging (ECGI). ECGI is a method used for non-invasive
epicardial electrophysiologic mapping.

The purpose of this study was to develop a method for (semi-)automatic calculation of
repolarization parameters in unipolar electrograms reconstructed with ECGI. Repolarization
parameters include Tpeak-Tend (Tp-e) interval, T-wave area, T-wave amplitude and T-wave
alternans. The algorithm was validated against two observers and achieved a maximum sensitivity
of 93.5% and 27.5% for the (primary) T-peak and T-end respectively. A tool for detailed
representation of the calculated repolarization parameters on each reconstructed electrogram is
included for reliable interpretation of the results.

The algorithm was applied on ECGI-data of five patients with IVF and one control subject. We
showed that it is possible to visualize epicardial repolarization parameters using ECGI. The results
suggest that Tp-e intervals and T-wave alternans measured with ECGI can provide information
about the substrate for the development of VF in IVF and provides a foundation for further
exploration of the repolarization characteristic in a larger study population and in control subjects.
To our knowledge, this is the first study that uses alternative repolarization parameters measured
with ECGI.

Furthermore, the presence of late gadolinium enhancement (LGE) on cardiac magnetic resonance
(CMR) imaging has been visualized using the software program CARTBox. The results indicate the
diversity in the location and the extent of transmurality of LGE between the subjects. The obtained
3D reconstructions enable comparison of LGE regions with 3D images obtained by ECGI. The
possibility to correlate LGE regions with deviating areas measured with ECGI may lead to treatment
of these regions with local therapy, such as ablation therapy or the choice for a drug with a specific

pathway.
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Introduction

1 Clinical context

Sudden cardiac arrest (SCA) is the most common lethal manifestation of heart
disease, with an estimated incidence of 1 per 1,000 person-years in the general
Dutch population [1]. SCA refers to a natural and unexpected collapse of presumed
cardiac etiology. A rare cause of SCA is idiopathic ventricular fibrillation (IVF).
IVF is diagnosed in patients who have survived a ventricular fibrillation (VF)
episode without any identifiable structural, electrical or metabolic causes despite
extensive diagnostic testing. In 2013, IVF was defined as ‘a resuscitated cardiac
arrest victim, preferably with documentation of VF, in whom known cardiac,
respiratory, metabolic and toxicological causes have been excluded through clinical
evaluation’.[2] This reflects the current inability to establish a link between a life-
threatening arrhythmic event and clinical information obtained by detailed invasive
and non-invasive examination.

The prevalence of idiopathic ventricular fibrillation in the Netherlands is
unknown, but it is estimated at 1,000 patients [3]. IVF is a diagnosis per
exclusionem and the certainty of the diagnosis depends on the extent of diagnostic
workup performed to exclude underlying causes. In 7 to 35% of the cases, patients
reveal a different diagnosis during follow up due to disease progression or more
extensive or advanced clinical evaluation. [4]

Usually, patients with SCA without underlying heart disease are younger than
40 years [3]. Because of the absence of a known arrhythmogenic substrate in
patients with IVF, we are unable to both identify those patients at risk and give
advice to family members concerning their future risk of events.

Recently, the VIGILANCE project has started and comprises a collaboration
between the University Medical Center Utrecht (UMCU), Maastricht University
Medical Center (MUMC) and Amsterdam University Medical Center (AUMC).
The project focusses on the use of non-invasive electrocardiographic imaging (ECGI)
in patients with IVF and their relatives. It has been demonstrated that ECGI can
elucidate arrhythmogenic substrates in the human heart [5]-[7]. The aim of the
VIGILANCE project is to gain insight in the electrical activity of the heart and to
expose a potential underlying arrhythmogenic substrate responsible for the
occurrence of VF in these patients. In addition, opportunities for risk stratification

of family members will be investigated.



2 Research purposes

At the moment, the traditional 12-lead electrocardiogram (ECG) is used to
define abnormalities in cardiac electrical activity by calculation of repolarization
parameters such as the QT interval, QT dispersion and Tpeak-Tend interval. It is
hypothesized that a mechanism for development of VF in IVF can be a result of
repolarization abnormalities, but at this moment, these cannot be exposed by
diagnostic testing [8]. According to several studies, the introduction of ECGI
creates opportunities to gain insight in the electrical activity of the heart at the
epicardial level [7], [9], [10]. At the moment, ECGI is mainly used for local
determination of activation and recovery times, but not for the analysis of
repolarization parameters that are used in the 12-lead ECG. It is hypothesized that
these repolarization parameters can reveal potential arrhythmogenic substrates in
IVF, using non-invasive ECGI. The primary aim of this study was to develop a
method for accurate measurement of T-wave parameters in epicardial unipolar
electrograms calculated with non-invasive ECGI.

In patients with IVF, extensive diagnostic testing did not provide an apparent
pathogenesis. However, some tests show small abnormalities, but these are
insignificant to define an underlying diagnosis. An example of an abnormality is
Late Gadolinium Enhancement (LGE) on cardiac magnetic resonance (CMR)
imaging. In the UMCU and the MUMC, the data of nine patients that are
diagnosed with IVF show LGE on CMR. It is hypothesized that LGE includes
information about the arrhythmogenic substrate in IVF. Therefore, the second aim
of the study was to provide an overview of regions of LGE on CMR in patients
with IVF.

The mentioned aims can be translated into two main research questions and

corresponding sub questions:

Research question 1:
Is it possible to identify arrhythmogenic substrates by measuring repolarization
parameters on the epicardium in patients with idiopathic ventricular fibrillation

using non-invasive electrocardiographic imaging?

Sub question 1: Is it possible to develop an accurate method to measure various T-

wave parameters on electrograms acquired by non-invasive electrocardiographic

imaging?



Sub question 2: How are these parameters expressed on the epicardium in a control

subject?

Sub_question 3: Do these parameters show abnormalities on the ventricular

epicardium in patients with idiopathic ventricular fibrillation?

Sub question 4: Is it possible to correlate abnormalities with the risk of occurrence

of ventricular fibrillation?

Research question 2:
Is it possible to visualize regions with late gadolinium enhancement on cardiac
magnetic resonance imaging in such a way that it enables comparison with results

from non-invasive electrocardiographic imaging?

3 Thesis outline

The first chapter described the clinical need for this project. A brief introduction
on idiopathic ventricular fibrillation (IVF) was given as well as the aim of this
thesis with corresponding research questions. In chapter 2, a more detailed back-
ground about IVF, electrocardiographic imaging (ECGI) and the use of cardiac
magnetic resonance (CMR) in patients with IVF is given. Chapter 3 will describe
the developed algorithm for calculation of repolarization parameters in unipolar
epicardial electrograms reconstructed with ECGI. Furthermore, validation of the
algorithm is reported. Chapter 4 includes the results of the implementation of the
algorithm on ECGI-data of five patients with IVF and one control subject. Chapter
5 will describe a method for late gadolinium enhancement (LGE) on CMR in pa-
tients with IVF. In chapter 6 the main findings of this research project will be

summarized and future perspectives will be discussed.



Background

1 Idiopathic ventricular fibrillation

1.1 Pathophysiology

Over the last decades, at least five primary arrhythmia syndromes were
discovered, which were considered as IVF before. For example, the Brugada
Syndrome (BrS), early repolarization syndrome (ERS) and short-QT syndrome
were described as IVF earlier, but the presence of a distinct pathophysiology and
disease entity resulted in a different diagnosis [11]-[14]. Moreover, the advance in
genetic testing has resulted in discovery of other primary arrhythmic syndromes in
other IVF cases, such as catecholaminergic polymorphic ventricular tachycardia
(CPVT) and long QT syndrome (LQTS). [15] Genetic testing has also exposed
causative mutations for IVF such as the Dutch DPP6-haplotype and CALM]I
gene.[16], [17]

This demonstrates that the IVF population is a heterogeneous group and various
underlying substrates may cause the arrhythmic event, what makes it difficult to
understand the mechanisms involved in IVF. A number of primary arrhythmia
syndromes, that were initially defined as IVF, result in repolarization abnormalities.

This hypothesizes that this can play a role in other IVF cases.

Repolarization

Heterogeneity of ventricular repolarization is associated with malignant
ventricular arrhythmias, such as VF and Torsades de Pointes (TdP). [18], [19] The
ventricular myocardium includes three types of cells: endocardial, epicardial and
myocardial (M) cells. These cells are structurally similar but have different
electrophysiological characteristics. For example, M cells have longer action
potentials compared with epicardial and endocardial cells [20], [21]. This is due to
a delay or blockage of K* and an increase in Na* currents [22]. In normal conditions,
the physiological differences among these cells are minimized by electronic
influences from well coupled myocytes [23]. The T-wave in the ECG reflects the
repolarization period of the heart cycle (see Figure 1). The height and width of this
part of the ECG is determined by the interaction between opposing transmural
forces among the cells in the ventricular myocardium [22]. Multiple conditions, for

example electrolyte disturbances, cause pathophysiological changes with alteration



in the normal pattern of repolarization, increasing heterogeneity and the risk of
developing malignant ventricular arrhythmias.[24] An example of an alteration in
the repolarization pattern is ERS. This can be seen on the 12-lead ECG as an
elevated J-point in 22 leads from the same regional territory [25]. Haissaguerre et
al. demonstrated an increased prevalence of early repolarization among patients
with a history of IVF [26]. Next to that, it seems that the early repolarization
pattern (ERP) is highly predictive for arrhythmia recurrence in patients with IVF
[27], [28]. A recent study revealed the presence of an abnormal electrophysiological
substrate in ERS patients, characterized by steep repolarization gradients. These
regions may be caused by spatially heterogeneous shortening of the action potential
over small distances and provide a substrate that is susceptible to the development
of asymmetrical conduction and re-entrant arrhythmias including VF. It remains
unclear whether these mechanisms explain the increased mortality associated with
ERP [29]. Understanding the mechanism of early repolarization and how it may
predispose patients to an increased risk of arrhythmias requires detailed
information of the electrophysiological substrate in the intact heart of ERS patients.

Intracardiac mapping studies revealed conduction and repolarization
abnormalities in patients with channelopathies such as BrS and also in IVF,
although it is unclear if these abnormalities are associated with risk of SCA [30],
[31]. Recently, the role of repolarization abnormalities during exercise was
investigated in SCA survivors with structurally normal hearts, using ECGI.
Regions of delayed activation following exercise were seen more frequently in
patients with IVF compared to controls. This can create a substrate for reentry in
individuals with increased dispersion of repolarization.[9] In IVF, this uniformity
might be due to abnormal repolarization of the preceding local action potential, an
unidentified channelopathy or inherent structural abnormalities not detectable on
magnetic resonance imaging (MRI) [32]. These results suggest that IVF might be

due to abnormalities in the repolarization dispersion.
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Figure 1 An example of the ECG of a single heartbeat, modified from [33]

1.2  Diagnosis

The correct diagnosis of IVF requires extensive diagnostic testing. Common
causes of VF can be excluded by routine testing, including blood chemistry,
toxicological screening, ECG, chest X-ray, echocardiography, exercise testing,
Holter or telemetry monitoring, coronary angiography with or without
ventriculography, and MRI. Recommended additional tests include ergonovine or
acetylcholine provocation to exclude coronary artery spasm and administration of
a sodium channel blocker to exclude BrS. However, when IVF occurs in families, it
is difficult to identify family members at risk for IVF, because no clinical
parameters to guide risk stratification have yet been defined.[16], [34] It is valuable
to identify patients with potential substrates and to stratify their risk of developing
malignant arrhythmias. This can lead to early recognition of these patients and

treatment or prevention of life-threatening events.

