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1.1 Cardiac arrhythmogenesis

The heart is the key component in the circulation of blood throughout the body, 
and its mechanical pumping action is controlled by a complex electrical system 
that regulates rhythm and rate. Under normal physiological conditions, the 
sinus node dictates the rhythm of the heart (Figure 1.1A) to ensure synchronous 
contraction and normal cardiac output. However, an arrhythmia disrupts this 
normal rhythm. Particularly, ventricular tachyarrhythmias disrupt the electrical 
behavior of the ventricles and can be life-threatening. These arrhythmias include 
ventricular tachycardia (VT, Figure 1.1B) and ventricular fibrillation (VF, Figure 
1.1C). VT usually occurs at a rapid rate (>100/min) and can result in the loss of 
effective pumping function and adequate cardiac output. Some patients tolerate 
VT if, and as long as, the hemodynamic consequences of their arrhythmia are 
relatively minor. VF is disorganized and always leads to the loss of pumping 
function. VT and VF are the leading causes of sudden cardiac arrest (SCA) and 
sudden cardiac death (SCD), and the latter accounts for 15-20% of all deaths 
(1). Preventive medicinal treatment and acute cardioversion or defibrillation of 
VT/VF are important measures to maintain/restore sinus rhythm (or a stable 
alternative) and provide many saved years of acceptable quality of life to the 
victim (2).

Sinus rhythm

Ventricular tachycardia

Ventricular fibrillationC

A

B

Figure 1.1: Electrocardiograms of sinus rhythm (A), ventricular tachycardia (B) and ventric-
ular fibrillation (C).

Identifying individuals at risk for VT/VF and providing them with the right 
(prophylactic) therapy, such as medications, catheter ablation and/or 
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implantable cardioverter defibrillators (ICDs) can significantly reduce SCA/
SCD rates (3). However, in many cases risk assessment is challenging. Current 
decision support tools are derived from population-based clinical parameters 
(4) and lack accuracy to tailor the right therapy for the right patient (e.g., only 
5% of implanted ICDs deliver appropriate therapy per year (5)). Furthermore, 
current VT treatment options are often associated with high rates of recurrence 
(40-50% in <2 years (6)) and complications (e.g., >4% major adverse events and 
1-2% in-hospital mortality for catheter ablation (7,8) and 9% for ICDs (9)).

Better mechanistic understanding of cardiac electrophysiology and 
arrhythmogenesis under different conditions is key to improve VT/VF risk 
stratification in individual patients and to prevent SCA/SCD (3,10). Such 
understanding of arrhythmias requires advancing insights at multiple scales, 
i.e., at the patient, organ, tissue, cellular and genetic level, with dedicated clinical 
and experimental methodologies. It also requires the integration of findings 
across scales, which poses own scientific challenges and is central to the content 
of this doctorate thesis. This multimodal integration of information enables to 
translate basic-science findings to the clinical setting. 

In this doctorate thesis, I investigate cardiac ventricular electrophysiology under 
various physiological and pathological conditions by using multimodal image 
integration in order to better explain human ventricular tachyarrhythmias. I aim 
at providing comprehensive frameworks of arrhythmia mechanisms, which will 
help to identify potential diagnostic and therapeutic targets and improve risk 
stratification in clinical settings.

1.2 Multimodal research of cardiac arrhythmology

In this section, I discuss specific technologies to study arrhythmia mechanisms 
and improve management at different scales. I will discuss different molecular 
and electrophysiological recording techniques, imaging of cardiac anatomical 
variations and structural characteristics that can influence electrical function, and 
computational modeling techniques for the integration of information. These 
can be used to study arrhythmia mechanisms on larger scales. I also discuss 
their respective advantages and disadvantages. An overview of technologies 
(many used in this thesis) is given in Table 1.1. These are further compared in 
Table 1.2.

At the molecular level lies the question of whether there is a genetic predisposition 
of cardiac disease. For this reason, DNA diagnostics is of importance in many 
patients. DNA diagnostics is the analysis of an individual's DNA to identify 
genetic variations associated with diseases or traits. Although DNA diagnostics 
does not directly measure the electrical function of the heart, it can provide 
important information about the mechanisms of (genetic) arrhythmias. It 
involves collecting a tissue or blood sample from an individual, extracting DNA 
from the sample, and sequencing it to determine the order of nucleotides. By 
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comparing the obtained results to genetic databases, this form of testing can 
aid in diagnosing genetic disorders, predicting disease risk, and personalizing 
treatment. For example, in the field of cardiac electrophysiology, genetic 
testing can be used to estimate an individual’s predisposition to VT/VF, e.g., in 
the context of an inherited arrhythmia syndrome. However, the relationship 
between genotype and disease manifestation is often complex. Whereas some 
diseases can be directly linked to a single genetic mutation, in other cases 
multiple variants (often as part of genetic background) or additional factors such 
as age, sex, environment, or comorbidities play a role in the expression of the 
disease (11).

1.2.1 In vitro
In vitro experiments are performed outside of the living organism in a controlled 
environment, e.g., a test tube, culture dish or the chamber of a microscope. 
They allow the study of isolated, small-scale processes without other factors 
that are present in vivo. However, they may not accurately reflect the complexity 
of in-vivo conditions and may miss important interactions between different 
components of the living organism. An example of in-vitro experimentation 
in this doctorate thesis is the measurement of ion currents that contribute to 
cardiac action potentials in single cells, by patch clamp (Chapter 6).

1.2.1.1 Patch clamp
The patch-clamp technique is a precise method for measuring membrane 
potential or ion currents of isolated cells at the single-cell or channel level. This 
involves creating a seal between a glass pipette with a tip of several micrometers 
and the cell membrane (12). Subsequent negative pressure to the pipette 
interior ensures a seal between the pipette tip and the cell membrane, resulting 
in a high seal resistance and low background noise (13).  Once the membrane 
in the pipette opening is removed, voltage or current across the cell membrane 
can be controlled, and detailed information on cellular electrics can be obtained. 
However, the technique is not ideal for multicellular preparations as the seal 
may be lost during contraction. Therefore, the technique does not account for 
intercellular electrotonic effects.

1.2.1.2 High-resistance microelectrode 
The high-resistance microelectrode technique with a high intra-pipette potassium 
concentration is used to measure cellular membrane voltage, in single cells or 
tissues such as ventricular wedge preparations. While the technique can be 
used to study electrical activity in contracting multicellular preparations, it is less 
suitable for maintaining a stable impalement over extended periods of time (14).
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Experiment Scale Examples of investigative modalities 
of cardiac electrical function

In vitro Molecular to tissue 
level, e.g., single 
channels (channel 
subunits), transfected 
heterologous cell 
systems, human induced 
pluripotent stem cell 
cardiomyocytes (hiPSC-
CMs), native myocytes

• Patch clamping
• High-resistance microelectrode 

recordings

Ex vivo Tissue to organ level, 
e.g., ventricular 
wedge preparation or 
explanted heart

• Electrographic recordings*
• Monophasic action potential record-

ings*
• Optical mapping of voltage and 

calcium*
• Panoramic electrographic contact 

mapping by an epicardial multielec-
trode sock/cage*

In vivo Organism level • Standard 12-lead electrocardiogram
• Body-surface potential mapping
• Electrocardiographic imaging
• Electrographic contact mapping 
• Electroanatomical mapping

In silico Any level from 
subcellular to organism

Computational integration and 
simulation of electrophysiological data 
based on inputs, e.g.,

• Molecular dynamics at ion-channel 
level

• Simulation of cardiac action poten-
tials based on patch-clamp data

• Finite-element tissue model for acti-
vation and recovery characteristics

• Simulation of VT based on personal-
ized heart geometry and location of 
structural scar from cardiac magnet-
ic resonance imaging

Table 1.1: Investigative modalities relevant for arrhythmia research across scales. 
*: also applicable in vivo. 
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1.2.2 Ex vivo
Ex-vivo experiments are performed outside of the living organism, but with an 
intact tissue architecture, e.g., in explanted hearts. This allows for more realistic 
studies of the interactions between different types of tissues, and the effects of 
interventions. However, the absence of other organs and systems, such as the 
nervous system or hormones, limits the generalization of the findings to the level 
of the organism. In this doctorate thesis, an example of ex-vivo experimentation 
is the panoramic measurement of unipolar contact electrograms by an epicardial 
electrode sock in explanted hearts in Chapter 4.

1.2.2.1 Monophasic action potential catheter
In contrast to transmembrane voltage measurements, monophasic action 
potentials (MAPs) are extracellular recordings of action potentials. They are 
obtained by recording the potential difference between an "active" contact 
electrode and a nearby "inactivating" contact electrode. The latter inactivates the 
local tissue by applying either suction or pressure. MAP catheters allow for the 
long-term measurement of action potentials in ex-vivo or in-vivo hearts (15,16). 
However, MAPs capture extracellular information from multiple cells because the 
electrodes are larger than individual cells. Therefore, MAPs are not reliable for 
determining the absolute upstroke velocity or amplitude of the action potential 
of single cells, but they enable the recording of local repolarization characteristics 
quite accurately (15).

1.2.2.2 Optical mapping
Optical mapping involves loading the myocytes in the heart with a voltage- 
or calcium-sensitive fluorescent dye that emits optical signals in response to 
changes in cellular transmembrane voltage or intracellular calcium. These 
signals are recorded by rapidly scanning the heart with a laser beam at 
multiple locations (17). While optical mapping was historically limited to two-
dimensional (2D) mapping, advancements in imaging have enabled panoramic 
three-dimensional (3D) mapping (18). Historically, the use of excitation-
contraction uncouplers was required to avoid interference caused by cardiac 
contraction during optical mapping. However, these uncouplers can affect the 
electrophysiological characteristics under study (19). Recent developments 
in mathematical techniques enable to correct for motion due to contraction, 
eliminating the need for uncouplers (20). Optical mapping provides high 
spatial and temporal resolution, but it requires optical access to the heart with 
homogeneous illumination.

1.2.2.3 Electrographic contact mapping
This technique enables to directly record extracellular electrical activity using 
electrodes positioned on the inner or outer surface of the heart. Unipolar and 
bipolar electrograms can be measured, as discussed in Chapter 4. This allows to 
study the arrhythmia itself, or to identify sites that are important for arrhythmia 
formation and/or maintenance. Such information is clinically used to guide the 
treatment of VT by catheter ablation. The spatial resolution (i.e., the regional 
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accuracy) is determined by the diameter of the electrodes, which is typically less 
than 1 mm in modern systems (21). Contact mapping requires operational skills 
and is a time-consuming technique; to gain high-precision substrate information 
electrograms should be recorded and analyzed at multiple points.

1.2.3 In vivo
In-vivo experiments are performed on, or inside, the living organism, providing 
a comprehensive understanding of biological processes and responses to 
interventions. However, they are often more difficult to control than experiments 
on other levels due to integrative complexities that cannot be (easily) disentangled. 
Examples include autonomic influences to the heart or circulating hormones or 
paracrine factors that have systemic or local effects. In-vivo experiments are 
subject to ethical constraints and practical limitations. In this doctorate thesis, 
examples of in-vivo measurements include electrocardiograms (Chapters 5 - 
7), electrocardiographic imaging (Chapters 2 - 7), electroanatomical mapping 
(Chapter 7), and imaging of heart structure, such as computed tomography (CT, 
Chapter 7) and cardiac magnetic resonance imaging (CMR, Chapter 7).

1.2.3.1 The standard 12-lead electrocardiogram
The recording of an electrocardiogram (ECG) requires the placement of 10 
electrodes on the body surface to record the net vector of electrical activity of the 
heart in multiple directions. The ECG is widely used in clinical electrocardiology 
for the diagnosis of many cardiac pathologies. It is a patient-friendly and cost-
effective method that provides convenient insights into cardiac electrophysiology. 
However, the spatial resolution of the ECG is limited to macroscopic regions 
of the heart. This makes it challenging to identify and precisely locate regional 
gradients or electrical abnormalities in specific regions of the heart.

1.2.3.2 Electrocardiographic imaging
Electrocardiographic imaging (ECGI) is described in detail in Chapter 2. It is 
a noninvasive imaging technique that combines the recording of numerous 
electrograms on the body surface with a CT or CMR to provide anatomical 
reference for subsequent reconstructions of localized electrograms. Using 
mathematical algorithms, ECGI reconstructs the electrical activity at the level 
of the heart. It offers higher spatial resolution compared to the conventional 
ECG and is well suited for studying cardiac electrophysiology at the heart level 
without the invasiveness of contact mapping with catheters. ECGI is much more 
time consuming and costly than the recording of a standard ECG and has lower 
accuracy and spatial resolution compared to contact catheter mapping.

1.2.3.3 Electroanatomical mapping 
Electroanatomical mapping (EAM) combines 3D navigation with contact mapping 
using an electrode catheter equipped with a location sensor. A mapping system 
detects the location of the catheter using electrical impedance or magnetic fields. 
During the mapping procedure, invasive electrograms and their corresponding 
3D locations are stored, creating a high-resolution electrophysiological map with 
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anatomical reference (22). For endocardial mapping, the catheter is inserted 
into the endocardial cavity via vascular access, whereas for epicardial mapping, 
it is placed in the pericardium via percutaneous subxiphoid access. EAM can 
be integrated with anatomical imaging such as CT to provide a more extensive 
3D anatomical context. EAM is the current standard when performing catheter 
ablation of VTs, and its spatial and temporal resolution are high. However, EAM 
is also time-consuming, invasive, costly and requires expert operational skills.

1.2.3.4 Cardiac magnetic resonance imaging
Magnetic resonance imaging (MRI) is a noninvasive imaging technique that uses 
magnetic fields and radio waves to create detailed cross-sectional images of the 
body. Cardiac magnetic resonance imaging (CMR) is the application of MRI to the 
heart and its associated blood vessels. Although CMR does not directly measure 
the electrical functions of the heart, it does provide important information 
about the cardiac structures that can affect electrical functions. CMR can also 
be used to quantify blood flow or characterize myocardial tissue such as scar 
or inflammation. This includes the quantification and delineation of scar areas 
critical for VT formation, as discussed in Chapter 7. Recent advancements in 
CMR technology (in particular 3D dark-blood late gadolinium enhancement 
(23,24)) have further improved its spatial resolution and its ability to delineate 
such areas. CMR has a high contrast resolution, but is more time-consuming 
and costly than CT and, in general, has a poorer spatial resolution (25). 