1.3 Treatment

Therapy in IVF is still a challenge to cardiologists and electrophysiologists.
Nowadays, limited data are available concerning SCA risk stratification and the
strategy for primary prevention of SCA in IVF had not been established in persons
at risk, such as family members of patients with IVF. For secondary prevention,
implantable cardioverter defibrillator (ICD) therapy represents the therapy of
choice. It has been demonstrated that 20-30% of IVF patients suffer from recurrence

of VF and receive an appropriate ICD shock [4], [35]. This indicates that a part of



the IVF population suffers from VF only one time in his life and that risk

classification will have to improve to treat patients in an optimal way.

1.4  Non-invasive electrocardiographic imaging (ECGI)

The development of new diagnostic tools is necessary to further unravel the
arrhythmogenic substrate in patients with IVF.

For decades, the ECG is used to determine normal cardiac activation and
repolarization, but also abnormalities of the heart. It represents the cardiac
electrical activity on the body surface, not on the heart itself. This limits the spatial
resolution for determination of regional cardiac electrical activity and the ability to
locate regions of arrhythmic activity. Regional cardiac electrical activity can be
established using ECGI. A novel tool with the advantage of providing more detailed,
regional information on depolarization and repolarization patterns on the epicardial
surface of the heart.[9] ECGI’s ability to assess depolarization and repolarization
more accurately has been validated and results indicate that this method can be
used to detect and locate arrhythmogenic substrate by capturing potentials,
electrograms and activation sequences on the epicardium [36], [37]. The added value
to establish repolarization abnormalities that are potential substrates inducing
malignant arrhythmias has been provided by different researchers [5], [38], [39].
This can contribute to 1) the identification of patients at risk for sudden death, 2)
providing a specific diagnosis to indicate specific treatment strategy, 3) guiding a
therapeutic intervention (e.g. ablation) to the optimal location in the heart, and 4)

the evaluation of the outcome of treatment (e.g. drug therapy) during follow-up.

ECGI in healthy individuals and in patients with primary arrhythmia

syndromes

ECGTI has been studied in various populations, including healthy individuals and
patients with primary arrhythmia syndromes. In healthy subjects, it was
demonstrated that the repolarization sequence was determined by local
repolarization properties rather than by activation sequence. Besides, significant
dispersion of repolarization was observed between the right and left ventricle, and
from apex to base. It was suggested that local action potential duration (local
repolarization) is the major determinant of the repolarization sequence in the

normal human heart.[40]



Studies with ECGI demonstrated increased dispersion of repolarization in several
arrhythmogenic diseases. For example in patients with BrS, regions of prolonged
repolarization and steep repolarization gradients were identified in the right
ventricular outflow tract.[30] Patients with LQTS revealed a marked increase in
heterogeneity of ventricular recovery on the epicardium which caused significant
delay in repolarization in certain regions resulting in abnormally steep
repolarization gradients. In addition, repolarization gradients were steeper in
symptomatic patients, suggesting that increased dispersion may be predictive for
arrhythmia risk.[41] Patients with an early repolarization pattern and sudden
unexplained cardiac arrest showed normal ventricular activation, although
abnormal repolarization was identified and characterized by areas with short
intervals between activation and recovery.[42] These outcomes suggest that ECGI
can play a crucial role in the detection of malignant arrhythmogenic substrates in

patients with IVF.

The concept of ECGI

Excitation of the heart generates an electric potential field, ¢, between the
epicardium and the body surface, and can be described by the following (Laplace)
equation:

V24 =0 (1)

Where V? is the Laplacian operator; ¢ is defined as the electric potential field
and can either be defined on the torso surface, ¢, or on the epicardium, ¢p. ¢
can be measured non-invasively by electrodes placed on the body surface.[6] The
intention of ECGI is to compute ¢ from the measured ¢, also called the inverse
problem of electrocardiography, which describes the propagation of electromagnetic
activity from the body surface to the heart. This inverse model is based on a
forward model with known ‘output’ and unknown ‘source’, see Figure 2. The

forward model can be described by the following matrix equation:

¢T = A¢E (2)

where ¢ is a vector of measured torso potentials (model output), ¢ is a vector
of unknown epicardial potentials (cardiac source) and matrix A contains the

geometric information that relates the heart and torso surfaces (the electromagnetic



source-output relation) [6], [38]. A fourth element is required to solve the inverse
problem and compute ¢ from a known ¢, namely regularization methods. This

is necessary because the reconstruction is highly sensitive to noise [38].

Forward model

Electromagnetic propagation

Input ) % Output

[electrical cardiac source) ransfer matrix [body-surface potentials)

Inverse model

Inverse reconstruction
Reconstructed input . <~ Cuput recordings

[electrical cardiac source) transfer matrix [body-surface potentials)

regularization

Figure 2 Schematic representation of forward/inverse models. A forward model describes the propagation of elec-
tromagnetic activity from the heart to the body surface; an inverse model reverses that relation, allowing for non-

invasive reconstruction of electrical heart activity from measured body-surface potentials. [38]

The first step in ECGI is to measure the electrical potentials on the patient’s
torso using a minimum of 59 electrodes [43]. The electrodes are connected to a
multichannel mapping system (Active Two system BioSemi B.V., Amsterdam). All
measured body-surface potentials are filtered by an anti-aliasing filter using a fixed
first order analog filter and stored in a Binary Data File (BDF file).

The electrical activity of the heart (¢, the cardiac source) is described by a
mathematical model and is based on the integral relationship between epicardial
and body surface potentials [44]. Local electrograms at the epicardium are
reconstructed in this model, from which additional information can be obtained,
such as activation and repolarization times.

The next step is to determine the electromagnetic relation between source and
output, captured by a patient-specific matrix (A). The matrix is based on the
conductivity and geometry of the patient’s torso, and is necessary for creating
accurate, patient-specific reconstructions that can be linked to anatomical location
and abnormalities. The anatomical reference can be obtained by a computed
tomography (CT), from which a geometry is created that consists of the heart
surface defined by the epicardium, the location of body-surface electrodes and the
torso-volume conductor properties, such as the conductivity of blood and torso
(which is assumed to be homogeneous). First, the epicardium of the ventricles and
the location of the body-surface electrodes are segmented manually from the CT-
scan using the open source software program Seg3D [45]. Subsequently, a mesh of

the heart and torso surface is created using triangular elements. The patient-specific



matrix is derived using boundary element algorithms which relate body surface
potentials to epicardial potentials.

Finally, to reconstruct the cardiac electrical activity, regularization methods need
to be applied because the inverse problem is inherently ill-posed. This means that
the solution of the problem is sensitive to small perturbations in the measured
body-surface potentials, such as noise. Low levels of signal noise or small geometric
error can result in an unbounded solution. Ill-posedness is known as the
mathematical result of the attenuating and distributing effect of the
electromagnetic propagation from heart to body surface, what can lead to numerical
instability [46]. To deal with this uncertainty and sensitivity of inverse models, so-
called ‘regularization-methods’ can be applied. In regularization, constraints are
applied to the solutions based on physical or mathematical properties that are not
yet incorporated in the transfer matrix. This additional information will increase
reliability [47]. Various regularization methods are available, such as truncated
Singular Value Decomposition (tSVD), Greensite SVD, and the Generalized
Minimal Residual (GMRes) method. An often-used regularization method is called
Tikhonov regularization and the zero-order Tikhonov method is used in this method
for ECGI. This method assumes that epicardial potentials should be reasonably
small. Tikhonov regularization calculates the minimum-norm least squares,

following:

fen = |Plor—Aepp)l; + N[Lepgl3 (3)

Where |e|, indicates the Euclidean norm, matrix P represents the a priori
knowledge of the measurements; ¢, the vector of the measured torso
potentials; ¢ a vector of unknown epicardial potentials, A the patient-specific
matrix, A denotes the regularization parameter and matrix L describes the
constraint matrix.

The regularization parameter is a user defined scalar value and it is critical to
choose an appropriate value for achieving useful solutions. A commonly used
method for this is the L-curve method. This method uses a parametric plot of the
regularization objective function (second part of the equation) against the
corresponding residual objective function (first part of the equation) for a wide
range of regularization parameters (\). When this curve is plotted on a log-log scale,

it often has a characteristic L-shape, see Figure 3. The “corner” represents a value

10



of X\ that assumes an ideal balance between the two components that are minimized

in equation (3).[48]
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Figure 3 Example of the used L-curve method in ECGI for the reconstruction of epicardial unipolar electrograms

All methods have difficulties regarding the ill-posed inverse problem and
reconstruction quality can heavily depend on parameter settings. It is important to
realize that constraints are introduced purposefully to reach realistic solutions, but
that this bias can create artefacts or prevent the reconstruction of electrical activity
that is not accounted for in the constraints that were added.[38]

Finally, the reconstructed epicardial potentials can be visualized and analyzed in

a three-dimensional (3D) plot of the ventricular epicardium.

1.5  Cardiac Magnetic Resonance

Cardiac magnetic resonance (CMR) can detect structural, functional, and tissue
abnormalities of the cardiac muscle; in combination with other assessments, CMR
can increase our ability to diagnose many diseases that affect the heart muscle that
are most commonly associated with SCA. Alongside, LGE (both the presence and
extent) in CMR has been found to be prognostic across a variety of cardiac
diagnoses and clinical settings, including cardiac arrest survivors [49], [50]. CMR
provides an additional role in determining the substrate for the ventricular
arrhythmias in SCA survivors and for identifying those patients at risk of recurrent
arrhythmias.[50] Patients can only be diagnosed with IVF after extensive testing.
It is recommended to perform CMR in these patients. Since LGE became a routine
sequence in CMR imaging in 1993, this is not performed in patients who are
diagnosed with IVF before. In general, patients who are diagnosed with IVF show
no abnormalities on CMR, but a small number of patients present LGE on CMR.

11



It is established that this can also be seen in healthy athletic individuals, which
suggests that it can be of limited clinical significance [51]. On the other hand, a
study revealed concealed pathologic substrates such as focal myocarditis or
cardiomyopathy and conduction system diseases by a histologic study in young,
SCA patients with an apparently normal heart (clinically unrecognizable). Corrado
et al. analyzed 273 consecutive SCA cases < 35 years and found concealed
pathologic changes by histologic examination in 22% of the study population. These
findings may appear on CMR as presence of LGE.[52] Zhang et al. demonstrated
that focal myocarditis with necrosis can be a possible contributing factor in cases
of unexplained sudden death [53]. These results presume that small regions of LGE
in IVF patients can contain information about the malignant arrhythmogenic

substrate for development of VF.
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An algorithm for calculating repolarization

parameters

1 Introduction

The suspicion for the role of abnormalities in cardiac repolarization in patients
with idiopathic ventricular fibrillation is elucidated in chapter 2. Therefore, we
want to analyze repolarization patterns in this patient population using ECGI.

At the moment, the surface ECG is used to quantify repolarization abnormalities
using different parameters and it has been stated that these parameters may be
useful to predict malignant cardiac arrhythmias [7], [54], [55]. In this chapter, the
development of an algorithm detecting different points of the T-wave in unipolar
electrograms is described. At least the following repolarization parameters can be
calculated using the defined points: Tpeak-Tend (Tp-e) interval, T-wave area, the
amplitude of the T-wave and T-wave alternans. However, for the calculation of
repolarization parameters, it is important that electrograms are free from noise,
especially baseline wander. Therefore, an extra step is included in the algorithm
from Maastricht, which will be described in the first section of this chapter [43].
This de-noising method leads to noise free body surface potentials and results in
less noise in the reconstructed electrograms. In this way, the calculation of the
repolarization parameters will become more reliable, since noise contains
frequencies that can result in “waves” that can be recognized as T-wave peaks by

the algorithm.

1.1 Tpeak-Tend interval

It has been demonstrated that the peak of the T-wave corresponds with the
repolarization of epicardial cells and that the end of the T-wave represents the
repolarization of the M-cells. From this point of view, the Tpeak-Tend (Tp-e)
interval is considered as a measure for transmural dispersion of repolarization,
defined as the difference in repolarization time between the M and epicardial cells.
This parameter has been evaluated in several clinical conditions and seems to be
useful to predict cardiac arrhythmias [22], [55], [56].

Various clinical conditions show a prolonged Tp-e interval. Letsas et al.
investigated the interval in patients with ERP and found increased values of the

interval in these patients compared to healthy individuals [57]. Patients with LQTS
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show also a prolonged Tp-e interval according to several investigations.|58|-[60]
This can offer incremental value for risk stratification in these patient populations.
For example, Yamaguchi et al. evaluated the Tp-e interval in LQTS patients with
and without TdP. The results show an interval of 185 + 46 ms in patients with
TdP and an interval of 84 + 18 ms in patients without TdP, P < 0.0001 [61]. It is
suggested that a long Tp-e interval is associated with more recurrence of life-
threatening cardiac events in patients with BrS [62], [63]. Castro Hevia at al.
established that BrS patients with Tp-e values 2 100 ms experienced events during
60 months follow-up. However, some investigators found no prolongation of Tp-e
intervals in patients with Brs [64]. These outcomes suggest that the Tp-e interval

distinguishes patients with IVF from healthy individuals.

1.2 T-wave area

Spatial dispersion of repolarization, measured with T-wave heterogeneity,
appears to be predictive for impeding ventricular arrhythmias, such as ventricular
tachycardia and VF, leading to SCA [65], [66]. Experimental studies on canine and
rabbit hearts revealed that the value of the T-wave area correlates significantly
with dispersion of action potential durations and dispersion of recovery times [46],
[67]. In addition, it was demonstrated that T-wave area correlates linearly with
dispersion of repolarization [68]. Kenttéa et al. suggests that T-wave area acts as a
non-invasive measured predictor of arrhythmia vulnerability [69]. These results
indicate that the T-wave area may differ in patients with IVF compared to healthy

individuals.

1.3 T-wave amplitude

The clinical significance of the T-wave amplitude is not reported in literature as
far as we know. However, since the peaks of the T-wave and baseline are both
calculated by the algorithm, it is an easy parameter for analysis. In the future, all
details concerning depolarization and repolarization will be investigated to find

possible parameters that correlate with the development of (idiopathic) VF.

1.4 T-wave alternans

T-wave alternans refers to a beat-to-beat alternation in the morphology and
amplitude of the ST-segment or T-wave, what is due to a beat-to-beat alternation

of action potential duration at the level of cardiac myocytes [70]. Over the last
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years, this marker has emerged as a predictor of ventricular arrhythmias and
sudden cardiac death [70]-[73]. The results indicate that this marker may play a

significant role in risk stratification for patients with IVF and their relatives.

2 Methods for development

2.1 Filtering body surface potentials

By measuring body surface potentials, the depolarization and repolarization of
the cardiac cycle is represented in a waveform. For example, propagation of
activation through the His-Purkinje system and ventricular myocardium forms the
fast-moving QRS complex, but repolarization spreads very slowly and forms the
slow-deflecting T-wave, depicted in Figure 1. These differences in speed of
wavefront propagation through the cardiac cycle are represented by different
frequency contents of the typical ECG-waves. The content of the P-wave is
characterized by 5-30 Hz frequencies, the QRS complex usually contains within 8-
50 Hz and the T-wave frequency lays mostly up to 10 Hz.[74] The recording of
body surface potentials in ECGI includes also different types of noise, such as pow-
erline artifacts, motion artifacts and baseline wandering caused by e.g. respiration.
Many approaches have been reported in the literature to reduce noise in body
surface measurements, such as Empirical Mode Decomposition (EMD), infinite im-
pulse response (IIR) filtering, finite impulse response (FIR) filtering, morphological
filtering and wavelet filtering [75]-[78].

In this section, the method for the removal of noise based on wavelet filtering
will be addressed. Three other methods for signal de-noising, including Butterworth
band pass filtering, moving-median filtering and morphological filtering, were also
applied to the signal and results were compared [79]-[81]. A detailed description of
the other methods is given in Appendix I. Two requirements for baseline correction
were formulated. First, it had to remove the low-frequency and high-frequency
elements that are not related to the cardiac electrical activity and second, it was
essential that the shape and amplitude of the PQRST complexes were preserved,
especially the ST-segment is important because the repolarization of the heart cycle
is of special interest in this thesis. Morphological filter and moving median filtering
are both non-linear approaches. Therefore, we could not analyze the frequency re-
sponses of the filters. Instead of the frequency response, we used the amplitude

spectrum using the Fast Fourier Transform (FFT) of the unfiltered and filtered
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signals to choose the best method for noise removal. The amplitude spectrum of
the original signal and filtered signals according to different methods can be seen
in Figure 4. Since the frequency content of the characteristics of the heart cycle
can be found up to 50 Hz, we are not interested in frequencies higher than this
value. Furthermore, baseline wandering caused by respiration includes frequencies
up to 0.5 Hz, thus frequencies smaller than this value have to be removed. [82]
Figure 4 demonstrates that frequencies between 0.5 and 50 Hz are preserved opti-

mally using wavelet filtering.
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Figure 4 FFT of a signal of the original body surface measurement and after application of morphological filtering,

moving median filtering, Butterworth band-pass filtering and wavelet filtering.

16



The wavelet transform

The Wavelet Transform (WT) has the ability to analyze transient, non-
stationary signals, including the ECG. It provides a description of the signal in the
time-scale domain and represents temporal features at different resolutions,
according to their frequency content. Different types of noise and artifacts can be
removed because of their different contribution at various scales.

The WT is a decomposition of the signal as a combination of a set of basis
functions, obtained by means of dilation (a) and translation (b) of a single

prototype wavelet ¢(t). The WT of a signal z(¢) is defined as:

W, Ga(t)] == [ :x<t> v (=) 0

The larger the scale factor a, the wider is the basis function, which gives
information about the lower-frequency components of the signal and vice versa.
The WT has high temporal resolution at high frequencies and low temporal
resolution at low frequencies and achieves the time-frequency decomposition of
signal z(t).

In biomedical signal processing, the Discrete Wavelet Transform (DWT) is often
used as a method in for example signal de-noising, detection of abrupt
discontinuities and compression of large amounts of data. The DWT has the ability
to characterize simultaneously a signal in time and frequency domain. A schematic
overview of signal decomposition by DW'T up to level three is depicted in Figure
5A. In practice, the DWT of a signal 2(n), with N the number of samples, is
calculated by passing it through a low-pass filter. This gives the low frequency
components, that are also known as approximation coefficients (cA) with N/2
samples, which means that the length is halved. Next to that, the signal is passed
through a high-pass filter. This gives the high-frequency components, that are also
known as detail coefficients (¢D) with N/2 samples. This process is repeated over
the approximation coefficients by increasing the level of decomposition. At each
level, the signal is being downsampled by a factor two resulting in halving the
length of the signal. This decomposition process is carried out until the required
frequency is achieved from the given input signal.

The main disadvantage is the decreasing length of the coefficient sequences with

the increase of the level due to the use of the decimators. This can lead to loss of
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the original resolution of the signal, which can lead to a more difficult and less
precise identification of characteristic points. To overcome this problem, the
Stationary Wavelet Transform (SWT) can be used.[75]

Stationary wavelet transform

Unlike DWT, SWT does not incorporate down sampling operations. In this way,
the length of both coefficient sequences, cA and c¢D, have the same length as the
input signal, at each level. This multiresolution in the SWT is achieved by
upsampling the two coefficients of the low pass and high pass filter by a factor of
two, at each level of decomposition. A schematic overview of signal decomposition

by SWT up to level three is depicted in Figure 5B.
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Figure 5 The scheme of the system that computes the stationary wavelet transform. The systems with the impulse
responses hk are low-pass filters and the systems with impulse responses gk are high pass filters. Figure modified
from (76]

Signal de-noising

For signal de-noising, components that are not related to the cardiac cycle have
to be removed. Two dominant artifacts are baseline wander, that is due to

respiration or the motion of the patient or the instruments, and high-frequency
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noise caused by electromyogram induced noise, powerline interferences or
mechanical forces acting on the electrode [77].

Since the SW'T has the ability to decompose the signal in low- and high-frequency
components at different scales, both baseline wander and high-frequency noise can
be isolated by this method. The estimation of the baseline wander is realized by
high-pass filtering, since this type of noise is caused by low-frequency components.
To do this, the SWT of the measured body surface potentials is computed, using
K decomposition levels. Next, all approximation coefficients are set to zero.
Subsequently, the inverse SWT, ISWT of the new sequence is computed and the
signal that is free from baseline wander is obtained.

The same method is used to eliminate high frequencies in the measures body
surface potentials, although this is realized by low-pass filtering and therefore the

detail coefficients are set to zero to obtain the noise-free signal.

Decision parameters used in the proposed method

Wavelet choice

There is no absolute rule for the choice of wavelets, but it is recommended to
choose a wavelet function that corresponds closely to the processed signal. In this
work, the Daubechies 4 (db4) wavelet is chosen, because of its similar shape of the
ECG. It has been stated that this wavelet is suitable for de-noising ECG signals
[83].

Level decomposition choice

The measured body surface potentials contain different types of noise with
different frequency contents. The selection of the decomposition level is important
for proper removal of baseline wandering and high-frequency noise. The removal of
noise can be achieved by setting the coefficients at corresponding frequency bands
to zero. The required decomposition level to achieve a cut-off frequency f.

depending on the sampling frequency f, can be given by [84]:

L = log, (%) —1 (5)

First, baseline wandering, caused by low-frequency components, has to be
removed. A cut-off frequency of 0.5 Hz is chosen for this, which means that the

11th scale, based on equation (5), is chosen for removal of baseline wandering. The
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frequency response in Figure 6 A demonstrates that level 11 is appropriate for this.
Since the frequency content of important information of the heart cycle is up to 50
Hz, this cut-off frequency is chosen for the removal of high frequencies [74]. The
5th scale corresponds to this cut-off frequency according to equation (5). Figure 6B

indicates the suitability of this level for the high-frequency removal.
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Figure 6 Frequency responses of different levels of (A) the approximation coefficients and (B) the detail coefficients

corresponding to the Daubechies 4 wavelet.