1.2.3.5 Computed tomography
Computed tomography (CT) is a noninvasive medical imaging technique that 
uses X-rays to produce detailed, cross-sectional images of the body. In the 
heart, it is currently most often used to image coronary artery calcifications or 
plaques, but it also enables assessment of the structure and contractile function 
of the heart. Although CT does not directly measure the electrical function of the 
heart, it does provide important information about the cardiac structures that 
can affect its electrical functions. The use of contrast agents such as iodine can 
improve the ability of CT to delineate certain myocardial structures or vessels of 
interest. Recent developments in CT technology have enabled the identification 
of structural sites critical for VT formation (26). CT is relatively fast, inexpensive, 
and provides high spatial resolution, but its ability to characterize myocardial 
tissue is not as advanced as CMR due to its lower contrast resolution (25). 
Additionally, the use of CT involves exposure to radiation.

1.2.4 In-silico modeling 
In-silico experiments are computer simulations of biological processes or 
systems. They provide the advantage of testing hypotheses and performing 
experiments under perfect control and observability, that may not be feasible 
in vivo or in vitro. In addition, they allow large numbers of different scenarios or 
parameters to be tested quickly and efficiently. Importantly, computer models 
are ideally suited to integrate findings across scales to achieve a translational 
understanding. However, the accuracy of in-silico experiments is determined 
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by the underlying models and assumptions, as any model is a simplification 
of reality. Therefore, these experiments may not fully reflect the complexity of 
real biological systems. An example of in-silico experiments in this doctorate 
thesis is the simulation of electrical activation and recovery at the cellular and 
tissue levels caused by missense variants in the dipeptidyl-aminopeptidase-like 
protein 6 (DPP6) gene, as described in Chapter 6.
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Table 1.2: Functional and structural properties of modalities to (directly or indi-
rectly) investigate cardiac electrophysiology and arrhythmogenesis. Spatial resolu-
tion refers to the regional accuracy of a modality. MAP: monophasic action potential. ECG: 
electrocardiogram. ECGI: electrocardiographic imaging. EAM: Electroanatomical mapping. 
CT: computed tomography. CMR: cardiac magnetic resonance imaging. *: exact spatial reso-
lution depends on electrode size.
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1.3 Open science and standardization

The FAIR principles (27) are a set of guiding principles for making data findable, 
accessible, interoperable, and reusable. These principles have been developed 
to promote good data management practices and to enable effective data 
sharing and reuse in the context of open science. Good data management can 
lead to knowledge discovery and innovation, as well as knowledge integration 
(27).

Standardization of research methodologies is essential to ensure consistent, 
reproducible, and comparable results and to minimize variability and bias. Yet, 
the constant technological advancement of multimodal imaging modalities 
and protocols poses a challenge to standardization. New standardization 
benchmarks are needed for novel imaging modalities (e.g., ECGI) and protocols 
(e.g., advanced CMR protocols to delineate scar with higher resolution).

To promote reproducibility and adhere to the FAIR principles, transparency 
of used methodologies and results is critical. This can be achieved through 
standardized reporting (e.g., according to the standards proposed in the 
Minimum Information about a Cardiac Electrophysiology Experiment (MICEE) 
paper (28)), specifically designed for cardiac electrophysiology research. 
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1.4 Aims and structure of this thesis

In this doctorate thesis, I apply multimodal image integration to better explain 
human ventricular tachyarrhythmias. This approach aims to overcome individual 
limitations of each modality and provides a more comprehensive understanding 
of cardiac electrophysiology and arrhythmogenesis. I acquired data from 
multiple electrophysiological and imaging modalities depending on the specific 
goals for each Chapter, see Figure 1.2. Each modality provides its own unique 
information, after which the mechanistic, computational and visual integration 
of these modalities leads to enhanced understanding of electrophysiology and 
pathology.

This thesis has the following objectives:

1. Provide a contemporary overview of the challenges, applications, and 
future directions of ECGI.  

2. Understand and assess repolarization in the unipolar contact electro-
gram and ECGI. 

3. Advance and standardize ECGI by providing a standardized visualiza-
tion of results, and by investigating the effects of leadset configura-
tion and diastolic heart geometry on the inverse solution. 

4. Characterize the normal ventricular electrophysiology in human sub-
jects by studying beat-to-beat stability within and among subjects of 
different ages, and comparing females and males. 

5. Unravel arrhythmia mechanisms of unexplained SCA in subjects with 
a novel DPP6 missense mutation by a translational approach. 

6. Unravel mechanisms of VT formation by performing high-resolution in 
vivo structural-functional trigger-substrate characterization.

This introductory Chapter 1 provides a general outline of ventricular 
arrhythmogenesis, and the modalities used to study it. Since ECGI is used to 
investigate ventricular electrophysiology throughout this thesis, Chapter 2 
provides a contemporary literature review of the challenges and applications of 
ECGI. I then apply translational multimodal image integration to better explain 
human ventricular tachyarrhythmias. Electrical recovery plays an important 
role in VT/VF initiation and maintenance (29). In Chapter 3, I provide insights 
into the interpretation of the potential-based formulation of ECGI used in 
this thesis. I provide an algorithm for standardized visualization of results 
from ECGI, and I investigate the effect of lead set selection and use of a static 
diastolic geometry on the inverse solution.  In Chapter 4, I investigate the 
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genesis of the electrographic recovery and the correct method to determine 
local recovery time by contact mapping and ECGI, as this has been historically 
controversial (30). This Chapter sets the stage for the understanding of cardiac 
electrical recovery by these modalities for the rest of the thesis. Chapter 5 
provides an overview of normal ventricular electrophysiology by ECGI and 
compares it to illustrative examples of pathology. In Chapter 6, translational 
multimodality image integration is used to investigate the mechanisms of 
action of the protein DPP6 and several missense variants in its gene to shed 
a new light on previously unexplained sudden cardiac arrest. Chapter 7 
discusses the image integration of ECGI with other structural and functional 
imaging modalities in a clinical setting to improve mechanistic understanding 
of infarct-related VT. Such an advanced, mechanistic approach to VT ablation 
may increase procedural efficiency and success. General Discussion Chapter 
8 puts the acquired results of this doctorate thesis into a broader perspective.
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Multimodal Image Integration to Better Explain 
Human Ventricular Tachyarrhythmias
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Figure 1.2: Overview of the modalities used in each Chapter of this doctorate thesis. 
Improved mechanistic understanding of ventricular tachyarrhythmias is a crucial step to-
wards better diagnostic and therapeutic management. DNA diagn.: DNA diagnostics. ECG: 
electrocardiogram. ECGI: electrocardiographic imaging. EAM: Electroanatomical mapping. 
CMR: cardiac magnetic resonance imaging. CT: computed tomography.
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Electrocardiographic Imaging: History, Applications, 
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J. Stoks and M.J.M. Cluitmans

In: IEEE Milestone Award ‘String Galvanometer’: The Heritage 
and the Promise of Electrocardiography and Electrophysiology, 
edited by W. van Etten, C.A. Swenne, and E.T. van der Velde, p. 65-
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Abstract 

Electrocardiographic imaging (ECGI) is a noninvasive modality that reconstructs 
electrical activity at the heart level from a patient-specific body-surface potential 
map and heart geometry obtained by medical imaging. Here, we describe 
its history, advantages and challenges, validation studies, state-of-the-art 
applications, and future directions. Briefly, ECGI provides a trade-off between 
the noninvasive low-resolution electrocardiogram (ECG) and invasive high-
density contact catheter mapping. Even though ECGI comes with its intrinsic 
challenges, most validation studies show a moderate-to-good accuracy and 
ECGI yields anatomy-based insights that the ECG cannot provide. Most ECGI 
applications currently bring value in a research setting. This includes investigating 
disease mechanisms, optimizing cardiac resynchronization therapy, identifying 
arrhythmogenic substrate, and multi-modality imaging. For clinical adoption, 
further maturation is still required in terms of standardization, ease of use, and 
external validation of study results. Its ultimate potential may lie not only in 
investigating disease mechanisms and providing risk stratification for future 
arrhythmic events but most likely also in obtaining personalized insights through 
the integration of ECGI with other clinical modalities.
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2.1 Introduction

Electrocardiographic imaging (ECGI) is a noninvasive modality that reconstructs 
electrical activity at the heart from a body-surface potential map (BSPM) 
and patient-specific heart geometry, see Figure 2.1. This allows to study the 
heart’s electrophysiological properties noninvasively, including its activation 
and recovery sequence. Typically, the heart geometry is imaged through a 
computed tomography (CT) scan or magnetic resonance imaging (MRI). The 
BSPM is acquired through a dense array of electrodes attached to the torso, 
typically detected through MRI, CT, or a three-dimensional camera. Combined, 
this yields the three-dimensional relationship between the electrodes and the 
heart geometry. This then allows calculating the electrical activity of the heart by 
solving the “inverse problem of electrocardiography” (31). Many implementations 
of ECGI exist, amongst which methods to directly estimate activation times or 
transmural voltages (32). However, the most widely used implementation of ECGI 
is the so-called potential-based formulation of ECGI. This approach estimates 
potentials on the ventricular or atrial surface and will be the focus of this article. 
First, we address the history of ECGI. Thereafter, we address the mathematical, 
physiological, and experimental challenges in ECGI. Furthermore, we discuss the 
current state-of-the-art and future applications of ECGI.

Body-surface 
potential measurement

Medical imaging

.

.

.

Body-surface
potentials

3D torso geometry
with electrodes

3D heart geometry

3D epicardial activation times
Early

Late

3D epicardial recovery times
Early

Late

3D epicardial potentials
Negative

Positive

Figure 2.1: Electrocardiographic imaging (ECGI). Body-surface potential recordings and a 
medical imaging scan are combined in a torso-heart geometry. Epicardial potentials are re-
constructed from the body-surface ECGs and yield local electrograms, activation isochrones, 
and recovery isochrones.
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2.2 Background and history of ECGI

Since the late 1700s, many scientists have tried to study the heart’s electrical activity 
in great detail. After the development of the three-leaded electrocardiogram 
(ECG) by Dr. Willem Einthoven, Drs. Wilson and Goldberger added more leads to 
the ECG, eventually giving rise to the clinical 12-lead ECG (31). The 12-lead ECG is 
still in widespread use and remains the cornerstone of clinical electrocardiology. 
However, even though the 12-lead ECG is easy to use and can identify many 
kinds of cardiac pathologies with either electrical causes or consequences, it has 
limited spatial resolution: i.e., it is difficult to localize abnormalities in detailed 
regions of the heart. For this reason, from the late 1960s onwards, researchers 
started using tens to hundreds of electrodes to investigate BSPMs (see Figure 
2.2) (31). Even though these BSPMs provide more detail about the heart’s 
electrical activity than the 12-lead ECG, they are less easy to use and require 
specific equipment, knowledge, and time. Moreover, analyses that are confined 
to the body surface only allow to study the heart from a distance, through 
signals that are attenuated and dispersed by the conducting torso volume. At 
the other end of the spectrum, contact catheter mapping with an electrode 
catheter applied to the heart’s inner or outer surface allows to directly measure 
the heart’s electrical activity. Contact catheter mapping is highly accurate and 
could count as a golden standard for electrical signals. Moreover, it allows direct 
catheter-based intervention, e.g. by applying ablation to terminate arrhythmias. 

Add medical imaging

12-lead ECG

+ +
+ +

- -
-

Low cost
Time-efficient

Spatial resolution
Personalized heart anatomy

More leads (front and back)

Noninvasive

BSPM

+
+

-
-

ECGI

-
-

+
+

Contact 
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Figure 2.2: Comparison of the clinical 12-lead electrocardiogram (ECG), body-surface 
po tential measurement (BSPM), electrocardiographic imaging (ECGI), and invasive 
contact catheter mapping. The first three modalities are noninvasive, and the latter is in-
vasive. A BSPM can be obtained by adding additional leads to the 12-lead ECG, and ECGI can 
be performed by further adding medical imaging and calculating the inverse reconstruction. 
Each method comes with its own advantages and disadvantages, listed below. + indicates 
positive properties (cheap, time-efficient, etc.) while - indicates negative properties (expen-
sive, time-consuming etc.)
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However, these measurements are invasive, come with risks of dangerous 
complications, and are time-consuming and costly (Figure 2.2). Lastly, contact 
mapping requires the point-by-point measurement of individual electrograms, 
meaning that typically only a small portion of the heart can be measured in one 
beat, rendering beat-to-beat variability complex to investigate.

In search of an optimal trade-off between the detailed information that 
contact mapping provides and the noninvasive character of body-surface 
measurements, ECGI was developed (Figure 2.1 and Figure 2.2). Through a 
BSPM and a known torso-to-heart geometrical relationship, cardiac electrical 
activity can be reconstructed by solving the so-called “ill-posed inverse problem 
of electrocardiography” (31). ECGI was first investigated through mathematical 
models, focusing on a spherical surface, investigating the basic mathematical 
requirements such as constraining the solution (33), and whether the technical 
estimation of cardiac potentials would be feasible with respect to noise (33). 
Later on, more realistic and complex scenarios were investigated and tested 
in dogs (34,35). Moreover, animal validation studies using clinically interesting 
outcomes (36,37) eventually led to the first real-life application in humans (38). 
Initial studies were limited to the ventricles, but later, the atria also became an 
active field of research. Nowadays, ECGI is still actively being improved (39), but 
is also widely applied in both the research and clinical domains.

2.3 Challenges in ECGI

ECGI’s main disadvantage in comparison to invasive contact catheter mapping 
(see Figure 2.2) is its accuracy, estimated to be around 10mm (see Table 2.1). 
Increasing ECGI’s accuracy is still an active field of research and comes with 
its own challenges. These can be divided into mathematical, physiological, 
validation, and standardization challenges, which we will now address. See 
Figure 2.3 for an overview.