An example of the removal of baseline wander and high-frequency noise can be

seen in Figure 7.
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Figure 7 An example of removal of baseline wander and high-frequency noise in a body surface potential
measurement. The first plot respresents the estimated baseline and the second plot the estimated high frequency

noise. The third plot shows the noise-free signal obatined by wavelet filtering.
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2.2  T-peak detection

In this section, the algorithm for T-wave detection is described. First, a method
for smoothing the electrograms is proposed. Subsequently, the method for
determination of the isoelectric line is suggested and finally, a detailed description

for the detection of the peaks and the end point of the T-wave is given.

Signal pre-processing

The reconstructed electrograms contain high frequency noise and this makes it
difficult to detect the different points in the T-wave. Since the frequency content
of the T-wave is up to 10 Hz, it was decided to filter the signal with a Savitzky-
Golay filter [74]. This filter is known as a finite impulse response (FIR) smoothing
filter for the purpose of removing or smoothing noise from a wideband noisy signal.
A polynomial function is fit to a signal piece-by-piece with the least-squares method
and the original values are replaced with smoothed values. For Savitzky-Golay
filtering, it is important to choose an appropriate window, i.e. the correct number
of data points to be used for fitting in order to preserve the valid information, but
discard noise.[85], [86] Based on the frequency content of the T-wave of 10 Hz and
the frequency responses in Figure 8 a polynomial order of 2 and a window length

of 199 is chosen for signal smoothing.
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Figure 8 Frequency responses of the Savitzky-Golay filter using different window lengths and orders.
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Determination of the baseline

According to the AHA/ACCF/HRS Recommendations for the standardization
and interpretation of the electrocardiogram, the isoelectric line was taken as the
TP-segment and calculated as the mean from the beginning of the electrogram until
the start of the P-wave and from the end of the T-wave until the end of the signal
(see Figure 1)[87].

2.3  Method for T-wave detection

The method for T-wave detection developed in this study consists of four
different parts. First, a method proposed by Cesari et al. is applied to the
electrograms for defining candidate monophasic and biphasic T-waves [88]. After
this, an in-house developed method, based on maxima, minima and derivatives is
implemented for the detection of the T-wave. Subsequently, both methods are
compared and the final monophasic and biphasic T-waves are chosen based on the
mean derivative around the detected T-peaks. Eventually, neighboring signals,
localized on the three-dimensional (3D) mesh, are compared which makes us able

to change the index of wrong detected T-waves.

Method 1: A wavelet-based detection algorithm

For T-wave detection, we have developed an algorithm that takes inspiration
from the work of Cesari et al. but a few changes are made [88].

First, we decided to apply the Daubechies 4 (db4) mother wavelet. The frequency
response for different levels of the mother wavelet can be seen in Figure 9 for a
sampling frequency of 2048 Hz. It was chosen to consider the 7™ scale of the WT
(labelled as WT7) for T-peak detection because its frequency band fits the
frequency content of the T-wave. Next to that, the window for the T-wave is

manually defined by the user.
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Figure 9 Frequency response of the SWT of the Daubechies 4 wavelet from different level for a sampling frequency
of 2048 Hz.

The steps for detecting the peaks of the T-wave are listed below [88]:

1.

The searching window for the T-wave is defined as the interval from 50 ms
after the start of the ST-segment until the end of the ST-segment (see
Figure 10A).

For each signal, the positive (P) and negative (N) peaks of the WTT are
found within the window.

The mean of the positive peaks (m,) and negative peaks (m,, ) are

D
calculated. The positive peaks having an amplitude lower than 0.4 x m,,
and the negative peaks having an amplitude larger than 0.3 x m,, are

removed because of their low amplitude.

window.

The pairs of positive and negative peaks that are closer than 200 ms are
found. This is done because a T-wave is defined by a positive and negative
slope. Next to that, the maximum duration of the T-wave is 200 ms.

Each pair of peaks is then analyzed. If the positive peak P precedes the
negative peak N, a positive T-wave is expected. All zero-crossings, z,
between P and N are considered. The zero-crossing in correspondence with
the highest ECG value is labeled as z. Subsequently, the maximum value
of the ECG in a window of 30 ms around z is chosen as the candidate T-

peak.
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In case of a positive peak following a negative one, a negative T-wave is
expected and thus, the lowest ECG value is searched. An example is given
in Figure 10B.

7. For each pair of peaks, the following index is calculated:

The candidate T-peak with the highest value for S is defined as the
primary T-peak (Sp). From Figure 10B, it can be seen that the second
window represents the primary T-peak, according to the formulated criteria.

8. Finally, a check for possible presence of biphasic T-waves is performed. If
the primary T-wave is positive, the secondary lobe of a biphasic T-wave is
negative and it may occur either before or after the primary lobe. For this
reason, the pairs of peaks of the WI7 for identifying the primary T-peak
can be used to find biphasic T-waves and are therefore analyzed again. To
do this, the pairs of the WT7 peaks having in common one peak of the ones
used for identifying the primary T-peak, are analyzed. For each of these
pairs, the candidate secondary T-peak is found and the value of S is
calculated in the same way described before. The candidate secondary T-
peak having the highest value is chosen and is labelled as S,. If S, > 0.6
xS,

, the T-wave is considered biphasic and it is characterized by the

primary and secondary T-peaks, otherwise the primary T-peak constitutes

the T-peak of a monophasic T-wave.
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Figure 10 An example of the peak detection by the wavelet method proposed by Cesari et al. [88] (A) Selection of
the window where the peak of the T-wave is expected. (B) An example of the primary T-peak in a window. The
pairs of peaks od the WT are considered and the zero crossing z between them is used to identify the candidate

T-peak in a 30 ms window.
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Method 2: A detection algorithm using wave characteristics

Next to the wavelet method, another method for T-peak detection is developed.

This method is based on features of the ECG and the steps in this method are

included a flowchart, see Figure 12.

The steps for detecting the peaks of the T-wave are listed below:

1.

The amplitude of the QRS complex for each signal is found by defining the
maximum and minimum value within the QRS segment. The QRS segment
is defined manually by the user by clicking. The largest absolute value from
these two points is taken as the QRS-amplitude.

For each signal, the maximum and minimum value within the ST-segment
are found. However, the window for the ST-segment is adapted. It is
assumed that the (first) peak of the T-wave is located at least 100 ms after
the QRS complex, so therefore the ST-segment starts 100 ms later
compared to the wavelet method.

The T-peak is labelled as positive when the value of the maximum exceeds
the value of 0.2 x absolute QRS amplitude. The T-peak is labelled as
negative when the value of the absolute minimum is lower than 0.2 x
absolute QRS amplitude. When the maximum and the minimum are both
lower than 0.2 x absolute QRS amplitude, the T-peak is labelled as a flat
T-wave and both minimum and maximum are included.

Candidate T-peaks are considered as biphasic in the case of two detected
peaks. In case of only one detected T-peak, the T-wave is labeled as a
candidate monophasic T-wave and a check for a possible biphasic T-wave
is performed in step 5.

The second peak of the biphasic T-wave can be found either before or after
the primary T-peak. For this reason, the maximum and minimum value of
the derivative are searched within a window of 150 ms before and after the
primary T-peak. This window is chosen because the length of the T-wave
should not exceed 200 ms [89]. In case of a positive, primary T-peak, it is
expected that the index of the minimum derivative is located before the
index of the maximum derivative, and the opposite is expected for a
negative, primary T-peak. The T-wave is considered biphasic when both
the minimum and maximum derivative have an absolute value that exceeds
0.3. If the maximum and minimum derivatives before and after the primary

T-wave exceed the value, the peak with the highest absolute value is
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considered as the second peak of the T-wave. The value 0.3 is chosen
arbitrary after testing.
6. If one of the derivatives before and after the primary T-wave do not satisfy

the criterion, the T-wave is considered as monophasic.

2.4  Define final T-peak

The T-peaks determined by both methods are analyzed in order define the final
decision for the T-peak.

First, the mean gradient in a window of 50 ms before and after the primary, and,
if present, the secondary, is calculated. Next to that, the overall absolute mean
gradient, thus the over the gradient before and after the primary and secondary T-
peak is calculated. The T-wave with the highest mean derivative around the T-
peak is selected as the final T-peak. When for one of the two methods, the
derivatives before as well as after the T-peak are larger or smaller than zero, the
T-peak defined by that method is discarded. An example is given in Figure 11. The
orange triangle inidcates the T-peak calculated with the Wave characteristics
method, the red dot depicts the T-peak calculated according to the Wavelet method.
The calculated absolute mean value of the gradient in 50 ms before and after the
T-peak is larger for the Wavelet method T-peak; 0.42 compared to 0.36. However,
the mean value before and after the peak have a value larger than zero; -0.43 in
the 50 ms window before the peak and -0.40 in the 50 ms window after the peak.
Based on these criteria, the T-peak calculated with the Wave characteristics

method (orange triangle) is chosen as the final primary T-peak.
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Figure 11 Example of method for determination of the final T-peakbetween the two proposed methods, using the

gradient in a window of 50 ms around the calculated T-peaks.
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Finally, biphasic T-waves are analyzed. The ratio between the mean derivatives
is calculated. When the mean derivative of the primary peak is larger than the
mean derivative of the secondary peak, the ratio is calculated as the mean
derivative of the primary peak divided by the mean derivative of the secondary
peak. In case of a larger mean derivative of the secondary peak, compared to the
mean derivative of the primary peak, the ratio is calculated as the mean derivative
of the secondary peak divided by the mean derivative of the primary peak.
Secondary peaks are removed when the ratio has a value smaller than the arbitrary
chosen value of 0.6. T-waves are considered as biphasic when de ratio has a value
larger than 0.8. When the value of the ratio is larger than 0.6, but smaller than 0.8;
an additional parameter is calculated: the ratio between the absolute amplitudes of
the primary and secondary peak, defined as the difference between the height of
the peak and the baseline. The T-wave is considered as biphasic when this ratio
exceeds the arbitrary chosen value of 0.15, otherwise the peak with the largest

absolute value is considered as the primary, monophasic peak.

2.5  Check neighboring signals

Finally, a check on the T-peaks is performed by taking neighboring signals into
account. If we are looking to the mesh of the three-dimensional (3D) plot Figure
13, the mesh consists of triangles. Each vertex of a triangle corresponds to one of
the reconstructed electrograms. Similarities between signals are approximated by
the calculation of the correlation coefficients over the ST-segments between the
vertices. Furthermore, the correspondence between the identified T-peaks for each
triangle is determined. It is assumed that T-peaks correspond when the indices are
closer than 30 ms. When the correlation coefficients between vertices are highest
between two signals, but the T-peaks do not correspond, the peaks of the T-wave
can be manually adapted. When indices of T-peaks within the window do

correspond in de triangles, it is assumed that the peaks are correctly identified.
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Figure 12 Flowchart of the included steps in the second method used for peak detection in the T-wave, based on

wave characteristics.

2.6 T-wave end

Different methods for the determination of the end of the T-wave are included
in the algorithm since there is no definition for the determination of the end of the
T-wave in ECGI. Interpretation of the T-wave morphology on body surface ECGs
might be different from that on local electrograms reconstructed by ECGI [90].