2.3.1 Mathematical
Mathematically, the forward problem of electrocardiography is formulated as

 (Eq. 1)

where  represents the potentials on the heart as a function of time,  
  the potentials on the body surface as a function of time, and A the transfer 

matrix which captures the geometrical and electrical relationship between 
the heart and body surface. The inverse problem of electrocardiography is 
intrinsically ill-posed, meaning that even if the transfer matrix A is invertible, the 
mathematical solution for potentials on the heart  is sensitive to noise, and 
a small perturbation of body-surface signals can lead to a disproportionally 
large change in the solution (31). For this reason, the solution needs to be 
constrained, based on knowledge of the physiology and physics of the heart’s 
electrical activity. This leads to a mathematical frame in which the solution 
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should be found and is termed ‘regularization’. Commonly, a zeroth-, first-, or 
second-order Tikhonov regularization (40) is used,

 (Eq. 2) 

In which λ is the regularization parameter which controls the trade-off between 
the residual norm  and the constraint norm , and L is 
a regularization matrix, which is equal to the identity matrix in zero-th order 
Tikhonov regularization. For example, zeroth-order Tikhonov regularization 
provides a trade-off between a small amplitude and a small absolute error. (Eq. 
2) is solved for  after determining an optimal λ.

Mathematical Physiological

Validation Standardization

Breathing motion

Tissue
inhomogeneities Cardiac motion

Closed surface

Regularization

Animal vs. human
anatomical differences 

Number and type of electrodes

Software implementationExposure of pericardium

Challenges in ECGI

Figure 2.3: Challenges in ECGI. Challenges can be divided into mathematical, physiological, 
validation and standardization challenges. See text for further explanation.

Lastly, in ECGI, the torso as a volume conductor is often estimated to be 
homogeneous in terms of conductance. However, in real life, organs and tissues 
inside the torso lead to inhomogeneous conductivities. The estimation of the 
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torso to be a homogeneous volume conductor leads to problem which is less 
ill-posed and in practice does not yield results that are significantly worse than 
more complex piecewise homogeneous torso volumes (41).

2.3.2 Physiological
The transfer matrix A is commonly approximated to be static since the position 
of the heart and torso are typically captured with a CT or MRI scan during 
breath-hold and at the same timepoint within the cardiac phase. However, in 
reality, the geometry-conductivity relationship is dynamic. Firstly, the heart 
contracts, causing changes in its volume, position, and orientation. Secondly, 
variations in position and geometry of heart, lungs, and body surface are 
driven by inspiration and expiration. A preliminary study showed a small effect 
of the contractile motion of the heart on common outcome measures, see 
Section 3.4. A recent computational study showed that cardiac motion due to 
breathing is non-negligible, thereby also proposing a geometrical correction 
method (42). Secondly, the potential-based formulation of ECGI typically does 
not take the contribution of the septum and endocardial layers into account. 
Septal and endocardial information can be extracted from the body-surface 
ECG to a certain extent (43). The most common implementation of ECGI uses 
potentials measured on the body surface to estimate epicardial potentials 
only, and the physiological origin of enclosed underlying (i.e., transmural and/
or septal) components is not separately considered in Eq. 2. Even though this 
effect has never been actively studied to the best of the authors’ knowledge, 
this could contribute to the inaccuracy of ECGI. Until then, the “epicardial-only”-
reconstructed signals should probably be considered to be a mainly epicardial 
representation of the total transmural cardiac electrical activity.

2.3.3 Standardization
Lastly, since ECGI is currently being developed and being applied in different 
centers in parallel, methodologies in ECGI hardware and software can vary 
greatly. For example, the amount of electrodes used for ECGI can vary from 32 to 
256, and electrodes can be either passive or active. Software-wise, researchers 
segment the heart differently (44) and use different source models (32). Even 
within one source model, such as the potential-based formulation of ECGI which 
is discussed in this chapter, different kinds of regularization, filtering, smoothing, 
and other parameters can be applied. Additionally, ECGI provides a large amount 
of multidimensional data, resulting in many possibilities for outcome measures 
that makes a comparison of studies or systems challenging. These differences 
in methodology also affect practical ease-of-use: e.g., a reduced number of 
electrodes is easier to apply but may be less accurate (45), and automated 
methods may be faster than ones requiring trained operator input, but may also 
negatively impact reliability. Exploring different methodologies is paramount for 
identifying ECGI’s potential, but it remains essential to realize that there is a large 
variety in implementation choices, which is why different (validation) studies 
yield different results. To achieve further maturation or clinical implementation, 
ECGI could benefit from the standardization of hardware and software.
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2.3.4 Validation
Validation of ECGI can either be performed computationally, in a bucket or 
torso-shaped tank filled with fluid containing an ex-vivo heart, or in-vivo in 
either animals or humans. These validation methods are increasingly accurate 
in resembling a real-life situation at the cost of experimental complexity. Even 
in-vivo experiments may not completely mimic human application in a clinical 
setting. For example, in animal validation studies, the position of the heart and 
composition and size of the thorax can be different from humans. In human 
validation studies, the pericardium needs to be exposed to perform an invasive 
measurement. This means that ECGI can only either be validated in a non-time-
aligned manner, or with a limited number of electrodes. Validation studies are 
discussed in more detail in the next section.

2.4 Validation studies

Even though ECGI’s technology comes with its intricacies, it still provides valuable 
information on cardiac electrical activity with a relatively high spatial accuracy. 
Since ECGI knows many implementations, we only describe ex-vivo and in-vivo 
experimental validation studies of the potential-based formulation of ECGI for 
the ventricles. Validation has been performed in many forms, through varying 
hardware setups, experimental setups and computational methods. For a more 
elaborate overview of different forms of validation, we refer to Cluitmans et 
al. (46). Here, we discuss some key findings from various validation papers. An 
overview can be found in Table 2.1.

As visible in Table 2.1, most studies have focused on the localization error of 
paced beats and on correlation coefficients (CCs) of the reconstructed epicardial 
electrograms. Fewer studies focused on activation or recovery times. Even 
though Bear et al. (47) reported no significant differences between torso tank and 
in vivo results for recovery, most in-vivo studies reported slightly lower accuracy 
than torso tank studies. Furthermore, results of most studies qualitatively 
agree, except for the study by Duchateau et al. (48), who found much poorer 
localization errors and activation time correlation than other studies. In this 
study, a commercial system was used. They reported that ECGI was much more 
accurate for paced rhythm than for sinus rhythm, and was prone to displaying 
artificial lines of slow conduction.

Even though this study did expose some of ECGI’s important intricacies, other 
authors have warned that such a commercial implementation of ECGI without 
careful investigation of underlying electrograms and data should not be 
overgeneralized and requires further investigation (49,50). On the other hand, 
clinical applications should be based on commercially available systems and 
should be easy to use and accurate at the same time. Apart from the study 
by Duchateau et al. (48), other studies show a reasonable performance of 
ECGI. Median pacing site localization errors vary from 2 to 13mm, and median 
correlations with invasive electrograms (CCs) differ from 0.71 to 0.86. ECGI’s 
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accuracy was reported to be lower on the left ventricular anterior side and during 
the QRS complex rather than during the T wave (51), the endocardial rather than 
the epicardial side (52), in scar rather than in viable tissue (53), outside rather 
than within the end-inspiratory phase (54), and during sinus rhythm rather 
than during paced rhythms (48) (even though a smaller study disagreed (52)). 
  

Ref Setup Species 
(n)

Beats 
(n)

EGM CC LE 
(mm)

AT R RT R

(36) Torso 
tank

D (1)  >0.9 for 
72% of 
electrodes

<10   

(52) In vivo 
(NTA)

H (3) 5 0.73 13   

(55) Torso 
tank

D (1) 4 0.81 2   

(53) In vivo H (4) 79  13±9†   

(54) In vivo H (29) 456  9±6   

(54) In vivo H (5) 412  7±2   

(51) In vivo D (4) 93 0.71 [IQR 
0.36-0.86]

10 [IQR 
7-17]

0.82 0.73

(48) In vivo 
(NTA)

H (55) 59  76±38 0.03 
±0.43 

 

(47) Torso 
tank

P (8) 
and H 
(1)

 0.85 [IQR 
0.52-0.96]*

  0.73 [IQR 
0.63-0.83]

(47) In vivo P (5)  0.86 [IQR 
0.52-0.96]*

  0.76 [IQR 
0.67-0.82]

Table 2.1: Quantitative results of validation studies. Only quantitative results with one 
or more of our selected validation metrics were included. ECGI study results are shown rel-
ative to invasive mapping, the gold standard. Some studies are shown twice, since separate 
experiments were performed and not pooled. EGM: electrogram. CC: correlation coefficient. 
LE: localization error. R: Pearson’s R. NTA: no time-aligned validation. D: Dog. H: Human. P: 
Pig. IQR: interquartile range. †: results of only healthy myocardium are shown. *: CC of only 
the T-wave, not the QRS complex.
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Of note, two studies showed that ECGI-reconstructed outcome measures may 
contain a spatial shift of 1-2 cm in relation to invasive electrograms (47,51), 
which could adversely affect validation outcomes that compare epicardial 
metrics node-by-node, while this spatial shift may not be important for most 
of ECGI’s applications (e.g., detecting spatial gradients of activation or recovery 
isochrones or highlighting regions of interest).

Furthermore, several validation studies also assessed pacing site localization 
of endocardial origins, which can successfully be identified. Oster et al. (56) 
evaluated ECGI’s performance in a torso tank containing a dog heart, by pacing 
from varying intramural depths. They reported epicardial breakthroughs 
occurring progressively later with deeper intramural pacing (56). High-pass 
filtering of electrograms further aids in identifying the transmural origin of PVCs 
(57).

2.5 Applications and future directions

ECGI is currently widely used in a research setting but also increasingly to 
evaluate its clinical applicability (46). ECGI has many applications, amongst which 
localizing the origin of premature ventricular contractions (PVCs), identification of 
accessory pathways from atria to ventricles, identification of atrial or ventricular 
fibrillation rotors, the optimization of cardiac resynchronization therapy (CRT), 
and arrhythmogenic substrate identification. Still, ECGI’s clinical application 
is currently limited, considering that most applications would require more 
evidence of clinical benefits such as a better patient outcome or higher time-
efficiency and cost-efficiency.

2.5.1 Premature ventricular contractions
Through activation time mapping or isopotential mapping, the origin of PVCs 
can be localized through ECGI with greater accuracy than a trained operator 
through clinical algorithms through the 12-lead ECG and to reduce procedural 
time in case of interventions (58).

2.5.2 Identification of fibrillation rotors
For atrial arrhythmias, ECGI is used to determine the mechanisms of the 
arrhythmia (59), though it remains challenging to correctly identify atrial 
fibrillation rotors (60). In a recent clinical study, ECGI was used to successfully 
guide the targeting of persistent atrial fibrillation drivers (61). ECGI is also used 
to identify mechanisms of ventricular fibrillation (46).
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2.5.3 Optimizing cardiac resynchronization therapy
CRT is a therapy in which both ventricles are electrically paced to improve 
cardiac function in patients with heart failure and low ejection fraction. Due 
to the relative simple activation and recovery patterns that cardiac pacing 
produces compared to normal sinus rhythm, this is where ECGI’s accuracy is 
highest (48). For this reason, cardiac pacing and CRT seem to be ECGI’s most 
promising applications. ECGI has been used to predict CRT outcomes, optimize 
CRT therapy, evaluate electrical dyssynchrony between the ventricles, and to 
optimize CRT lead placement (62).

2.5.4 Arrhythmogenic substrate identification
Lastly, ECGI allows the investigation of arrhythmogenic substrates and disease 
mechanisms in a novel and time-efficient manner. ECGI outcomes are often 
in line with hypotheses regarding the mechanisms of these diseases, such 
as premature and abnormal ventricular activation in the presence of an 
atrioventricular accessory pathway (63), increased repolarization gradients in 
long QT syndrome (64), conduction slowing and altered repolarization in the 
right ventricular outflow tract in Brugada syndrome compared to controls and 
more outspoken in mutation carriers (65–67), multiple abnormal repolarization 
properties in early repolarization syndrome (68), prolonged activation and 
recovery in arrhythmogenic right ventricular cardiomyopathy and correlation 
between ECGI parameters and MRI images (69), and increased activation time 
dispersion in hypertrophic cardiomyopathy (70). 

Identifying subjects at risk for sudden cardiac death (SCD) remains the very 
challenging holy grail of ventricular electrophysiology. Identifying subjects at 
intermediate risk for SCD is challenging (71), particularly when routine clinical 
tools fail to identify any abnormality. Assessment of SCD risk is also challenging 
in relatives of affected individuals, who may carry genetic abnormalities. Several 
studies hint toward a promising role for ECGI for SCD risk stratification. For 
example, (unexplained) SCD survivors displayed an abnormal repolarization 
response to exercise (72). A case in the Maastricht University Medical Center+ 
showed the same phenomenon, see Figure 2.4A. Furthermore, SCD survivors 
have shown to display increased activation time variability on ECGI after 
exercise, compared to non-SCD survivors (73). Lastly, survivors of idiopathic 
ventricular fibrillation (SCD in patients without any substrate detectable by 
clinical tools) displayed distinct repolarization abnormalities through ECGI, in 
line with mechanistic studies (74), see Figure 2.4B. Generally, external validation 
and further evidence in the shape of prospective studies regarding the role of 
ECGI in risk stratification for SCD (e.g., by performing ECGI in family members of 
SCD survivors) is still required, but initial results seem promising.
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Figure 2.4: Arrhythmogenic substrate identication through ECGI. A: an SCD survivor 
showing an area of delayed activation after exercise which was not present during rest, anal-
ogous to (72). B: adapted from (74) with permission: ECGI-derived repolarization maps of a 
control individual, a patient with frequent PVCs but without cardiac arrest, and an idiopathic 
ventricular fibrillation survivor. The latter showed two distinct repolarization areas separated 
by an increased repolarization gradient, whilst PVCs originated from the early-repolarizing 
area.

2.5.5 Multimodal image integration
Several studies highlight ECGI’s potential to be implemented in clinical care 
as a complementary modality. In complex patient cases, a singular modality 
cannot fully phenotype the arrhythmogenic substrate in a patient or guide 
therapy. ECGI’s potential may lie in combining its electrical assessment with 
other (structural) modalities, potentially leading to improved electrostructural 
phenotyping of complex patients and personalized medicine, see Figure 2.5.

For example, in combination with CT and MRI scans, ECGI has been demonstrated 
to guide lead implantation in patients requiring CRT (75) and to guide catheter 
ablation in a case of ventricular tachycardia (76), see Figure 2.5A. In combination 
with functional and anatomical imaging, ECGI was used to guide catheter-free 
noninvasive radioablation for ventricular arrhythmias (see Figure 2.5B), after 
which arrhythmia burden was greatly reduced (77). Conventional imaging 
provides information on tissue viability and scar, which is very useful to guide 
ablations. ECGI provides complementary electrical information which is vital to 
the working mechanisms of the arrhythmia.
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Lastly, the current progression of medical science is slowly shifting from a “one 
size fits most” towards personalized medicine: a “one size fits one” approach. 
Recent advances in computational modeling and machine learning have led 
to highly accurate predictions for future SCD or atrial fibrillation events using 
high-quality clinical data (78). ECGI may be complementary to these techniques, 
providing further noninvasive personalization (see Figure 2.5C).

2.6 Conclusion

Almost 120 years after Einthoven made the first clinical ECG (79), conventional 
electrocardiography has been supplemented by ECGI, that was developed 
during the past 50 years. ECGI is a noninvasive modality to investigate cardiac 
electrical activity. Although challenges in ECGI exist, most validation studies 
show that ECGI can reconstruct cardiac electrical activity with moderate to good 
accuracy. Currently, ECGI is mostly used in a research setting, but for clinical 
implementation, further maturation is still required in terms of standardization, 
ease of use, and external validation of study results. Its ultimate clinical 
potential may lie not only in investigating disease mechanisms and providing 
risk stratification for future arrhythmic events, but most likely also in integrating 
ECGI with other clinical modalities for optimized personalized diagnosis and 
therapy guidance.
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Figure 2.5: Image integration with ECGI. AV: anterior vein. RV: right ventricle. LV: left ventri-
cle. CS: coronary sinus. LTV: lateral vein. LAD: left anterior descending. A: adapted from (75) 
with permission: optimizing lead placement in CRT by combining ECGI with MRI and CT scans. 
B: adapted from (77) with permission: Combining ECGI with anatomical imaging to guide 
cathether-free noninvasive cardiac radioablation for ventricular arrhythmias. C: use of ECGI 
to personalize computational models to further perform risk stratication for SCD.
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3.1 Introduction

As described in Chapter 2, ECGI provides anatomy-based insights into cardiac 
electrophysiology that the ECG cannot provide. Still, standardization of 
visualization and quantification of its technological uncertainties can provide a 
basis for further clinical adoption of ECGI. 

In Section 3.2, we demonstrate our open-source algorithm Universal Ventricular 
Bullseye Visualization (UNISYS), which provides a standardized visualization 
of any kind of single-layer ventricular data. UNISYS ensures consistent 
bidirectionality and spatial conservation of points of interest, facilitating visual 
comparisons between patients and within patients, such as in Chapter 5. 
UNISYS can be applied to any type of single-layer ventricular data (e.g., epicardial 
electrophysiology by ECGI, left ventricle (LV)-only mechanics by cardiac magnetic 
resonance imaging (CMR), LV-only invasive mapping), aiding in interpretability 
and standardization of ECGI such as in the AHA 17-segment bullseye.

In Section 3.3, we describe variability in inverse reconstructions between and 
within different lead sets by assessing epicardial potential maps and isochrones. 
Differences between two lead sets are larger than beat-to-beat differences 
within a lead set, for all outcome measures except recovery times (RTs), which 
were more variable than activation times (ATs). This variability is primarily 
caused by noisy and low-amplitude signals, as well as regions of T-wave polarity 
switch. These findings increase our understanding of the consequences of 
electrode positioning on the inverse solution, as well as our understanding of 
the intricacies of recovery time estimation in ECGI.

In Section 3.4, we investigate the impact of using a static diastolic geometry 
on the inverse solution by comparing epicardial potential maps and isochrones 
on systolic and diastolic geometries. Although global correlation of ATs/RTs and 
correlation coefficients between both geometries are relatively high, clinical 
interpretation may differ because of regional differences in inverse solutions. 
Differences between inverse solutions are unrelated to linear or rotational 
movement of the heart, but often caused by low-amplitude epicardial T-waves. 
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3.2 Standardized bullseye visualization (UNISYS)

Adapted from: J. Stoks, U. C Nguyen, R. Peeters, P.G.A. Volders and M.J.M. Cluitmans. 
An Open-Source Algorithm for Standardized Bullseye Visualization of High-Resolution 
Cardiac Ventricular Data: UNISYS. Computing in Cardiology. 2020; 47. DOI: 10.22489/
CinC.2020.160

3.2.1 Introduction
Visualizing electro- or mechano-anatomical results from cardiac ventricles for 
scientific purposes in a structured manner can be challenging. For example, 
displaying the full three-dimensional ECGI observation of a single subject 
typically requires three to four different views to cover all relevant cardiac 
structures. Moreover, comparing results of different subjects is difficult, due 
to inter-individual differences in anatomy. Providing a clear, unified graphical 
representation of data by standardization, whilst still considering inter-individual 
anatomical aspects, could aid researchers in gaining more insight from complex 
data. For these reasons, we developed UNISYS (Universal Ventricular Bullseye 
Visualization): an open-source algorithm to process the geometry of cardiac 
ventricular data and to display them uniformly in a 2D high-resolution circular 
representation (bullseye plot). The key steps to this pipeline are shown in Figure 
3.1.

3.2.2 Bullseye projection
In short, the UNISYS algorithm is shown in Figure 3.1. After manual annotation 
of the interventricular septum and disregarding the values at the valvular plane, 
any three-dimensional data can be projected onto a UNISYS representation by a 
series of translations, rotations, transformations, and interpolation.

3.3.3 Bidirectionality
For four human hearts, one reconstructed AT pattern and one RT pattern from 
ECGI were transformed to a UNISYS representation, see Figure 3.2. Afterwards, 
these values were re-transformed back to the 3D heart, by selecting the values 
of the grid point closest to each original vertex. The differences between the 
original data and the re-transformed data were investigated to assess the 
bidirectionality of UNISYS. These are shown in Figure 3.3. Mean absolute 
deviation between original and re-transformed data was 0.07%. The 99th 
percentile of all absolute deviations was 0.9%. Maximum absolute deviation over 
all 8 patterns was 4.8%. Thus, our method shows a high degree of consistency in 
terms of bidirectionality. Some of these differences may arise from the fact that 
the 3D-to-UNISYS transformation was done by means of interpolation, while the 
UNISYS-to-3D transformation was done by means of nearest-neighbors.

3.2.4 User-defined septum and 24 segments
The original user-defined septum coordinates and the division of the heart 
into 24 segments are visualized on the UNISYS bullseye in Figure 3.4. The basal 
segments contain more vertices than apical segments. The originally denoted 
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user-defined septum coordinates (dashed line) show a high degree of agreement 
with the UNISYS-transformed septum coordinates (solid line dividing the left vs 
right side of the circle). 

A) B) C)

D) E) F)

Figure 3.1: UNISYS pipeline. A) Input: vertices of heart, each with an associated value (col-
or-coded here). B) The algorithm requires the user to denote three coordinates indicating 
the septum. C) After obtaining the user input, the heart is translated and rotated upright. D) 
The heart is transformed to a cone shape, with increasing radius from apex to base. E) The 
cone and its associated values are transformed onto a circular 2D disk. F) Associated values 
of remaining vertices are interpolated to render a continuous representation which is divid-
ed into 24 epicardial segments here.

A) C)B)

Compare di�erences
Figure 3.2: Analysis of re-transformed data. Original 3D data (A) were transformed to 2D 
UNISYS representation (B), and back again (C)). Differences were quantified and are shown 
in Figure 3.3..Repolarization time data of subject 2 are shown here.

Still, data density may differ between subjects. The more equal both ventricles 
are in size, the more equal the density of data is for each of the 24 segments, 
which is most true in subject 1. Conversely, as visible in subject 3 in whom the 
septum was defined more laterally to the right, the percentage of vertices in the 
outer ring can vary from 1% (RV lateral wall) to 11% (LV lateral wall) in a single 
subject. Users interpreting this bullseye visualization should realize that data 
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density may differ. Furthermore, the location of certain anatomic structures 
(such as the outflow tracts and coronary arteries) on the bullseye may vary 
between subjects.
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Figure 3.3: Boxplots of differences between original data on 3D heart and the re-trans-
formed data. For each subject, one depolarization and one repolarization pattern from 
ECGI were used. Y-axis cropped at 2.5% for visualization purposes.

3.2.5 Other visualization techniques
Several other methods to transform 3D ventricular data to a standardized form 
are known. For example, the method by De Craene et al. (80) to visualize a 
standardized anatomy requires the calculation of a Laplacian to convert the LV 
into the AHA 17-segment representation. In contrast, our method can also be 
used to visualize both the LV and RV. The open-source method by Paun et al. (81) 
produces a patient-independent representation of the detailed cardiac anatomy 
onto a circular disk. Their method can also separate LV and RV. Conversely, our 
method focuses primarily on visualizing electro-or mechano-anatomical results. 
Lastly, the universal ventricular coordinate system (UVC) by Bayer et al. (82) also 
maps position within the ventricles of hearts to a generic frame of reference 
based on Laplacian solutions. Even though their method was not used to project 
ventricular data on a standardized circle, it could be suitable to do so. 
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Even though not shown here, UNISYS supports many optional visualization 
possibilities. For example, users can select their own (customized) colors of 
interest and bin width and color axis limits, as shown throughout this thesis. 
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Figure 3.4: Hearts divided into 24 segments. Left: UNISYS bullseye representation. Origi-
nal user-defined septum coordinates are shown by the dashed line. Each segment contains 
the percentage of vertices on the heart corresponding with that segment. Right: 3D heart.

3.2.6 Summary and interpretation
UNISYS allows for visualization of any kind of data, such as electrical, mechanical, 
anatomical or a combination of either of these. Data of a single ventricle can also 
be visualized with UNISYS in the same manner. This bullseye visualization allows 
for easy visual comparison of inter- and intra-patient observations. Even though 
the location of certain anatomic structures on the bullseye may vary mildly 
between subjects, the method is highly consistent in terms of bidirectionality 
and spatial conservation of points of interest. UNISYS is made freely available by 
the Consortium for ECG Imaging (CEI) through www.ecg-imaging.org.

http://www.ecg-imaging.org
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3.3 Variability of the inverse solution within and between 

lead sets 
Adapted from: J. Stoks, B.D. van Rees, S.A. Groeneveld, D.J.M. Schipaanboord, L. 
Blom, R.J. Hassink, M.J.M. Cluitmans, R. Peeters and P.G.A. Volders. Variability of 
Electrocardiographic Imaging Within and Between Leadsets. Computing in Cardiology. 
2020; 47. DOI: 10.22489/CinC.2020.097

3.3.1 Introduction
The stability of the inverse solution provided by ECGI remains largely unknown. 
For example, this holds true for inverse reconstruction when using reduced 
lead sets and when studying stable beat-to-beat characteristics. To improve 
assessment of this stability, we compared epicardial potential maps and 
isochrones for different beats and for two different lead sets. In-vivo recordings 
from four patients were used. Quantitative differences between inverse 
solutions and the reasons behind these differences are evaluated. 

Methodology was similar to that of Chapter 5. For the exact methodology, see 
our full paper (83). Two separate body-surface potential maps (BSPMs) were 
simultaneously recorded using two independent lead sets at the same time: a 
184-channel lead set and a 64-channel lead set (see Figure 3.5).

Figure 3.5: Distributions of electrodes for each patient and each lead set. 184-Lead set 
shown in purple, 64-lead set shown in yellow. Electrodes are shown only if they had sufficient 
signal quality for more than half of the beats, for each subject. The number of electrodes for 
each setup is noted as n.
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The number of electrodes for each setup is noted as n.). Both were recorded 
with an acquisition system of the same manufacturer (BioSemi, Amsterdam, the 
Netherlands), with a 2048-Hz sampling rate. 

3.3.2 Comparison of inverse solutions
Several comparisons of the inverse solution were made between and within the 
two lead sets: 1) consecutive beats with a similar RR interval were compared 
to each other within one lead set, and 2) single beats were compared between 
both lead sets. These comparisons were made for sinus beats, ventricular 
extrasystoles and sinus beats after ventricular extrasystoles. Comparisons 
were made quantitatively on a node-by-node basis on the epicardium. Results 
are expressed as absolute differences in AT, RT, and correlation coefficients 
of electrograms during the QRS complex and STT segment (CCQRS and CCSTT, 
respectively). To calculate T-wave amplitude and noise level for each node, 
each electrogram was first normalized to the highest epicardial R-peak of the 
same beat. T-wave amplitude was subsequently calculated as the height of 
the peak with the largest absolute voltage within the STT segment. Noise level 
was calculated for each node, as the average squared amplitude of the signal 
between the end of the QRS complex and the start of the T-wave, divided by the 
absolute height of the corresponding R-peak. 

3.3.3 Intra-lead set beat-to-beat variability
For both lead sets, beat-to-beat variability was addressed for consecutive sinus 
beats. The body-surface electrodes for each lead set and each patient are shown 
in Figure 3.5, showing the number of electrodes in the 184-setup was varied 
from 96 to 140 throughout the measurements, shifting from homogeneous 
coverage to a primary anterior coverage.