The first method for the determination of the end of the T-wave is commonly
used in the clinical setting for the evaluation of the ECG and assessed in reports
in literature. In this method, also called the “tangent method”, the end of the T-
wave is defined as the intersection of a tangent to the steepest slope after the last
T-peak of the T-wave and the baseline.[91]-[93]

An alternative for this method is proposed by Erikssen et al. and Sallas et al.
This method is called the “tail method” and defines the end of the T-wave as the
time where the signal after the peak of the T-wave reaches the baseline for the first
time [77], [94].
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2.7  Check for T-wave points

Adjusted amplitude

350 1000 |
1
500 i
— 1
0 E 0 :
% 1
5 500 !
= 1
250 £ -1000 |
< 1
1
-1500 | T-peak 1
---- End T-wave |
-2000 . L L .
200 200 400 700 900
Time (ms)
150 Fixed amplitude

4000

3000

2000

100 1000
-1000

-2000

4000 | 577 End T-wave

200 400 700 900
Time (ms)

W
o
Amplitude (mV)
o

Figure 13 An example of the visualization tool of the epicardial unipolar electrograms reconstructed with ECGIL.

T-wave points calculated by the algorithm can be depicted in the electrogram plots.

A MATLAB tool is developed to check whether the algorithm detects the points
in the T-wave correctly. An example is depicted in Figure 13. The user can click
on the points in the epicardial mesh and de corresponding electrogram with the
detected points will be displayed. This enables the user to verify (ab)normal areas

of repolarization parameters.

2.8 Validation

To assess the performance of the T-wave detection algorithm, the difference
between automatic and manual annotations are evaluated. As there is no database
available including reconstructed unipolar electrograms by ECGI, the validation of
the algorithm is performed by using manually annotated databases. For this
purpose, two PhD students of the department of Cardiology in the UMCU were
asked to annotate the peak(s) of the T-wave (one peak in case of a monophasic T-
wave, two peaks in case of a biphasic T-wave) and the end of the T-wave.

The Association for the Advancement of Medical Instrumentation (AAMI)

recommends the following measures for evaluation: 1) Sensitivity, Se = Tli% ,2)
Positive Predictive Value, PPV = qﬁ—Pﬁ , 3) False Positive Rate, FPR = %

TNATP

TnrrriiN TFp » Where TP is the number of true

and 4) Overall accuracy, Acc =

positive detections, TN stands for the number of false negative detections, FP
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gives the number of false positive misdetections and FN the number of false

negative detections. Sensitivity and the Positive Predictive Value are also known

in literature as recall and precision, respectively.[95] Furthermore, the average of

the errors, m, is calculated as the time differences between automatic annotations

by the algorithm and manually annotated points by the PhD students. The signal

s corresponds to the standard deviations of the errors. Agreement indicates the

percentage cases where both observers annotated points within the tolerances

regarding each other.

3 Testing and results

3.1 Validation

Table 1 The performance of the algorithm with respect to observer 1 and 2 and the inter-observer difference.

Observer Parameters

Observer 1 # Annotations
TP
TN
FP
FN
PPV (%)
FPR (%)
Ace (%)
Y%Error
m + s (ms)
Observer 2 # Annotations
TP
TN
FP
FN
SE (%)
PPV (%)
FPR (%)
Ace (%)
Y%Error
m + s (ms)
Observer 1 vs = Agreement (%)
observer 2

m =+ s (ms)

Tolerances (ms)

Prim. T-peak

200

151

0

0

49

75.5

100

N/A

75.5

24.5

155 +£ 424
200

187

0

0

13

93.5

100

N/A

93.5

6.5

239 + 332
73

8.3 + 36.2
27.8 (25)[96]

Sec. T-peak

24
4
174

20

16.7
67.5
9.1
89.0
91.7
0+0.1
38

161

3

33

13.2
62.5
1.1
82.7
89.5
0+02
73*
0+02
27.8 (2s5)[96]

T-end

200

24

0

0

176

12.0

100

N/A

12.0

88.0
-105.5 + 114.8

200
31)
0
0
145
27.5
100
N/A
27.5
72.5

-33.2 £ 553

26

-72.3 £ 1376

30.6 (25)[97]

30



(*) = In total, observer 1 annotates 24 biphasic T-waves and observer 2 annotates 38
biphasic T-waves. From these biphasic T-waves, a total of 15 are annotated in the same

signal. Observer 1 and 2 agree in 11 cases.

In table 1, the performances of the algorithm with respect to the observers and
the inter-observer difference are shown. The last row of the table shows the
accepted two-standard-deviation tolerances proposed by Martinez et al. and the
CSE Working Party [96], [97].
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Repolarization patterns in patients with
idiopathic ventricular fibrillation using non-

invasive electrocardiographic-imaging

1 Introduction

This chapter includes the analysis of repolarization parameters using ECGI in
five IVF patients and one control subject. First, the study population and
repolarization parameters are described. Subsequently, the results from the control
subject are described in detail. Repolarization patterns of IVF patients are

compared to the data of the control subject.

2 Methods

2.1  Study population

The proposed method is applied to ECGI-data of five patients diagnosed with
idiopathic ventricular fibrillation and one control subject. The frequency of ICD
therapy in all patients is listed in Table 2. In one IVF patient, ECGI was performed
before and during quinidine treatment. Quinidine is a pharmaceutical agent that
acts as a class | antiarrhythmic agent in the heart. It causes an increased action

potential and a prolonged QT-interval.

Table 2 Frequency of ICD therapy of the patients analyzed in this study

Patient ICD Frequency ICD therapy
1 Yes 2
2 Yes 1
3 Yes 2
4 Yes 0
5 Yes 0

2.2  Data analysis

The data was obtained from the Maastricht University Medical Center (MUMC).
The dataset contained the measured body surface potentials, the transfer matrix

and the heart surface geometry.
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For data analysis, six consecutive beats are selected from the measured body
surface potentials. The QRS-complex and the ST-segment are selected manually
for each beat. The selected beats and the transfer matrix served as input for the
ECGI methodology for calculation of approximately 2000 epicardial potentials for
each subject. After this, the proposed method for T-peak and T-end calculation is

applied and the results are used for calculating various repolarization parameters.

Repolarization parameters

At the moment, ECGI is mainly used for analyzing activation and recovery times,
but other parameters can be calculated from the reconstructed epicardial
electrograms. These parameters may provide additional information about the
electrical activity in the heart. Four different parameters are proposed in this thesis:
the amplitude of the T-wave, Tpeak-Tend interval, T-wave area and T-wave

alternans (see figure 14).

Amplitude

The amplitude of the T-wave is calculated as the difference between the height
of the peak of the T-wave and the baseline. In case of a biphasic T-wave, the peak
with the highest absolute amplitude value is considered as the amplitude. The
algorithm calculates both positive and negative amplitudes, but the absolute value

of the amplitudes can also be analyzed.

Tpeak-Tend interval

The Tpeak-Tend interval is calculated in different ways since monophasic and
biphasic T-waves are considered in this study. In a biphasic T-wave, three different
peak-types are considered. First, the peak at the first nadir of the T-wave. Second,
the peak at the second (last) nadir of the T-wave. Finally, the peak with the highest
absolute amplitude is considered as a peak type. For analysis, the end of the T-
wave was defined as the point calculated by the tangent method: the point where
the tangent of the after the last T-peak intersects the baseline [98]. From this point,
three different Tp-e intervals regarding biphasic T-waves are calculated by the
algorithm:

1. Tpeak-Tend first = In case of a biphasic T-wave, the interval between the
first T-peak and the end of the T-wave is calculated
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2. Tpeak-Tend last = In case of a biphasic T-wave, the interval between the
last T-peak and the end of the T-wave is calculated

3. Tpeak-Tend highest amplitude = In case of a biphasic T-wave, the interval
between the T-peak with the highest absolute amplitude and the end of the

T-wave is calculated

In this thesis, the Tpeak-Tend first interval is used for analysis, since the first
T-peak does not depend on the baseline. This method was also proposed by
Antzelevitch et al. [62]

T-wave area

The T-wave area is defined as the absolute area between the electrogram and
the baseline over the interval between the QRS-offset and the intersection of the
signal with the baseline (“tail method”). This method has the advantage taking the
terminal part of the T-wave into consideration. Erikksen et al. states that the
terminal part of the T-wave may be of prognostic importance, especially in acute
myocardial infarction. He investigated the prognostic value of Tp-e measured
according to the tail method and the traditional tangent method as a predictor of
mortality during the first year after acute myocardial infarction, and demonstrated
that Tp-e measured according to the tail method was a better prognostic

instrument in this case. [94]

T-wave alternans

In this thesis, T-wave alternans is defined as the difference in amplitude of the
primary T-peaks between the reconstructed epicardial potentials of two consecutive
heartbeats. For all subjects, six consecutive beats were analyzed resulting in five
approximations of alternans; amplitude difference between beat 1 and 2, beat 2 and
3, beat 3 and 4, beat 4 and 5, beat 5 and 6.
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Figure 14 Example of different repolarization parameters proposed in this thesis.

3 Results

3.1  Control subject

Amplitude
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Figure 15 Epicardial amplitude maps of a control subject, reconstructed with ECGI. The left panel shows the 3D
epicardial surface of the left ventricle (LV) and right ventricle (RV) from the anterior, posterior, left and right
lateral and inferior view. The right panel shows the electrograms that correspond to the marked areas in the left

panel. Example; electrogram Al is localized in the “A1” marked area in the anterior view.
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Figure 15 shows the T-wave amplitude of the epicardial potentials of a control
subject during sinus rhythm. The superior part of the ventricles presents negative
T-waves. A smooth transition to positive T-waves can be seen towards the inferior
part of the ventricles. This transition occurs in a shorter area interval in the right
ventricle (RV) compared to the left ventricle (LV). The posterior part of the
ventricles shows a homogeneous area of negative T-waves that change into positive
T-waves at the lateral part ventricles. The left lateral side of the ventricle
demonstrates a smooth transition from negative T-waves into positive T-waves
from the posterior part towards the anterior part of the LV. In general, the T-
waves of the lateral side of the RV have a lower amplitude compared to the LV.
The inferior part shows quite flat T-waves, especially in the region of EGM I1 and
12. Figure 15 does not show any abrupt changes in the amplitude of the T-wave in

this control subject.
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Figure 16 Epicardial T-wave area maps of a control subject, reconstructed with ECGI. The left panel shows the
3D epicardial surface of the left ventricle (LV) and right ventricle (RV) from the anterior, posterior, left and right
lateral and inferior view. The right panel shows the electrograms that correspond to the marked areas in the left

panel. Example; electrogram Al is localized in the “A1” marked area in the anterior view.
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The area of the T-waves of the epicardial potentials from a control subject are
depicted in Figure 16. Regions with high positive amplitudes and low negative
amplitudes show higher T-wave areas. From the posterior part, smaller T-waves
are present in the center and become larger towards the borders of the ventricles.
The left lateral side show higher T-wave areas compared to the right lateral side,
which is corresponds to the T-wave amplitudes in Figure 15. It is remarkable that
a small region with a larger area can be seen in R2, compared to the surrounded
area. This region cannot be distinguished in the right lateral side in Figure 15. The
amplitude of the T-wave in R2 is around 70 pV higher than R1. No abrupt changes

in T-wave area are present in Figure 16.
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Figure 17 Epicardial Tpeak-Tend interval maps of a control subject, reconstructed with ECGI. The left panel
shows the 3D epicardial surface of the left ventricle (LV) and right ventricle (RV) from the anterior, posterior,
left and right lateral and inferior view. The right panel shows the electrograms that correspond to the marked

areas in the left panel. Example; electrogram A1l is localized in the “A1” marked area in the anterior view.