In total, 28 pairs of consecutive sinus beats were analyzed for each lead set. 
Beat-to-beat AT differences, RT differences, CCQRS and CCSTT

 on a node-by-node 
basis on the epicardium are shown in Table 3.1. Results for the 64-lead set are 
averaged in this Table, since these were very similar between subjects. Table 3.1 
indicates that beat-to-beat inverse solutions were similar within subjects, with 
a median CCQRS and CCSTT close to 1, and median beat-to-beat AT differences 
close to 1 ms. Beat-to-beat RT differences were much higher than those of AT. 
Distributions of CCSTT and RT differences were skewed. This indicates that most 
inverse solutions contained small beat-to-beat RT differences on average, but 
local differences may be higher. 
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Absolute AT 
diff. (ms)

Absolute RT 
diff. (ms)

CCQRS CCSTT 

Subject 1 184-
Lead set

1.1 (0.5-1.9) 12.3 (5.1-26.7) 1 (0.99-1.00) 0.94 (0.79-
0.98)

Subject 2 184-
Lead set

1.5 (0.6-3.4) 11.2 (4.5-22.7) 1.00 (0.99-
1.00)

0.96 (0.89-
0.98)

Subject 3 184-
Lead set

1.9 (0.7-3.5) 10.9 (4.2-24.3) 0.99 (0.98-
1.00)

0.93 (0.62-
0.99)

Subject 4 184-
Lead set

1.6 (0.6-4.2) 12.9 (5.4-27.4) 0.97 (0.71-
0.99)

0.88 (0.53-
0.97)

Avg. 64-Lead 
set

1.4 (0.5-2.5) 10.1 (4.2-21.7) 0.99 (0.97-
1.00)

0.94 (0.78-
0.98)

Table 3.1: Absolute beat-to-beat AT and RT differences, CCQRS and CCSTT within a lead 
set, for each subject. Bottom row shows average results for the 64-lead set. Diff: difference. 
Values shown as median (Q1-Q3).

3.3.4 Inter-lead set variability
Qualitatively, BSPMs of both lead sets agreed well (data not shown). Inverse 
solutions were compared between both lead sets. In total, 83 beats were 
analyzed, of which 73 sinus beats, 6 ventricular extrasystoles and 4 sinus beats 
after ventricular extrasystoles. Statistics of differences between lead sets are 
shown in Table 3.2. Median differences between lead sets were relatively small, 
suggesting a high level of agreement overall. However, distributions were 
skewed, meaning that regional differences in the inverse solution between both 
lead sets can be considerably large, especially for repolarization. Consequently, 
clinical interpretation of the inverse solutions of two different lead sets could 
vary locally. 

Differences between two lead sets were larger than beat-to-beat differences 
within a lead set, for all outcome measures except RT which always showed 
large variation. A direct comparison of intra-lead set beat-to-beat variability and 
inter-lead set variability for each heart rhythm is shown in Figure 3.6. Inter-lead 
set differences in the inverse solution were largest for VES, and smallest for SR. 

RT differences as a function of T-wave amplitude and noise level are shown in 
Figure 3.7B, several other factors of influence on RT differences between lead 
sets are shown: 1) flat epicardial T-waves or high noise levels, 2) slight differences 
in upslope, or 3) areas of T-wave polarity switch.
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184-Lead set 
vs. 64-Lead 
set

Absolute AT 
diff. (ms)

Absolute RT 
diff. (ms)

CCQRS CCSTT 

Subject 1 3.6 (1.6-10.4) 16.9 (6.4-37.9) 0.87 (0.30-
0.97)

0.84 (0.44-
0.97)

Subject 2 5.2 (2.3-9.1) 10.3 (4.5-21.8) 0.93 (0.82-
0.98)

0.96 (0.85-
0.99)

Subject 3 4.5 (2.1-8.9) 14.2 (5.8-30.6) 0.91 (0.72-
0.97)

0.87 (0.43-
0.97)

Subject 4 2.1 (0.8-5.5) 9.3 (3.2-22.6) 0.97 (0.71-
0.99)

0.91 (0.74-
0.97)

Table 3.2: Absolute AT and RT differences, CCQRS and CCSTT between different lead sets, 
for each subject. Diff: difference. Values shown as median (Q1-Q3).

Importantly, the amount and distribution of electrodes in the 184-lead set 
differed considerably and only four patients were analyzed. Consequently, this 
study does not provide a final answer to the comparison between the two lead 
sets, but rather is a first gross quantification of differences, while the factors 
that contribute to the observed differences between both lead sets need to be 
further elucidated. 

As previously shown (51), the potential-based formulation of ECGI is subject to 
possible spatial displacement of electrograms on the cardiac surface. This spa-
tial displacement is currently not predictable, and to the best of our knowledge 
it cannot be corrected for. It may also differ between beats and lead sets. In this 
study, comparisons were made on a node-by-node-basis, not taking a possi-
ble displacement into account. A more advanced analysis method, which takes 
the possible spatial displacement into account might be more suitable and may 
render more positive results. This may especially influence the inter-lead set or 
intra-lead set differences in RT caused by a high RT gradient or T-wave polarity 
switch. Such spatial displacement may not be critical for specific clinical applica-
tions (e.g., detection of the presence repolarization abnormalities may be more 
important than their exact localization).
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Figure 3.6: Violin plots of differences (diff.) in the inverse solution within and between 
lead sets. Left: intra-lead set beat-to-beat differences in the inverse solution during sinus 
rhythm (SR), right: inter-lead set differences (184-lead set vs 64-lead set) in the inverse solu-
tion of the same beat during SR, ventricular extrasystole (VES), or SR after VES. Top: cor-
relation coefficient between epicardial electrograms during QRS complex or STT segment. 
Bottom: differences in activation times (ATs) or recovery times (RTs).

Our results are in accordance with an earlier study by Cluitmans et al. (84), in 
which the remaining 59 to 80 electrodes out of 169 produced similar median 
correlation coefficients to the ground truth as a full setup using 168 electrodes, 
although the first quartile of differences found in that study was considerably 
lower. 

The goal of the current study was to investigate variability and to understand 
differences, which could ultimately benefit interpretation of inverse solutions 
and the development of reduced-lead sets. Some specific reduced-lead sets 
have previously proven to be of sufficient accuracy and quality, especially when 
the optimal electrode placement was produced by an iterative algorithm (45). In-
vivo validation of such an optimal reduced-lead set, incorporating both activation 
and recovery, may significantly reduce procedural time and the potential of ECGI 
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to be incorporated in clinical practice.
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Figure 3.7: Reasons for RT differences between lead sets. A: effect of normalized noise 
level and T-wave amplitude (arbitrary units) on absolute RT difference between both lead 
sets. B: qualitative factors of influence for large RT differences: 1) flat epicardial T-waves or 
high noise levels, 2) slight differences in upslope, or 3) Areas of T-wave polarity switch.

3.3.5 Summary and interpretation
Inter-lead set differences in the inverse solution were generally low even though 
they exceeded beat-to-beat variations within one lead set, especially on a 
regional level. However, this does not hold for inter-lead set RTs differences that 
were comparable to beat-to-beat variations in RT. Differences in RTs between 
beats or lead sets could partially be explained through low T-wave amplitudes 
and high levels of noise, which suggests that RT determination may require more 
advanced methods in these cases. These findings increase our understanding of 
the consequences of electrode placement on the inverse solution, as well as our 
understanding of the intricacies of RT estimation in ECGI. We did not investigate 
spatial displacement of reconstructed electrograms, which may have limited 
consequences for clinical application but has large impact on our node-by-node 
comparisons. As such, this study has identified a lower bound on the quality of 
reconstruction between systems, and has determined that causes of that lower 
limit lie in noisy and low-amplitude signals.
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3.4 The effect of using a systolic or diastolic geometry 

Adapted from: J. Stoks, M.J.M. Cluitmans, R. Peeters and P.G.A. Volders. The Influence 
of Using a Static Diastolic Geometry in ECG Imaging. Computing in Cardiology. 2019; 
46. DOI: 10.22489/CinC.2019.266

3.4.1 Introduction
The heart is a contracting and moving organ. The systolic and diastolic states 
are the two most extreme phases of the mechanically-moving heart. However, 
one of the common approximations when performing ECGI is that the cardiac 
geometry is in a mechanically static (non-moving) state, usually taken from the 
diastolic phase of the cardiac cycle, see Section 2.3. To investigate and quantify 
the influence of this approximation, we compared epicardial potential maps 
and isochrones on systolic and diastolic geometries for four subjects without 
structural heart disease. ECGI methodology was similar as described in Chapter 
5 of this thesis. For the exact methodology, see our full paper (85).

3.4.2 Systolic and diastolic geometries
The systolic and diastolic phases of the ventricular epicardium were segmented 
through automated software (Philips Intellispace version 10). Geometries were 
subsequently reduced to 2483 ± 26 nodes. The average node-to-node distance 
in one geometry was 3.8 ± 0.3 mm.

3.4.3 Differences in inverse solutions
We compared the inverse solutions of two sinus beats for each of the four 
subjects. Overall, there was a good correlation between activation times (rAT=0.78 
(interquartile range (IQR) 0.75-0.89)) and recovery times (rRT=0.74 (0.62-0.91)) 
of systolic vs. diastolic geometries, see Figure 3.8. Correlation coefficients of 
epicardial UEG QRS complexes (CCQRS) and STT segments (CCSTT) of systolic vs. 
diastolic geometries were 0.99 (0.95-1.00) for both. Differences in RT seemed 
to occur mostly at the inferior side, see Figure 3.9. Although global correlation 
of ATs/RTs and correlation coefficients between both geometries was relatively 
high, clinical interpretation could differ. For example, some pronounced areas 
of early or late repolarization in one geometry disappeared in the other. 
However, upon closer inspection, these differences appeared to be arising 
mostly in areas of flat T-waves, which rendered accurate RT determination in 
the local electrogram difficult. These T-waves were often close to high spatial RT 
gradients, indicating that a small shift in RT gradient may occur between systolic 
and diastolic geometry. The influence of using either a systolic or diastolic 
geometry on RT gradients should be further investigated in future work.
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Figure 3.8: Comparison of ATs and RTs of diastolic vs. systolic geometries with ECGI. S: 
Subject. B: Beat.

3.4.4 Linear movement
Overall, the median linear movement from the systolic to diastolic state of the 
different nodes on the heart when averaged for all individuals was 4.0 (IQR 
2.6-6.1) mm. The valvular plane was displaced the most during the systolic vs. 
diastolic phase: (5.9-9.5) mm, in contrast to 3.6 (2.4-5.1) mm for the non-valvular 
nodes. This can be related to qualitative observations from cardiac magnetic 
resonance imaging (CMR) and the echocardiogram: during systole, mostly the 
endocardial wall and the valvular plane move. 

3.4.5 The influence of linear movement of the epicardium on the inverse 
solution
Correlations of absolute linear movement vs. AT and RT differences, CCQRS 
and CCSTT were also addressed. Overall, these correlations were low (r=0.08 
(0.06-0.13), 0.05 (0.03-0.08), 0.06 (0.01-0.17) and 0.09 (0.07-0.12), respectively), 
meaning that linear movement of nodes and differences in inverse solution 
appear uncorrelated. Furthermore, correlation of distance to the apex (as 
surrogate for rotational movement) vs. AT/RT differences and CCQRS and CCSTT 
was addressed. Overall, these correlations were low (r=0.14 (0.11-0.31), 0.06 
(0.01-0.14), 0.04 (0.03-0.11) and 0.12 (0.04-0.17), respectively), meaning that 
longitudinal distance to the apex of nodes (and thus rotational movement) and 
differences in epicardial potential maps and isochrones seem uncorrelated. This 
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means that neither linear nor rotational movement contribute substantially to 
differences in epicardial potential maps and isochrones.

RT RT di�erence CCSTT Linear movementSubject
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Figure 3.9: Diastolic geometries for the four individuals. Numbers denote subjects. Col-
umn 1: Recovery time (RT); Column 2: Difference between diastolic RT and the RT of the 
nearest neighbor on systolic geometries; Column 3: CCSTT: correlation coefficient during 
STT-segment; Column 4: linear distance of each diastolic node to its nearest neighbor on 
the systolic geometry. LV: left ventricle. RV: right ventricle. A: Apex. 

3.4.6 Other studies investigating the effect of movement on the inverse 
solution
These results are in contrast with our previous experimental study where we 
compared the movement of implanted electrodes to the reconstruction quality 
(51). In that study, electrograms from epicardial electrodes which moved more, 
seemed to have lower correlation to inverse reconstruction at the corresponding 
ECGI node. However, that study was not designed to systematically study 
mechanical abnormalities and could analyze only one beat. 

Tate et al. (44) quantitatively addressed the effect of segmentation differences in 
ECGI, and found that reconstruction differences on the epicardial surface mostly 
correlated with segmentation error, in contrast to our study, in which location 
differences between both geometries hardly correlated with reconstruction 
differences. The location of largest variance was also different: Tate et al. 
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found that this was highest on the anterior surface, while this was the inferior 
surface in our study (44). The difference in results might be due to the use of the 
spatiotemporal method in our study, the electrophysiological rhythm (RV and 
LV pacing produced the greatest effect in their study), the different outcome 
measures and the geometry of the heart itself.

The Tikhonov parameter used to regularize the inverse solution was not kept the 
same between systolic and diastolic geometries in this study. One might argue 
that the true differences in epicardial potential maps and isochrones would be 
reflected by fixing this parameter when calculating the inverse solution. Since 
the Tikhonov parameter is directly dependent on the used geometry, we did 
not fix it. Moreover, the ratio between the Tikhonov parameter between both 
geometries was 1.4±0.3 on average, indicating that this was only of minor 
influence.

Even though we did assess the rotational movement of the heart, it was not 
measured directly. MRI may be more suitable to accurately track the different 
regions and nodes of the heart throughout the cardiac cycle. However, because 
of the very poor correlations between the distance from the apex and the 
inverse solution differences, we do not expect this to affect the corresponding 
results to a major extent. 

Recommendations for future work include using MRI to track tissue 
movement more accurately on a point-to-point basis, including a larger and 
more heterogeneous patient cohort and studying the effects on ventricular 
extrasystoles and their mechanical correlates. 

Importantly, although it may appear that ECGI’s reconstruction accuracy is not 
much influenced by the approximation of a mechanically non-moving heart, 
mechanical movement and electromechanical feedback are key elements in 
understanding arrhythmogenesis. 

3.4.7 Summary and interpretation
These quantitative findings may further help in interpreting ECGI reconstructions 
in this thesis and in the literature, because of our new and more accurate 
quantification of possible errors caused by the approximation of a mechanically 
non-moving heart. For example, some pronounced areas of early or late 
repolarization in one geometry disappear in the other. However, these 
differences appeared to be arising mostly in areas of flat T-waves (as in Section 
3.3), which makes it difficult to accurately determine RT of the local electrogram. 
Importantly, mechanical movement and electromechanical feedback are key 
elements in understanding arrhythmogenesis. 
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3.5 Conclusions

The findings of this Chapter provide insights into the interpretation of the 
potential-based formulation of ECGI in general and the specific findings of 
this thesis. Section 3.3 and Section 3.4 demonstrate that the results and 
interpretation of the inverse solution can vary depending on the specific 
implementation. Notably, the determination of recovery time (RT) presents 
challenges in certain areas, resulting in larger variations within or between 
implementations compared to activation time (AT). Consequently, results 
obtained from different implementations may not be comparable in an absolute 
sense. These findings reinforce the importance, as discussed in Chapter 2, of 
further standardizing ECGI in terms of software and hardware implementation.

As highlighted in multiple validation studies (see Section 2.4), ECGI generally 
offers a spatial localization error of approximately 1 cm. This spatial accuracy 
may extend to other outcome measures, such as a shift of 1-2 cm between 
ECGI-reconstructed electrograms and invasive electrograms (47,51), which 
affected our results but was not factored into our analyses. It is essential for 
end users to recognize that results obtained by ECGI should not be considered 
as a gold standard, much like other clinical modalities (e.g., activation wavefront 
direction affecting bipolar voltage in EAM, the accuracy of exercise stress testing 
for diagnosing myocardial ischemia, or the uncertainty of LVEF determination 
by echocardiogram). This requires careful consideration in clinical procedures. 
Different ECGI implementations may be better suited for specific objectives. 
Lastly, the integration of ECGI with other modalities can provide complementary 
information. 
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Abstract

Background: The optimal way to determine repolarization time (RT) from the 
intracardiac unipolar electrogram (UEG) has been a topic of debate for decades. 
RT is typically determined by either the Wyatt method or the “alternative 
method,” which both consider UEG T-wave slope, but differently.

Objective: To determine the optimal method to measure RT on the UEG. 

Methods: Seven pig hearts surrounded by an epicardial sock with 100 electrodes 
were Langendorff-perfused with selective cannulation of the left anterior 
descending (LAD) coronary artery and submersed in a torso-shaped tank 
containing 256 electrodes on the torso surface. Repolarization was prolonged in 
the non-LAD-regions by infusing dofetilide and shortened in the LAD-region using 
pinacidil. RT was determined by the Wyatt (tWyatt) and alternative (tAlt) methods, 
in both invasive (recorded with epicardial electrodes) and in non-invasive UEGs 
(reconstructed with electrocardiographic imaging). tWyatt and tAlt were compared 
to local effective refractory period (ERP). 

Results: With contact mapping, mean absolute error (MAE) of tWyatt and tAlt vs. 
ERP were 21 ms and 71 ms, respectively. Positive T-waves typically had an earlier 
ERP than negative T-waves, in line with theory. tWyatt – but not tAlt – shortened by 
local infusion of pinacidil. Similar results were found for the non-invasive UEGs 
(MAE of tWyatt and tAlt vs. ERP were 30 ms and 92 ms, respectively).

Conclusion: The Wyatt method is the most accurate to determine RT from (non)
invasive UEGs, based on novel and historical analyses. Using it to determine 
RT could unify and facilitate repolarization assessment and amplify its role in 
cardiac electrophysiology.
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4.1 Introduction

The intracardiac unipolar electrogram (UEG) is a powerful tool to assess cardiac 
electrophysiology. It reflects the potential difference between two electrodes in 
the extracellular space (86) (Figure 4.1), and in contrast to its bipolar counterpart, 
measures electrical activity irrespective of direction. The UEG is routinely 
employed in the clinical electrophysiology laboratory and basic science. There 
is good understanding of how electrical activation of cardiac tissue is reflected 
in the UEG. Conversely, a full appreciation of how repolarization manifests on 
the UEG remains elusive and has been a topic of debate for decades. This is 
mainly due to the inherently more complex process of repolarization and 
inconsistencies in experimental results. Repolarization abnormalities play an 
important role in arrhythmogenesis, e.g. in long-QT and Brugada syndromes, 
structural cardiomyopathies and idiopathic ventricular fibrillation (72,74,87). 
Repolarization heterogeneity can lead to unidirectional conduction block 
and reentry (74). A unified assessment of repolarization on the UEG could 
improve our basic and clinical understanding of repolarization in many aspects 
of electrophysiology, and may increase its role of (non)invasive arrhythmia 
substrate mapping. Here, we provide novel evidence – and a thorough analysis 
of previous data – that allows accurate assessment of repolarization from the 
UEG.

4.1.1 Importance of activation and repolarization assessment
Interest in the UEG focuses on the instants of local electrical activation and 
recovery, and different methods have been proposed to determine the 
corresponding activation time (AT) and recovery time (RT) from a UEG (30,86,88–
99). It is widely accepted that the steepest downslope of the QRS-complex of 
the intracardiac UEG coincides with the moment of local activation, which was 
first validated in 1954 (97). Assessing AT from the UEG is well-established in 
arrhythmia studies and is routinely used to determine the origin of premature 
beats, regions with conduction slowing or low electrical amplitudes, or the exit of 
a ventricular tachycardia. For a more complete overview of the role of activation 
mapping in the intracardiac UEG, we refer the reader to (100).

The mechanistic role of repolarization in cardiac (patho)physiology is also well 
understood from experimental studies. Local repolarization heterogeneities 
(reflected by RT gradients or dispersion) can create a substrate for unidirectional 
block, a requirement for reentry (74). Understanding how to determine RTs 
from UEGs is crucial to fully comprehend arrhythmia substrates. However, the 
determination of RT from the UEG is more complex than that of AT, because 
repolarization is not a propagating wavefront, but a more localized phenomenon 
that is less dependent on the electrophysiological state of neighbouring 
myocardium. 
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4.1.2 Common methods to determine repolarization time
Investigators have predominantly used two distinct methods to determine RT: 
the Wyatt method and the “alternative” method. The Wyatt method, named after 
its inventor (88), defines the end of repolarization as the moment of steepest 
upslope of the T-wave in the UEG, irrespective of T-wave polarity (Figure 4.2A). 
Many investigators have accepted that from a theoretical point of view, the 
steepest upslope of the UEG T-wave coincides with local RT (86,93,99,101–103). 
However, some investigators are not convinced that the Wyatt method is optimal 
for RT determination, and others provide analyses based on both methods due 
to an apparent lack of consensus. 
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Figure 4.1: Measurement of the cardiac transmembrane action potential (TMP), bipo-
lar electrogram and unipolar electrogram (UEG). The TMP is recorded by inserting an Ag/
AgCl electrode filled with KCl in the intracellular space and using the extracellular potential as 
a reference. The number of myofibers is reduced for illustration purposes. The extracellular 
UEG is commonly referenced against electrically inactive tissue (e.g., aortic root, inferior vena 
cava (IVC)). The bipolar electrogram, measuring current in only one direction (from anode to 
cathode, see blue arrow), is equal to the subtraction of the UEG measured at location 4 from 
the UEG measured at location 5.

Here, we present novel experimental results comparing the Wyatt and alternative 
methods directly to the effective refractory period (ERP). ERP is an important 
measure for cardiac arrhythmogenesis as it directly relates to the potential 
occurrence of unidirectional block and reentry. We perform this comparison 
through contact mapping in the setting of repolarization-altering drugs, and we  
explain these results by addressing theoretical models.
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Moreover, because noninvasive mapping is increasingly being used (see Chapter 
2) and some authors using noninvasive mapping are still in doubt about which 
method to use, we also investigated how to most accurately determine RT 
from UEGs from noninvasive electrocardiographic imaging (ECGI). We put our 
experimental results into historical context, by addressing historical theoretical 
models and experimental results. Finally, we propose consensus on the optimal 
approach to determine local RT from the UEG. 

4.2 Methods

4.2.1 Experimental protocol and data analysis
Procurement was approved by the local ethics committee of Bordeaux CEEA50 
and the National Biomedical Agency of France, in accordance with the Directive 
2010/63/EU of the European Parliament. Seven male pig hearts were explanted 
and put on a Langendorff setup with retrograde perfusion of the aorta. A 
separate cannulation of the left anterior descending (LAD) artery was performed 
after its ligation, which allowed separate infusion of the LAD-perfused region 
and the remaining (‘aorta-perfused’) myocardium (Figure 4.3A). Hearts were 
perfused with a 1:9 mixture of blood and Tyrode’s solution, oxygenated with 
95%/5% O2/CO2 (pH 7.4, 37°C). A rigid electrode sock with 100 electrodes (1.8 
mm diameter) was placed around the ventricles. The heart was then put in a 
torso tank as described previously(104), which provided 256 body-surface 
electrocardiograms, recorded simultaneously with the sock EGMs (both with a 
2048Hz sampling frequency). 

A drug-infusion protocol was used to create RT differences using dofetilide at 125 
nmol/L and 250 nmol/L, typically in the aorta-perfused region (i.e., everywhere 
except LAD), and/or pinacidil at 17.5 µmol/L and 35 µmol/L, typically in the LAD. 
This resulted in regions with pronounced RT prolongation (non-LAD region) and 
RT shortening (LAD region). Supplementary Table 4.1 shows which drugs were 
used for each experiment. 

A pair of bipolar pacing electrodes on the atria was used to provide a baseline 
paced rhythm (“S1 pacing”). After a train of eight atrial S1 beats at 500/600/650ms, 
a single ventricular epicardial extrastimulus was provided (“decremental S2 
pacing”) at one of three available pairs of bipolar pacing electrodes: the left,right 
and inferior side of the heart. Near these pacing locations, electrograms were 
measured prior to measuring the so-called atrial-paced effective refractory 
period (A-pace ERP). First, the longest interval from atrial S1 to ventricular S2 
was determined where the S2 stimulus was not captured. Under that condition, 
the A-pace ERP was defined as the interval from the body-surface R-peak to 
the ventricular S2 stimulus, reflecting the moment of local refractoriness at the 
S2 location with respect to a common, global reference. This was tested with 
10-ms decremental intervals. When capture was detected, 1-ms intervals were 
used to determine the A-pace ERP with higher resolution. AV-conduction was 
maintained throughout the experiment. Compared to ERP metrics where both 
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S1 and S2 are given on the same (ventricular) location, our A-pace ERP metric 
captures a more ‘natural’ condition where a ventricular beat may interact with a 
preceding sinus beat.

Epicardial contact UEGs were filtered by removing 50Hz powerline noise, and by 
means of linear detrending. RT was determined by the Wyatt method (tWyatt) and 
alternative method (tAlt) (Figure 4.2A). Electrograms containing too much noise 
or ST-segment elevation were disregarded. A-pace ERP was compared to both 
tWyatt and tAlt at the electrodes nearest to the pacing electrodes. Metrics were 
determined relative to a common reference: the R-peak from the body-surface 
electrocardiogram. 

For ECGI, the same experimental protocol was used. Additionally, a coronary 
angiography with contrast medium was used to obtain the heart geometry, using 
fluoroscopy. Body-surface electrograms were linearly detrended in combination 
with a 125Hz low-pass filter before ECGI was applied. Finally, a potential-based 
formulation of noninvasive ECGI was used to reconstruct local epicardial UEGs 
through previously-validated methods (51). tWyatt and tAlt of noninvasive UEGs 
were also compared to A-pace ERP.

4.2.2 Statistics
Analyses were performed for both contact UEGs and ECGI. Linear regression 
was applied with A-pace ERP as the independent variable, and tWyatt or tAlt as 
dependent variable. F-tests were used to analyze differences between linear 
regressions. Kolmogorov-Smirnov testing was used to test for normality. For 
remaining analyses, when comparing two groups, (non-normally distributed) 
data were compared using a two-tailed Mann-Whitney-U test. A Kruskall-
Wallis test was used for comparing three groups. All tests, with exception of 
investigating the effect of repolarization-altering drugs vs. baseline, were 
unpaired and two-tailed. When both drugs were applied simultaneously, the 
LAD-region and non-LAD region were tested separately from each other. P<0.01 
was considered statistically significant.

4.3 Results

With contact mapping, most electrodes were positioned in the early repolarizing 
areas: 77% of T-waves were positive, 12% were biphasic and 12% were negative. 
Examples of RT isochrones as determined by both methods and corresponding 
electrograms before and after drug infusion are shown in Figure 4.3B-C. Clearly, 
tWyatt -but not tAlt- shortened in the region infused with repolarization-shortening 
pinacidil. Supplementary Table 4.2 and Supplementary Table 4.3 summarize 
the effect of drugs on tWyatt and tAlt over all experiments. tWyatt and tAlt both 
prolonged when repolarization-prolonging dofetilide was infused locally, as 
mostly negative UEG T-waves were affected (Figure 4.4). When repolarization-
shortening pinacidil was infused locally, tAlt often incorrectly prolonged, while 
tWyatt shortened, as mostly positive UEG T-waves were affected. When pinacidil 
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was infused throughout the entire heart, both tWyatt and tAlt shortened, due to a 
leftward shift of all UEG T-waves.

Mean absolute errors (MAE) of tWyatt and tAlt relative to A-pace ERP were 21ms 
and 71ms, respectively (P<0.001). For positive UEG T-waves only, MAE was 
20ms for tWyatt and 78ms for tAlt (P<0.001). Linear regression using tWyatt rendered 
RTWyatt=0.79·A-pace ERP+42 (r=0.92), while linear regression using tAlt rendered 
RTAlt=0.42·A-pace ERP+168 (r=0.64) (P<0.001 comparing linear regressions) 
(Figure 4.3D). Positive T-waves typically had an earlier A-pace ERP than negative 
ones, with biphasic T-waves in between (P<0.001) (Figure 4.3E). Results of 
consecutive beats were generally consistent, although the pinpointing of RT 
from the UEG may be sensitive to slight changes in upslope (for an example, see 
Supplementary Figure 4.2).