Figure 17 shows the 3D plot of the epicardial Tpeak-Ted interval from the first
peak of the T-wave till the end of the T-wave of a control subject.

The anterior part of the ventricles represents a uniform area with Tpeak-Tend
intervals between 73.6 and 90.9 ms, but several distinctive areas can also be seen,

for example in A2 and A3 which contain biphasic and flat T-waves. This distinctive
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region continues toward the posterior part of the epicardium (P1 and P2. The main
posterior part of the epicardium depicts a homogeneous surface indicating a nearly
constant Tp-e interval. The left lateral side establishes the transition from negative
(L3) to positive (L1) T-waves by a biphasic T-waves such as L2. The Tp-e interval
is prolonged for the biphasic T-waves. Areas with a dissimilar Tp-e interval are
remarkable on the right lateral part of the RV. Each of the electrograms R1, R2

and R3 represent a different interval.

T-wave alternans
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Figure 18 Epicardial T-wave alternans maps of a control subject, reconstructed with ECGI. The difference in T-
peak amplitude is calculated for six consecutive beats. The letters A - E indicate the location of the epicardial
electrogram. This location is equal for each heartbeat. The horizontal, central plane shows the electrograms for

each set of beats.

Figure 16 shows the 3D plots of the epicardial T-wave alternans calculated over
six consecutive heartbeats. Each 3D plot shows the alternans between two
consecutive heartbeats. The letters A, B, C, D and E indicate the location of the
electrograms depicted in the horizontal, central plane. The electrograms show
minimal changes in T-wave morphology over time. The difference in amplitude for
each set of beats amounts A: -49 pV; B: +75 pV; C: -105 pV; D: +186 pV; E: -54
pv.
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3.2 Patients with idiopathic ventricular fibrillation

Since the T-wave area and the absolute value of the amplitude area linearly
correlated, depicted in Appendix I Figure 24 , only the amplitude, the Tpeak-Tend

interval and T-wave alternans are analyzed in these patients.
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Figure 19 Boxplot demonstrating the distribution of the epicardial amplitude in the left ventricle (LV) anterior,

LV posterior, right ventricle (RV) anterior and RV posterior part of the ventricles for each subject.

Amplitude

Figure 19 shows the boxplot from the amplitudes of the T-wave in the RV
anterior and posterior part, and the LV anterior and posterior part from the
patients with IVEF and one control subject. The plot indicates large ranges in
amplitude between each subject. The anterior part shows T-waves with higher
amplitudes compared to posterior in all subjects except for patient 1. It is
remarkable that patient 1 shows exclusively T-waves with a positive amplitude.

For each patient, epicardial amplitude plots with corresponding electrograms can
be found in Appendix III. In the anterior view, patient 2, 3, 4 and 5 show negative
T-waves in the superior part of the ventricles and change into positive T-waves
toward the inferior part, which is similar to the pattern of the control subject. It is

remarkable that patient 4 show a similar pattern in the transition from negative to
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positive T-waves from respectively superior to inferior in the RV and LV. This can
also be seen in the left and right lateral view. In contrast, patient 2, 3 and 5 show
T-waves with higher amplitudes in the left lateral ventricle compared to the right
lateral ventricle, which is similar to the control subject. Patient 2 exposes a clear
region with higher amplitudes in the inferior part of the RV.

In patient 3 and 4, the posterior part of the ventricles contains only T-waves
with negative amplitudes, while patient 2 presents positive T-waves in the superior
part and negative T-waves inferior. Patient 5 shows negative T-waves in the
median part and positive T-waves towards the lateral sides.

Patient 1 shows a different pattern in the distribution of the amplitudes
compared to other subjects. In the anterior view, a transition from positive T-waves
superior towards negative T-waves inferior can be seen, which is opposite regarding
the other subjects. Especially the apex of the LV shows negative T-waves. Next to
that, it is remarkable that the superior part of the left and right lateral side contains
positive T-waves and change into negative T-waves towards the inferior part. The

boxplot demonstrates that the T-wave amplitudes become smaller after quinidine

treatment.
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Figure 20 Boxplot demonstrating the distribution of the epicardial Tpeak-Tend interval in the left ventricle (LV)

anterior, LV posterior, right ventricle (RV) anterior and RV posterior part of the ventricles for each subject.
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Tpeak-Tend interval

Figure 20 shows the boxplot from the Tpeak-Tend intervals of the T-waves in
the L'V anterior and posterior, and the RV anterior and posterior part from patients
with IVF and one control subject. The plot demonstrates a large variety in Tp-e
intervals between patient, but intervals show a (nearly) equivalent range in each
part of the ventricle in individuals. In patient 1, Tp-e intervals are prolonged after
quinidine treatment.

For each patient, epicardial Tp-e interval plots with corresponding electrograms
can be found in Appendix III. Areas with prolonged Tp-e intervals are visible in
the presence of biphasic T-waves. These regions indicate a transition from positive
to negative T-waves. This can be seen clearly in the LV of patient 2 and in both
the LV and RV from superior to the apical part in patient 4. In general, patient 1
shows different Tp-e interval areas in both ventricles and electrograms display flat
T-waves. Finally, it is remarkable that patients as well as the control subject show
different area’s in the anterior part. From an anatomical point of view, the fibrous

ring can be localized in these areas.

T-wave alternans

Table 3 gives the range of T-wave alternans for all subjects, including values for
the median, 25 and 75 percentile and the minimum and maximum value. Patient
5 and the control subject have smaller ranges compared to the other patients, and
that the range in T-wave alternans is significantly larger in patient 2.

For each patient, alternans plots with corresponding electrograms can be found
in Appendix III.

The plot of patient 1, before quinidine treatment, shows a change in T-wave
morphology located in C and D. From the electrogram plot, it becomes clear that
the morphology changes in beat 3 and 4. It is remarkable that the T-wave
morphology from beat 5 looks similar to the morphology of beat 3. The plot of
patient 1, after quinidine treatment, shows minimal changes in T-wave morphology.
In the plot of patient 2, an area of changes in T-wave alternans becomes visible in
the LV, indicated by the colors red and blue. The electrograms in plot D and E
demonstrate a change in T-wave morphology between beat 4, 5 and 6. The plot of
patient 3 shows also an area of changing alternans. A difference in morphology is
visible between beat 2, 3 and 4. Patient 4 and 5 demonstrate minimal changes in

T-wave morphology.
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Table 3 Range, median, 25

Patient 1
pre-quinidine
1-2
2-3
3-4
4-5
5-6
Patient 1
post-quinidine
1-2
2-3
3-4
4-5
5-6
Patient 2
1-2
2-3
3-4
4-5
5-6
Patient 3
1-2
2-3
3-4
4-5
5-6
Patient 4
1-2
2-3
3-4
4-5
5-6
Patient 5
1-2
2-3
3-4
4-5
5-6

th th

and 75

25 percentile
(1V)

-52
-146
-135
-140
-111

-39
-97

-63
-38
-50
-43
-33

Median (nV)

-0.1
11

-0.6

10

-10
13
14

-25

10
-22
-34

22
-0.1

12
-30

-25
-16
-16
-14
-19

75 percentile
(nV)

42
106
61
48

123
147
115

percentile of T-wave alternans between two consecutive heartbeats

Range (nV)

-663 — 583
-532 — 1094
-1375 — 1042

-867 — 877

-651 — 622

-384 — 580
-532 — 478
-580 — 515
-610 — 572
-720 — 582

-1798 - 916
-1477 — 1499
-1514 — 1337
-1682 — 2111
-2055 - 1736

-820 — 643
=755 — 577
-468 — 592
-608 — 660
-645 — 615

=777 — 481
-490 — 662
-518 — 611
-726 — 610
-378 — 519

-462 — 306
-292 — 398
=374 — 424
-491 — 273
-415 — 347
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Control
1-2
2-3
3-4
4-5
5-6

-20
-40
-27
-53
-28

-10
-0.6
10
-10

33
22
33
48
33

-303 — 232
-254 — 423
-305 — 376
-359 — 351

-198 — 404

[
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Late gadolinium enhancement in patients with

idiopathic ventricular fibrillation

1 Introduction

In the UMCU and the MUMC, data of nine patients with IVF show LGE on
CMR, but the clinical significance has not been defined in these patients. Since
LGE in CMR has been found to be prognostic across a variety of cardiac diagnoses
and clinical settings, it can be interesting to investigate the clinical significance of
LGE in the IVF population. The opportunity to investigate epicardial activation
and repolarization using ECGI can give insight in possible abnormalities in this
population. It is valuable to investigate similarities between the location of LGE
and patterns revealed by ECGI. This might contribute to the verification of LGE
in patients with IVF. Therefore, a method for the analysis of LGE. that can be
compared to results obtained by ECGI, is proposed in this section.

2 Methods

2.1 Patient population

The study population consists of six patients that were admitted to the hospital
due to first episode of VF between 2010 and 2017 who underwent LGE-CMR and
received an implantable cardioverter-defibrillator (ICD). All patients were
admitted to the department of Cardiology and were clinically evaluated with
routine blood test, ECG, echocardiogram, coronary angiogram,/ coronary computed
tomography to exclude reversible cause of aborted SCA. Four patients are known
in the University Medical Center Utrecht and two patients are known in the

Maastricht University Medical Center.

2.2 Image acquisition

In four patients, CMR scans were performed between 2010 and 2014 using a 1.5T
MRI-scanner designed by Philips Medical Systems, according to the ARVC/D
(arrhythmogenic right ventricular cardiomyopathy/dysplasia) protocol from the
UMCU. In two patients, CMR scans were performed in 2016 and 2017 using a 1.5T
MRI-scanner designed by Siemens Healthcare, according to the ARVC/D

(arrhythmogenic right ventricular cardiomyopathy/dysplasia) protocol from the
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MUMC. In all cases, patients were scanned approximately 14 days after conversion
to sinus rhythm. LGE images were obtained approximately 20 minutes after
administration of 0.2 ml Gadovist/kg (1.0 mmol/ml gadubatrol, Gadovist, Bayer
HealthCare, Berlin, Germany). A 3D phase-sensitive inversion recovery (PSIR)
pulse sequence with navigator-based respiratory gating and ECG-triggering was
used. Image characteristics differ between the images of the subjects since scanners
from different manufacturers are used, the images are obtained between 2010 and
2017, adjustments in the protocol were made during this time and protocols differ
between the medical centers. Slice thickness varied between 6 — 8 mm, number of
slices 9 — 15, repetition time 6.07 — 7.08 ms, echo time 1.06 — 3.50 ms, flip angle 25
—40°.

2.3 Image analysis

LGE-CMR images were exported as DICOM-files and analyzed by a PhD student
in cardiology /radiology who defined the location of LGE in the images. Next, LGE
was quantified by the software tool CARTBox [99]. In general, this software
application is used to perform treatment planning for implementation of a CRT
device in the heart. CARTBox facilitates the semi-automatically segmentation of
the myocardium and LGE area of the left ventricle. Subsequently, a three-
dimensional surface mesh of the epi- and endocardial wall of the myocardium is
created based on the myocardium segmentation and the segmented area of LGE is

projected onto the surface mesh.

3 Results

The results obtained after image analysis with CARTBox are shown in Figure
21. These figures illustrate the diversity in the location of LGE. Furthermore, the

extent of transmurality differs between patients.

4 Conclusion

CARTBox is an easy to use software program for analyzing LGE in CMR images.
The 3D reconstructions enable comparison of LGE regions with 3D images obtained
by ECGI. The possibility to correlate LGE regions with deviating area’s measured
with ECGI may lead to treatment of these regions with local therapy, such as

ablation therapy or the choice for a drug with a specific pathway.
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Figure 21 Results after analyzing Late Gadolinium Enhancement in cardiac magnetic resonance images in patients
with IVF using CARTBox. The left panel (A1-A3) shows the LGE images. LGE is indicated by the orange arrow.
Normally, LGE images can be analyzed over time. The central panel (B1-B3) shows the obtained CARTBox
images in a similar view as the LGE images. The right panel (C1-C3) shows the obtained CARTBox images in

the posterior view of the left ventricle.
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Discussion

A method for calculating various repolarization parameters is developed in this
study. This type of analysis is unique at the moment and has not been reported in
literature as far as we know. The method shows promising results since the user
can check the defined points that are used for calculation of the repolarization
parameters. This creates opportunities to discuss results in detail. Next to that, it
has been demonstrated that CARTBox is an easy to use software program that
provides visualization of LGE in CMR images that can be compared to ECGI

results.

1 Repolarization parameters

At this moment, it is not possible to formulate a specific hypothesis regarding
the repolarization parameters highlighted in this thesis due to the small study
population. Nevertheless, the data shows remarkable results in certain cases. First,
patient 1 shows a different pattern in T-wave amplitude compared to the other
subjects. Besides, patient 1, 2 and 4 demonstrate an area with a prolonged Tp-e
interval in the LV resulting from biphasic T-waves. These biphasic T-waves are
also present in the LV of the control subject, but Tp-e intervals are significantly
shorter. Furthermore, the T-wave alternans figures reveal a change in T-wave
morphology between consecutive heartbeats in patient 1 (before quinidine
treatment), 2 and 3. These changes in morphology less evident in patient 1 (during
quinidine treatment), 4, 5 and the control subject. However, the figure of patient 1
shows differences in alternans, but this is due to inconsistent T-peak detection as
a consequence of the absence of a significant T-peak. These results suggest, together
with the information of ICD therapy in these patients (table 2), that Tp-e intervals
and T-wave alternans measured with ECGI can provide information about the
substrate for the development of VF in IVF and provides a foundation for further
exploration of the repolarization characteristic in a larger study population and in

control subjects.

2 Algorithm

The recorded body surface potentials were filtered before the algorithm for T-

peak detection was applied. Choices for filtering were based on signals that
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contained noise already and the noise-free signals were unknown. In general, it is
difficult to objectively evaluate filter performance based on modifications of the
ST-segment. In this thesis, choices for signal filtering are based on amplitude spec-
tra, visual improvement and results from filtering techniques demonstrated in lit-
erature [84].

The algorithm includes a method for comparison of electrograms and correspond-
ing detected T-peaks at the vertices of each triangle on the surface mesh. False
detected peaks can be adapted manually by the user as a result of this method. A
disadvantage of manual adjustments is the consequence of differences in results of
repolarization parameters between different users. To overcome this problem, the
tool for visualization of the electrograms on the mesh surface is introduced. This

enables users to look into detail in determined parameters.

2.1 Validation

The validation of the algorithm shows sensitivity of 75.5% and 93.5% regarding
observer 1 and 2 respectively for the determination of the primary T-peak. The
lower sensitivity value regarding observer 1 is a result of inaccurate annotations of
peaks. Next to that, the low sensitivity for determination of the end of the T-wave
is remarkable. Literature and discussions with physicians clarified that there is no
consensus about the determination of the T-wave end, especially in ECGI [77], [92],
[94]. This disagreement is also elucidated by the method for validation, since ob-

servers agree in 26% of the cases about the T-wave end.

3 ECGI

Several discussion points came up during this research regarding the use of ECGI.

First, it appeared that the reconstructions of unipolar electrograms on the right
lateral side of the ventricles are corrupted in some cases (see figure 32, 34, 35 and
41). This can be due to insufficient recording of body surface potentials on the right
side of the body. Body surface measurements that include bad signals are removed
before reconstructions are calculated. It is possible that recordings at the right side
are removed because of insufficient recording and results eventually in poor
reconstructions at this side of the epicardium. Another possibility includes the
increased distance between the body surface measurement electrodes and the
epicardial surface at the right side of the body compared to the left and anterior

side.
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These poor reconstructions lead also to inaccurate determination of the baseline,
what can result in inappropriate T-peak and T-end detection by the algorithm.
Next to that it can result in inappropriate interpretation of repolarization patterns,
since poor reconstruction can lead to signals that seem to be biphasic but are
monophasic originally. Especially the determination of the Tpeak-Tend interval
will suffer from this.

In this work, the presence of the U-wave is not considered. When a U-wave is
present, this can affect the calculation of the level of the baseline. For example, a
positive U-wave can lead to higher level baseline.

The algorithm includes a part for a check of neighbouring signals on the surface
mesh. It appeared that signals differ significantly at the vertices of one triangle in
some cases. An example is given in Appendix I in Figure 23. In general, signals
with low correlation have low amplitudes or the reconstructions are poor.

The plots of the reconstructed epicardial surfaces for each patient in depicted in
the section results and Appendix III demonstrate that the shape of the ventricles
differ between subjects. In ECGI, the epicardium is manually segmented from CT-
scans. This can result in different epicardial surfaces between users. The question
arises what the influence of the reconstructed epicardial surface will be on the re-
construction of the unipolar electrograms. It is recommended to investigate this by
segmenting the epicardium by two observers and apply the reconstructions on both
meshes. Furthermore, it would be valuable to implement a tool for automatic seg-
mentation of the epicardium to overcome this problem.

Another point for discussion in ECGI includes the assumption that both heart
and torso are non-moving. The static torso-hear geometry is usually based on a
CT-scan during cardiac diastole and breath hold, to capture both heart and torso
in a quiescent state. However, during the recording of the body surface potentials
that are used for inverse reconstruction, both torso and heart are changing in
geometry. This false assumption can lead to inappropriate reconstructions of the

electrograms. The influence of movement should be investigated.

4 Late Gadolinium Enhancement in idiopathic

ventricular fibrillation

CARTBox enables the user to visualize LGE easily in the left ventricle, but it is
not applicable in the right ventricle. This limited analysis of LGE in one patient
with IVF in this study.
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The clinical significance of LGE in IVF patients is not yet established and LGE
regions are reported as suspicious by radiologists. The reconstruction of the 3D plot
of the left ventricle enables clinicians to compare LGE regions with results from
ECGI. It is possible that abnormalities in ECGI can clarify the presence of LGE in
these patients. It is recommended to discuss results with cardiologists as well as
radiologists. However, for comparison of CARTBox images with ECGI images, it
needs to be considered that LGE CMR images contain approximately 12 slices,
while the reconstruction of the ventricles in ECGI includes more slices from the
CT-scan what results in a higher resolution.

The MUMC provided LGE CMR data from five IVF patients, but the data of
three patients could not be analyzed due to artifacts in images and incorrect

datasets.

5 Future work

The value of ECGI in idiopathic ventricular fibrillation will be investigated in
the VIGILANCE project. It is known that the IVF population includes a
heterogeneous group and the aim of the project is to differentiate between
substrates that can lead to VF and to improve risk stratification in this population
and their relatives.

The clinical significance of repolarization parameters in ECGI is unknown at the
moment. For example, it is unknown whether the Tpeak-Tend interval contains
similar information as on the 12-lead ECG. It is recommended to investigate these
repolarization patterns in diseases that are more established, for example in LQTS.
Furthermore, it can be investigated whether patients with a prolonged Tpeak-Tend
interval on the ECG present also a prolonged interval in ECGI.

In literature, different opinions about the determination of the location of points
in the T-wave are elucidated [22], [56], [57], [62], [77], [94], [98]. For further research
with ECGI, it is recommended to achieve a nationwide consensus about these points.
This can create opportunities for collaboration between different research groups
but also the ability to compare results in different diseases. In the Netherlands,
both CT and MRI are used for the reconstruction of the heart-torso geometry in
different research groups. It is recommended to compare these methods and to
investigate the influence on results.

When abnormalities in repolarization are found in patients with IVF using ECGI,

it is recommended to verify results by intracardiac mapping. This will also
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contribute to validation of ECGI. However, at this moment, no specific hypothesis
can be formulated about the mentioned repolarization parameters and their corre-
lation with the development of VF in IVF. First, these parameters should be in-
vestigated in a control patient.

Despite the challenges, ECGI may be a promising tool to complement
conventional electrophysiological studies. For example, in patients suffering from
arrhythmias, substrates may be localized using ECGI prior to the ablation
procedure. This can lead to a reduction in the duration of the procedure and can
contribute to a decrease in exposure to radiation. ECGI can also play a role in the
understanding of the development of heart diseases and the contribution to the
electrical behavior of the myocardium. This may lead to an improvement in
informing patients about their disease progression and future perspectives.
Furthermore, the technique can play a role in optimization of pacing therapy.
Knowledge of anatomy, location of scar tissue and information about activation

and recovery behavior can serve as a predictor for optimal lead placement.
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Appendix 1

Methods for de-noising body surface potentials

Four different filtering techniques that are often proposed in literature are
compared: Butterworth zero-phase filtering, moving median filtering,
morphological filtering and wavelet-based filtering. A brief introduction to each

method is given in this section.

Butterworth zero-phase band-pass filtering

First, a Butterworth band-pass filter with a total order of four and a band-pass
frequency between 0.5 Hz and 40 Hz is applied, using the MATLAB function butter.
Zero-phase filtering is applied, which means that the input data is filtered in
forward and reverse direction, resulting in zero phase distortion. Actually, the
transfer function of the filter had an order of two, but the zero-phase filtering

process results in an order of four.

Moving median filtering

The aim of this method is to estimate baseline wander by two moving median
filters and subtracting the estimation from the original signal. The moving median
is based on the same principle as the moving average, where data points are
analyzed by creating a series of averages of different subsets of the full data set.
However, in the moving median approach, the median within a moving window is
used instead of the mean. From a statistical point of view, the moving median
approach suits better for ECG signals compared to a moving mean approach,
because of the possibility of rapid movements in the signal.