Similar results were found for the noninvasive UEGs mapped with ECGI (Figure 
4.5). Reconstructed UEG T-waves (closest to pacing electrodes) were compared 
to the A-pace ERP. MAE of tWyatt and tAlt relative to A-pace ERP were 30ms and 
92ms, respectively(P<0.001). The shortening of tWyatt caused by pinacidil was 
much more in line with invasive measurements than the shortening of tAlt (Figure 
4.3 and Figure 4.5). For positive T-waves only, MAE was 32ms for tWyatt and 98ms 
for tAlt (P<0.001). Linear regression for tWyatt rendered RTWyatt=0.82·A-pace ERP+57 
(r=0.91), linear regression with tAlt rendered RTAlt=0.49·A-pace ERP+176 (r=0.68) 
(P<0.001 comparing linear regressions) (Figure 4.5D). Compared to the mean 
measured A-pace ERP in the same experiment, local A-pace ERP was -6±39ms for 
positive ECGI T-waves, -7±43ms for biphasic T-waves and 32±27ms for negative 
T-waves (P<0.001) (Figure 4.5E).
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4.4 Discussion

Our novel experimental data show that the correlation between A-pace ERP 
(which we consider the most relevant ground truth for RT) and the Wyatt 
method is much higher than between A-pace ERP and the alternative method, 
and closer to the line of unity. Moreover, as in theoretical models, UEG T-wave 
polarity relates to RT, with UEG T-waves becoming increasingly negative as RT 
prolongs. Our new observations also show that local infusion of repolarization-
shortening drugs was captured by the Wyatt method, while the alternative 
method often showed a prolongation of RT. Furthermore, our comparison of 
local vs. global infusion of repolarization-altering drugs provides additional 
mechanistic confirmation of theoretical models investigating RT in the UEG. The 
Wyatt method also performed consistently between consecutive beats.

For the first time, we show that the Wyatt method also reflects RT more accurately 
than the alternative method through ECGI. With ECGI, the relationship between 
T-wave polarity and RT was less evident, relating to earlier work showing that 
ECGI can reliably map RT and related gradients (47,51), but biphasic UEG T-waves 
can be challenging to reconstruct and may be rendered flat through ECGI (105).

4.4.1 Historical experimental and theoretical studies
Experimental studies validating either the Wyatt or alternative method by 
determining RT against ground truth-measurements are summarized in Figure 
4.6. Generally, most studies agree that the Wyatt method outperforms the 
alternative method.

Studies validating the Wyatt method were performed in a variety of conditions: 
in Langendorff-perfused pig hearts (30,104), left-ventricular canine wedge 
preparations (95), in-vivo dogs (86,88,89) and humans (106,107). These 
experiments were done under a variety of conditions to alter repolarization: 
control, different pacing cycle lengths (88,89,95,106,107), coronary occlusion and 
reperfusion (88), epinephrine infusion (88,89), sympathetic nerve stimulation 
(86,89), local warming (30,86) and cooling (30), graded myocardial perfusion(86), 
during dl-sotalol infusion (106), in different locations on the heart. 
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The alternative method has been evaluated in fewer experimental studies than 
the Wyatt method. Experiments were performed in in-vivo pigs (91), humans with 
monomorphic ventricular tachycardia (92) and humans with right-ventricular 
hypertrophy (90) during normally-conducted sinus rhythm (90) and pacing with 
variable cycle lengths (91,92). 

Two clinical studies (90,92) yielded results in support of the alternative method 
over the Wyatt method. In patients with right-ventricular hypertrophy, a better 
overall correlation between ARI and monophasic APD90 (MAPD90) was found 
when using the alternative method, compared to the Wyatt method (0.82 vs. 
0.73, respectively) (90). In patients with monomorphic ventricular tachycardia 
and a normal left-ventricular ejection fraction, use of the alternative method 
(compared to the Wyatt method) resulted in an increase of ARI-MAPD90 
correlation from 0.83 to 0.94 and decreased MAE (92). However, in that study, 
non-contact mapping was used, which was shown to correlate poorly with 
contact electrograms (108) and the method was not validated for intracardiac 
RT determination (109).

The theoretical underpinnings of the UEG have been extensively studied by 
comparing it with transmembrane potentials (TMPs) at the microstructural level.
(86,99) Bidomain equations have been used to translate these one-dimensional 
models to a three-dimensional heart. Theoretical models (93,99,101) agree 
that the Wyatt method forms a solid theoretical basis for estimating the end 
of cellular repolarization from the UEG. However, these purely mathematical 
approaches are not intuitively straightforward to understand and only provide a 
physical, not physiological, explanation for the Wyatt method.

More recently, Potse et al. (94,101) developed a simpler model for UEG 
interpretation which agrees with the Wyatt method, validated with the more 
complex bidomain equations (110). In this model, the UEG is defined as the 
difference between the local TMP and the average TMP from the myocardial 
surface. For relatively early-repolarizing myocardium, the local TMP is less negative 
than the average TMP, leading to a positive T-wave in the UEG. Conversely, 
for relatively late-repolarizing tissue, the local TMP is more negative than the 
average TMP, leading to a negative T-wave (Figure 4.7). This model was later 
validated against in-vivo contact mapping (110). Our results are in agreement 
with these previous observations (Figure 4.3E and Figure 4.5E). Moreover, our 
experiments further confirmed the relationship between UEG T-wave upslope 
and repolarization pattern: global infusion of pinacidil caused a leftward shift of 
all T-waves and their upslopes, thereby maintaining the repolarization pattern 
(i.e. the relative relationship between early and late RT remained the same). In 
contrast, local infusion of repolarization-altering drugs caused only local changes 
in T-wave upslope, thereby altering the repolarization pattern (Figure 4.4).
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Figure 4.7: Model for improved interpretation of the UEG, as proposed by Potse et al 
(19), and slightly adapted from the original version. Panels A-C denote different locations 
(highlighted in panel D). The top frame of each panel shows simulated TMPs from 3 differ-
ent locations in the model (solid line) and the location-independent mean action potential 
(dashed). The second frame shows S, i.e., the UEG itself (computed with the model), which 
is the subtraction of both. Each red vertical line indicates TR, i.e., the instant of minimum 
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Action potential and UEG for a short-RT-region, resulting in a positive UEG T-wave. B: inter-
mediate-RT-region, resulting in a biphasic T-wave. C: long-RT-region, resulting in a negative 
T-wave.

4.4.2 Experimental conventions and challenges
Multiple factors can influence the local unipolar T-wave and may explain the 
contradicting data from a small subset of the historical experiments.

First, larger electrode size and electrode-to-tissue distance may alter UEG 
T-wave morphology since both aspects increase the effective field-of-view of the 
electrode to a larger area, which could affect ARI-APD correlation in favor of 
the alternative method (103). Additionally, 2Hz high-pass electrogram filtering 
(often used for activation mapping) has been shown to flip T-wave polarity in 
some cases, which severely affects RT determination and could cause results 
to lean in favor of the alternative method (111). Consequently, high-pass filters 
should be used with great caution for repolarization mapping (i.e., use a low cut-
off frequency) (111).

Secondly, heterogeneous definitions and measurement approaches have been 
used throughout the literature. For example, different gold standards have 
been used to compare UEG RT with, such as the local extracellular monophasic 
action potential (30,90–92,96), the more accurate TMP (88) (which can hardly 
be obtained in a beating heart) and optical mapping together with mechanical 
uncouplers (95,104). Some authors compared ARI to ERP, of which the latter is a 
robust measure in terms of arrhythmogenesis as it directly links to conduction 
block. 

Additionally, even in ground-truth measurements, RT is not uniformly defined: 
e.g., as the maximum downslope of the action potential (30,86,99,101),(M)APD90 
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(88,91,92), (M)APD80 (95,96) and the end of the action potential (92)(Figure 4.2B). 
Moreover, species differences (dog/pig/human), recording site (endocardial/
epicardial) and experimental model (in vivo/ex vivo/in silico) may play a role. 
However, the general conclusion of the Wyatt method outperforming the 
alternative method in historical literature still holds strong when isolating these 
factors (Supplementary Figure 4.1). 

Moreover, the RT is typically measured from a global reference, e.g., a pacing 
spike, until the end of local repolarization (Figure 4.2A). However, most studies 
have compared APD to ARI, i.e., the subtraction of AT from RT. AT from the 
UEG and TMP can correlate poorly in certain conditions (112). Consequently, a 
comparison between APD and ARI may include measurement error in AT and 
could render different results than a comparison between RT (from UEG) and 
RT (from TMP).

Besides the Wyatt method and the alternative method to determine local RT 
from the UEG, other signal-analysis methods have been suggested, such as 
T-wave area-based methods (101) or spatiotemporal methods (112). These 
methods seem promising to determine RT in cases where slope-based methods 
are challenging, for example when noise levels are high or UEG T-wave amplitude 
is low. However, these methods have not been studied nearly as extensively as 
either slope-based method.

4.4.3 Study limitations
We selected the A-pace ERP as a gold standard for RT. This does differ from most 
of the historical literature where other gold standards were used. However, we 
believe ERP is the most robust measure for RT in terms of arrhythmogenesis, 
since it defines the ability of tissue to block conduction. Secondly, we did not 
investigate scenarios of postrepolarization refractoriness (PRR) which may affect 
the relationship between ERP and RT. However, as PRR occurs beyond termination 
of local repolarization (113), we do not expect it to be reflected in the UEG T-wave. 
Thirdly, the study was performed in pigs, not in humans. However, we believe 
that the physical and physiological mechanisms behind RT-determination do 
not differ between species, as also supported by Supplementary Figure 4.1. 
Furthermore, ERP was determined for a limited number of places in the heart 
because of the exhaustive experimental protocol. Lastly, we chose to investigate 
primarily the tissue with positive T-waves, because it causes a different RT by 
using either method. As such, this helped emphasize the differences between 
both methods in our analyses.

4.4.4 Application to basic and clinical arrhythmogenesis
In support of our novel experimental results, the collective results from previous 
experimental, clinical and computational studies show that the Wyatt method 
outperforms the alternative method in determining RT from the UEG (Figure 
4.3, Figure 4.5, Figure 4.6, Figure 4.7), which is also supported by a theoretical 
understanding of the UEG T-wave (Figure 4.7): positive T-waves are found in 
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early-repolarizing tissue, while negative T-waves are found in late-repolarizing 
tissue. This aspect has been found widespread experimentally (30,89,102,110) 
even by authors who claim the alternative method should be used (91), except 
for Chen et al. (90) 

Our novel findings and our historical overview support a unified repolarization 
assessment, thereby enhancing our understanding of mechanisms of 
repolarization. This augments our knowledge of repolarization in both structural 
and functional arrhythmias, since many arrhythmias are caused by local 
heterogeneities of repolarization – which can lead to unidirectional conduction 
block and reentry. A unified repolarization assessment may increase the role of 
invasive and noninvasive repolarization mapping.

4.5 Conclusion

We scrutinized our novel experimental results and historical experimental and 
theoretical studies to resolve the controversy between the Wyatt and alternative 
methods for determining RT from UEGs. The Wyatt method outperforms the 
alternative method not only on a theoretical basis but also in our data, and 
historical experimental data. Our results support that the Wyatt method provides 
a strong basis for RT determination from the invasive UEG and noninvasive 
(ECGI) UEG. Using it to determine RT could unify and facilitate repolarization 
assessment and amplify its role in basic and clinical electrophysiology.
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Supplementary Material

Supplementary Tables

Exp. ID Baseline Isolated DOF Isolated PIN DOF and PIN

1 Yes Yes No Yes

2 Yes Yes No No

3 Yes No Yes No

4 Yes Yes No Yes

5 Yes Yes No No

6 Yes Yes No Yes

7† Yes No Yes No

Supplementary Table 4.1: Drugs used in each experiment. Exp: experiment; DOF; dofet-
ilide; PIN; pinacidil. “Yes” (in green) indicates that a drug setting was used, “No” (in red) in-
dicates that a setting was not used. Dofetilide was typically infused in the aorta-perfused 
region (i.e., everywhere except LAD), pinacidil typically only in the LAD, with exception of 
experiment #7. †: global infusion of pinacidil, not only in LAD-region.