The removal technique started with a window length of 200 ms, since the T-
wave should not exceed this time interval. Since windows of this short duration can
deliver an estimation that is a mixture of true ECG signal and baseline, a second
moving median with a window of a longer length was applied after the first
estimation. For this, a window length of 600 ms was chosen. By doing so, the

inclusion of both the depolarization and repolarization of the ventricles is ensured.
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Morphological filtering

Mathematical morphology (MM), which is strictly based on mathematical
disciplines, provides an effective non-linear signal processing method and can keep
the shape information of the signal information good. Structuring elements are the
basic concept of MM, which has a certain form (such as point, line, circle etc.). By
using a structuring element to operate on a signal, the information of a signal
(shape, size etc.) can be extracted. Different forms of structuring elements result in
different outcomes. There are two basic morphological operators: erosion and
dilation. Opening and closing are derived operators in terms of erosion and dilation.
Opening and closing operators can be interpreted as sliding structuring elements
along the signal from beneath and above respectively and the result is the highest
and the lowest point reached by any part of the structuring element. Opening
operation is used to remove peaks from the signal; closing is used to remove the
valleys. [100], [101]

In this thesis, the length of the opening operator is chosen as 200 ms, because
this value is greater than the width of the characteristic waves of the ECG signal
(P, Q, R, S and T-wave individually). The length of the closing operator should be
longer than the length of the opening operator and is typically selected to be 1.5
times the length of the opening operator. In this case, the closing operator is chosen

as 300 ms.
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Figure 22 Example of a body surface potential measurement by different filtering techniques: (A) unfiltered signal
(B) signal after application of morphological filtering (C) signal after application of a moving median filtering (D)

signal after Butterworth band-pass filtering (E) signal after wavelet filtering
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Figure 23 Example of three signals located on the vertices of one triangle in the epicardial mesh.
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Appendix 11
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Figure 24 Linear correlation between the absolute amplitude and the area of the epicardial T-waves reconstructed

with ECGI for each subject.
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Appendix III

Patient 1 pre-quinidine — Amplitude
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Figure 25 Epicardial amplitude maps of patient 1 pre-quinidine treatment, reconstructed with ECGI. The left

panel shows the 3D epicardial surface of the left ventricle (LV) and right ventricle (RV) from the anterior,

posterior, left and right lateral and inferior view. The right panel shows the electrograms that correspond to the

marked areas in the left panel. Example; electrogram Al is localized in the “A1” marked area in the anterior view.
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Patient 1 pre-quinidine — Tpeak-Tend interval
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Figure 26 Epicardial Tpeak-Tend interval maps of patient 1 pre-quinidine treatment, reconstructed with ECGI.
The left panel shows the 3D epicardial surface of the left ventricle (LV) and right ventricle (RV) from the anterior,
posterior, left and right lateral and inferior view. The right panel shows the electrograms that correspond to the

marked areas in the left panel. Example; electrogram Al is localized in the “A1” marked area in the anterior view.
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Patient 1 pre-quinidine — Alternans

1100

Beat 3-4

Beat 1-2 Beat 2-3 Beat 4-5 Beat 5-6
g
H
g
2
B c D E
1000 1000 1000 1000 T
3 0 0 0 | 0 0
®
2 -1000 -1000 -1000 ‘ -1000 1000
E- -2000 -2000 -2000 ‘ -2000 -2000
< 3000 | -3000 | 3000 | -3000 -3000 |
200 400 600 800 200 400 600 800 200 400 600 800 200 400 600 800 200 400 600 800
Time (ms) Time (ms) Time (ms) Time (ms) Time (ms)
Location A Location B Location C Location D Location E
Beat 1: Beat 2: Beat 3: Beat 4: Beat 5:
EGM Original EGM Original EGM Original EGM Original; EGM Original;
EGM Smooth EGM Smooth EGM Smooth EGM Smooth EGM Smooth
* Prim. T-peak * Prim. T-peak * Prim. T-peak * Prim. T-peak * Prim. T-peak
Beat 2: Beat 3: Beat 4: Beat 5: Beat 6:
EGM Original EGM Original EGM Original EGM Original; EGM Original;
EGM Smooth EGM Smooth EGM Smooth EGM Smooth ——EGM Smooth
4 Prim. T-peak 4 Prim. T-peak 4 Prim. T-peak 4 Prim. T-peak 4 Prim. T-peak

Figure 27 Epicardial T-wave alternans maps of patient 1 pre-quinidine treatment, reconstructed with ECGI. The

difference in T-peak amplitude is calculated for six consecutive beats. The letters A - E indicate the location of

the epicardial electrogram. This location is equal for each heartbeat. The horizontal, central plane shows the

electrograms for each set of beats.
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Patient 1 post-quinidine — Amplitude
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Figure 28 Epicardial amplitude maps of patient 1 post-quinidine treatment, reconstructed with ECGI. The left

panel shows the 3D epicardial surface of the left ventricle (LV) and right ventricle (RV) from the anterior,

posterior, left and right lateral and inferior view. The right panel shows the electrograms that correspond to the

marked areas in the left panel. Example; electrogram Al is localized in the “A1” marked area in the anterior view.
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Figure 29 Epicardial Tpeak-Tend interval maps of patient 1 post-quinidine treatment, reconstructed with ECGI.

The left panel shows the 3D epicardial surface of the left ventricle (LV) and right ventricle (RV) from the anterior,

posterior, left and right lateral and inferior view. The right panel shows the electrograms that correspond to the

marked areas in the left panel. Example; electrogram Al is localized in the “A1” marked area in the anterior view.
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Patient 1 post-quinidine — Alternans
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Figure 30 Epicardial T-wave alternans maps of patient 1 post-quinidine treatment, reconstructed with ECGIL.
The difference in T-peak amplitude is calculated for six consecutive beats. The letters A - E indicate the
location of the epicardial electrogram. This location is equal for each heartbeat. The horizontal, central plane

shows the electrograms for each set of beats.
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Figure 31 Epicardial amplitude maps of patient 2, reconstructed with ECGI. The left panel shows the 3D epicardial
surface of the left ventricle (LV) and right ventricle (RV) from the anterior, posterior, left and right lateral and
inferior view. The right panel shows the electrograms that correspond to the marked areas in the left panel.

Example; electrogram Al is localized in the “A1” marked area in the anterior view.
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Patient 2 Tpeak-Tend interval

Anterior Posterior LV lateral RV lateral Inferior
248
236
224
213
& 20
é 189
35 77
2 166 |
S 154 -
4000 <
2000 r/‘ Al 3000 ) P1 10000 L1 ‘ " .E 142
Z o 2000 T 130 -
= 5000 2000 |
= AL g 8 -
2 2000 1000 o " = 107 -
H 0 [ 1
= [ = L=} 94.8
s 1000 a
£ 000 0t ™~ \ 1000 ?i IJ 2830
6000 1000 -5000 -2000 2000 71.2
200 400 600 800 200 400 600 800 200 400 600 800D 200 400 600 80D 200 400 600 800 59.4
5000 A2 3000 P2 10000 L2 2000 R2 3000 T 12 476
s 35.8
ES 2000 i 1000 2000 240
& o 5000 . L 8
- 1000 | ol A 1".1/\/“ 1000 ' 122
= I
S -5000 0.
£ o - ‘.\{ 0 ¥ ﬂ
E 0 N =~ 1000 I ~H
-10000 -1000 —J -5000 -2000 -1000
200 400 600 800 200 400 600 800 200 400 600 800 200 400 600 800 200 400 600 800
4000 a3 40 py 1000 . Ty 2000 Ry 2000 T B
2 20m A 200 \
< \ 1000 1000
E [V 0 |
b iy
S 0 oln
E -2000 u -200 VS N = \f
-4000 ! -400 - - -1000 1000
200 400 600 800 200 400 600 800 200 400 600 800 200 400 600 8OO 200 400 600 800
Time (ms) Time (ms) Time (ms) Time (ms) Time (ms)
| —— EGM Original —— EGM Smooth —— Baseline  First T-peak ® Last T-peak [[0] Tpeak-Tend interval

Figure 32 Epicardial Tpeak-Tend interval maps of patient 2, reconstructed with ECGI. The left panel shows the

3D epicardial surface of the left ventricle (LV) and right ventricle (RV) from the anterior, posterior, left and right

lateral and inferior view. The right panel shows the electrograms that correspond to the marked areas in the left

panel. Example; electrogram Al is localized in the “A1” marked area in the anterior view.
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Figure 33 Epicardial T-wave alternans maps of patient 2, reconstructed with ECGI. The difference in T-peak

amplitude is calculated for six consecutive beats. The letters A - E indicate the location of the epicardial

electrogram. This location is equal for each heartbeat. The horizontal, central plane shows the electrograms for

each set of beats.
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Figure 34 Epicardial amplitude maps of patient 3, reconstructed with ECGI. The left panel shows the 3D epicardial
surface of the left ventricle (LV) and right ventricle (RV) from the anterior, posterior, left and right lateral and
inferior view. The right panel shows the electrograms that correspond to the marked areas in the left panel.

Example; electrogram Al is localized in the “A1” marked area in the anterior view.
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Figure 35 Epicardial Tpeak-Tend interval maps of patient 3, reconstructed with ECGI. The left panel shows the
3D epicardial surface of the left ventricle (LV) and right ventricle (RV) from the anterior, posterior, left and right
lateral and inferior view. The right panel shows the electrograms that correspond to the marked areas in the left

panel. Example; electrogram Al is localized in the “A1” marked area in the anterior view.
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Figure 36 Epicardial T-wave alternans maps of patient 3, reconstructed with ECGI. The difference in T-peak
amplitude is calculated for six consecutive beats. The letters A - E indicate the location of the epicardial
electrogram. This location is equal for each heartbeat. The horizontal, central plane shows the electrograms for

each set of beats.
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Figure 37 Epicardial amplitude maps of patient 4, reconstructed with ECGI. The left panel shows the 3D epicardial
surface of the left ventricle (LV) and right ventricle (RV) from the anterior, posterior, left and right lateral and
inferior view. The right panel shows the electrograms that correspond to the marked areas in the left panel.

Example; electrogram Al is localized in the “A1” marked area in the anterior view.
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Figure 38 Epicardial Tpeak-Tend interval maps of patient 4, reconstructed with ECGI. The left panel shows the

3D epicardial surface of the left ventricle (LV) and right ventricle (RV) from the anterior, posterior, left and right

lateral and inferior view. The right panel shows the electrograms that correspond to the marked areas in the left

panel. Example; electrogram Al is localized in the “A1” marked area in the anterior view.
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Figure 39 Epicardial T-wave alternans maps of patient 4, reconstructed with ECGI. The difference in T-peak

amplitude is calculated for six consecutive beats. The letters A - E indicate the location of the epicardial

electrogram. This location is equal for each heartbeat. The horizontal, central plane shows the electrograms for

each set of beats.
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Figure 40 Epicardial amplitude maps of patient 5, reconstructed with ECGI. The left panel shows the 3D epicardial
surface of the left ventricle (LV) and right ventricle (RV) from the anterior, posterior, left and right lateral and
inferior view. The right panel shows the electrograms that correspond to the marked areas in the left panel.

Example; electrogram Al is localized in the “A1” marked area in the anterior view.
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Figure 41 Epicardial Tpeak-Tend interval maps of patient 5, reconstructed with ECGI. The left panel shows the
3D epicardial surface of the left ventricle (LV) and right ventricle (RV) from the anterior, posterior, left and right
lateral and inferior view. The right panel shows the electrograms that correspond to the marked areas in the left

panel. Example; electrogram Al is localized in the “A1” marked area in the anterior view.
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Figure 42 Epicardial T-wave alternans maps of patient 5, reconstructed with ECGI

amplitude is calculated for six consecutive beats. The letters A - E indicate the location of the epicardial

. The difference in T-peak

electrogram. This location is equal for each heartbeat. The horizontal, central plane shows the electrograms for

each set of beats.
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