80

Chapter 4

4

Delta-RT 
(ms)

Isolated DOF Isolated PIN DOF and PIN

Exp. ID Non-LAD 
region

LAD region Non-LAD 
region (DOF)

LAD region 
(PIN)

1 37 [31 – 49]* N/A 10 [7 – 16]* -37 [-56 – 
-32]*

2 51 [46 – 56]* N/A N/A N/A

3 N/A -52 [-63 – 
-45]*

N/A N/A

4 40 [36 – 44]* N/A 26 [22 – 31]* -77 [-88 – 
-71]*

5 49 [33 – 52]* N/A N/A N/A

6 40 [27 – 53]* N/A 14 [-8 – 26]* -10 [-20 – -7]

7† N/A -88 [-99 – 
-77]*

N/A N/A

Supplementary Table 4.2: Differences between RT (delta-RT, in milliseconds) accord-
ing to the Wyatt method after repolarization-altering infusion of drugs (repolariza-
tion-shortening pinacidil (PIN) and repolarization-prolonging dofetilide (DOF)), with 
respect to baseline situation without drugs. Values are noted as median [first quartile 
– third quartile]. A positive value indicates a prolongation of RT by the effect of drugs, with re-
spect to baseline. Asterisks (*) denote significant differences (P<0.01, one-tailed test). Colors 
denote whether the effect of the drug was correctly identified by delta-RT (green for yes, red 
for no). For experiment #7 (†), pinacidil was infused globally.
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Delta-RT 
(ms)

Isolated DOF Isolated PIN DOF and PIN

Exp. ID Non-LAD 
region

LAD region Non-LAD 
region (DOF)

LAD region 
(PIN)

1 38 [33 – 49]* N/A 15 [10 – 17]* 16 [14 – 22]

2 54 [49 – 62]* N/A N/A N/A

3 N/A -8 [-10 – -3]* N/A N/A

4 40 [38 – 44]* N/A 26 [24 – 29]* 22 [14 – 30]

5 51 [45 – 61]* N/A N/A N/A

6 35 [22 – 40]* N/A 37 [26 – 42]* 21 [13 – 32]

7 N/A -93 [-113 – 
82]*

N/A N/A

Supplementary Table 4.3: Differences between RT (delta-RT, in milliseconds) according 
to the alternative method after repolarization-altering infusion of drugs, with respect 
to baseline situation without drugs. Values are noted as median [first quartile – third 
quartile]. A positive value indicates a prolongation of RT by the effect of drugs, with respect to 
baseline. Asterisks (*) denote significant differences (P<0.01, one-tailed test). Colors denote 
whether the effect of the drug was correctly identified by delta-RT (green for yes, red for no). 
For experiment #7 (†), pinacidil was infused globally.
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Supplementary Figures
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Supplementary Figure 4.1: Linear regression analyses for experimental results from 
previous studies in the literature (30,86,88–96,104,106,107). As in Figure 4.6, the accura-
cy of the Wyatt and alternative method were determined with respect to a local measure by 
addressing ARI= α·<local measure>+ β, e.g. ARI= α·MAPD90+β. Results were separated based 
on endocardial/epicardial approach (left column), species (middle column) and ex vivo/in 
silico/in vivo studies (right column). As visible, the Wyatt method more accurately reflects 
RT (defined by local measure) than the alternative method, even if analyses were limited to 
certain experimental setups, meaning that this is a globally true conclusion, no matter the 
conditions (species, site of measurement, or type of experiment).
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Supplementary Figure 4.2: Beat-to-beat consistency of RT determination through the 
Wyatt method and alternative method. Isochronal RT maps for five consecutive beats are 
shown for one of our experiments (experiment 13, see Figure 4.3). Each row denotes a beat, 
while each column denotes a drug setting. Isochronal RT maps are consistent, although RT 
determination may locally be sensitive to slight changes in maximum T-wave upslope. How-
ever, standard deviations of beat-to-beat RTs were not significantly different between the 
Wyatt and alternative method (p=0.84 for baseline, p=0.19 for the drug-infused situation).
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Abstract

Introduction: Patients with ventricular tachyarrhythmias (VT) are at high risk of 
sudden cardiac death. When appropriate, catheter ablation is modestly effective, 
with relatively high VT recurrence and complication rates. Personalized models 
that incorporate imaging and computational approaches have advanced VT 
management. However, 3D patient-specific functional electrical information 
is typically not considered. We hypothesize that incorporating noninvasive 3D 
electrical and structural characterization in a patient-specific model improves 
VT-substrate recognition and ablation targeting. 

Materials and methods: In a 53-year-old male with ischemic cardiomyopathy 
and recurrent monomorphic VT, we built a structural-functional model based 
on high-resolution 3D late-gadolinium enhancement (LGE) cardiac magnetic 
resonance imaging (3D-LGE CMR), multi-detector computed tomography (CT) 
and electrocardiographic imaging (ECGI). Invasive data from high-density contact 
and pace mapping obtained during endocardial VT-substrate modification were 
also incorporated. The integrated 3D electro-anatomic model was analyzed off-
line.

Results: Merging the invasive voltage maps and 3D-LGE CMR endocardial 
geometry led to a mean Euclidean node-to-node distance of 5 ± 2 mm. Inferolateral 
and apical areas of low bipolar voltage (< 1.5 mV) were associated with high 
3D-LGE CMR signal intensity (> 0.4) and with higher transmurality of fibrosis. 
Areas of functional conduction delay or block (evoked delayed potentials, EDPs) 
were in close proximity to 3D-LGE CMR-derived heterogeneous tissue corridors. 
ECGI pinpointed the epicardial VT exit at ~10 mm from the endocardial site of 
origin, both juxtaposed to the distal ends of two heterogeneous tissue corridors 
in the inferobasal left ventricle. Radiofrequency ablation at the entrances of these 
corridors, eliminating all EDPs, and at the VT site of origin rendered the patient 
noninducible and arrhythmia-free until the present day (20 months follow-up). 
Off-line analysis in our model uncovered dynamic electrical instability of the LV 
inferolateral heterogeneous scar region which set the stage for an evolving VT 
circuit.

Discussion and conclusion: We developed a personalized 3D model that 
integrates high-resolution structural and electrical information and allows the 
investigation of their dynamic interaction during arrhythmia formation. This 
model enhances our mechanistic understanding of scar-related VT and provides 
an advanced, noninvasive roadmap for catheter ablation.
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7.1 Introduction

Catheter ablation of arrhythmogenic substrate and triggers of ventricular 
tachycardia (VT) reduces arrhythmia burden and implantable cardioverter-
defibrillator (ICD) shocks (179,180) but recurrences (30-40% within 1-2 years 
(6,181)), costs and complication rates remain high (182,183). This limited 
procedural efficacy is attributed to the difficulty of identifying heterogeneous scar 
corridors related to the critical VT isthmus based on electrogram characteristics 
and pace mapping, especially during substrate-based ablation. 

Recent advances in the field of catheter ablation for scar-related VT have primarily 
focused on defining target locations for ablation through pre-procedural 
characterization of the ventricular scar architecture by combining imaging 
techniques (such as computed tomography (CT) or cardiac magnetic resonance 
imaging (CMR)) with electrocardiogram (ECG)-VT algorithms. Image-guided or 
-aided substrate ablation may increase long-term success, decrease recurrence 
rates and reduce procedural duration (184,185). Imaging-based approaches 
mostly focus on structural myocardial targets, ignoring 3D functional information 
such as activation/propagation maps, repolarization maps, wavefront direction 
or arrhythmia triggers. Electrocardiographic imaging (ECGI) combines body-
surface potential mapping and anatomical imaging to provide a noninvasive 
reconstruction of electrical activity. It enables a beat-to-beat noninvasive 3D 
assessment of epicardial activation, repolarization and propagation, besides the 
pinpointing of the VT exit site with relatively high spatial and temporal resolution 
(186,187). 

In this study, we combined ECGI with high-resolution 3D dark-blood late 
gadolinium enhancement (3D-LGE) CMR and cardiac CT in a case with ischemic 
cardiomyopathy and recurrent monomorphic VT, providing a patient-specific 
structural-functional model to improve mechanistic understanding and to 
provide a road map for future personalized catheter ablation for VT. Additionally, 
we examined the accuracy of noninvasively-determined parameters compared 
to standard invasive VT-substrate characteristics. 

7.2 Materials and methods 

We constructed a personalized 3D cardiac model that integrates the individualized 
structural-functional characteristics of this case to identify mechanisms of 
arrhythmia formation and to develop an individualized framework for future VT 
ablation guidance.

The model incorporates 1) 3D dark-blood LGE CMR and cardiac CT delineating 
the myocardial anatomy and scar (structural aspects); and 2) functional-electrical 
aspects by noninvasive ECGI. Model outcomes were compared to data from 
invasive electro-anatomical mapping (EAM), and arrhythmia mechanisms were 
investigated.
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7.2.1 Patient characteristics 
A 53-year-old male was admitted to our hospital for electrical storm due to 
recurrent hemodynamically-tolerated, sustained monomorphic VTs with an 
inferobasal to mid, septal left-ventricular (LV) origin (Figure 7.1A) (188). He 
was previously known with anterior and inferolateral myocardial infarctions 
(LV ejection fraction 31%), also evident from the 12-lead electrocardiogram 
(Figure 7.1B), and coronary artery bypass grafting. The VT was managed with 
intravenous infusion of amiodarone. A 3D-LGE CMR and cardiac CT scan were 
performed to aid catheter ablation for VT. Additional electrical information was 
obtained by body-surface potential mapping before and during the VT ablation 
procedure. 

7.2.2 3D dark-blood late gadolinium-enhancement CMR
The patient underwent a free-breathing 3D-LGE CMR with high isotropic 
resolution (acquired resolution 1.6 x 1.6 x 1.6 mm, reconstructed 0.8 x 0.8 x 
0.8 mm) and dark-blood nulling (190) on a 1.5T MR system (Ingenia, Philips 
Healthcare, Best, the Netherlands). This allowed for more accurate scar 
demarcation and image quality with respect to conventional bright-blood 
nulled LGE CMR (191). Details of the dark-blood LGE mechanism without using 
additional magnetization preparation has were described earlier (24). 

CMR-image processing was performed using a research software tool (ADAS3D 
Medical SL, Barcelona, Spain) (192). Pixel-signal intensity (PSI) maps were created 
from the 3D delayed enhancement acquisitions, and normalized for maximal 
PSI. A normalized PSI-based cut-off above 0.6 was defined as dense scar; border 
zone tissues were allocated in case of values between 0.4 and 0.6% (193). 
The LV myocardium was divided in nine three-dimensional transmural layers 
color-coded for scar architecture. Heterogeneous tissue corridors, defined as 
continuous corridors of border zone tissue connecting two regions of healthy 
tissue, bordered by dense scar and/or an anatomical barrier, were automatically 
calculated and visualized on the shells by the research tool (192). Subsequently, 
3D-LGE CMR scar transmurality was defined as the percentage of transmural 
layers having either dense scar (weight 1) or border zone (weight 0.5). Scar 
transmurality was projected onto the endocardial shell.

7.2.3 CT and electrocardiographic imaging
Prior to the VT ablation procedure, an ECG-gated helical dual-source CT scan 
(Somatom Force, Siemens Healthineers, Forchheim, Germany) using intravenous 
iodine contrast medium was performed during breath-hold, to visualize cardiac 
geometry. Additionally, the patient underwent a low-dose thoracic CT scan to 
locate the body-surface electrodes, required for ECGI. 
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sinus rhythm (B). A: Monomorphic VT demonstrating a wide QRS complex of 151 bpm with 
a right bundle branch block pattern (transition in V3) and a superior axis. The positive polar-
ities in leads I and aVL suggest an inferomedial to inferobasal, septal origin (189). B: Sinus 
rhythm, 72 bpm, left axis deviation, a QRS width of 112 ms, pathological Q waves in inferior 
leads and V3-V6 and negative T waves in inferior leads and in V4-V6. Q waves are indicative 
of previous inferior/apical infarctions.
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The ECGI was performed as previously described and validated (51,74). Briefly, 
224 Ag-AgCl electrodes (BioSemi, Amsterdam, The Netherlands) were attached 
to the patient’s torso to record body-surface potentials at a 2048Hz sampling rate 
starting 20 minutes prior to, and during, the electrophysiological study. From 
the thoracic CT scan, a 224-electrode torso was manually digitized. A ~2000-
node diastolic cardiac geometry was semi-automatically segmented (194). Body-
surface potential measurements were performed during sinus rhythm, atrial 
pacing, during programmed ventricular stimulation for VT induction and for 
evoked delayed potential (EDP) identification (195), and during VT. 

Epicardial ventricular unipolar electrograms (UEGs) were reconstructed for 
selected beats through previously detailed methods (51). For each UEG, 
activation times (ATs) were determined from the steepest downslope (of the UEG 
QRS complex); this was done with a spatiotemporal approach that considers the 
spatial flow of current (112). ATs of each beat were calculated with respect to 
the average of the first 25 epicardial activations according to ECGI. UEGs were 
disregarded at the valvular base of the ventricles. VT dynamics were assessed 
by calculating the absolute activation time differences between consecutive VT 
beats.

7.2.4 Catheter ablation procedure for VT
The patient underwent continued body-surface potential mapping during the VT 
ablation procedure (Supplementary Figure 7.1). The procedure was performed 
under general anesthesia without preemptive hemodynamic support. The 
CARTO navigation system (Biosense Webster Inc., Diamond Bar, CA, USA) was 
used for guidance of the procedure. Both retrograde and anterograde access 
were obtained. The ADAS3D-derived anatomy and scar architecture were 
merged with the aortic root, main stem and pulmonary veins. After positioning 
of a quadripolar diagnostic catheter (6F, CRD-2™, Abbott, Chicago, IL, USA) in 
the right-ventricular (RV) apex, programmed RV stimulation was performed at 3 
driving cycle lengths (600, 500, and 400 ms) with up to 3 ventricular extrastimuli 
(≥ 200 ms) to induce sustained VT (> 30 s or necessitating termination because 
of hemodynamic instability) and to determine the RV effective refractory period 
(ERP). During right-atrial (RA) pacing, a detailed electroanatomical voltage map 
was obtained using a high-density mapping (PentaRay, Biosense Webster Inc., 
Diamond Bar, CA, USA) and an irrigated contact-force sensing 3.5 mm-tip catheter 
(SmartTouch, Biosense Webster Inc., Diamond Bar, CA, USA). Near-field peak-to-
peak bipolar voltage amplitude below 1.5 mV indicated scar, with dense scar 
< 0.5 mV and border zone 0.5 – 1.5 mV. EDPs, characterized by low-amplitude 
near-field potentials with 10-ms delay or block after RV extrastimulus (S2 50 ms 
above the ERP), were tagged in the 3D system, as previously described (196). The 
VT site-of-origin was identified using pace mapping aimed at a mean correlation 
coefficient between the VT-QRS morphology and the paced-QRS of > 90% (197). 
Substrate modification was performed aiming at complete EDP elimination 
and targeting the VT site-of-origin using radiofrequency energy delivery (power 
50 W, temperature limit 43 °C, flow rate 20 – 30 mL/min). After the last lesion 
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set, the substrate was reassessed for the abolition of EDPs, and programmed 
ventricular stimulation was repeated to test for VT inducibility.

7.2.5 Postprocedural image integration and analysis
The geometries from 3D-LGE CMR, CT, ECGI and invasive EAM were manually 
aligned and registered digitally in 3D Slicer (198). The most important anatomic 
landmarks used for integration were: the LV and RV epicardium, LV apex and 
aorta from CT; LV apex, epicardium, endocardium and aorta from 3D-LGE CMR; 
and LV endocardium, apex and aorta from EAM. The accuracy of the image 
integration was based on Euclidean node-to-node distance calculation and visual 
evaluation. The EAM geometry was converted isotropic (i.e., equal node-to-node 
distances throughout the geometry) to ensure that all regions of the heart had 
equal weight in downstream analyses. Further analyses were performed in 
MATLAB R2020b (MathWorks, Natick, MA, USA).

Information from 3D-LGE CMR and ECGI was combined to examine triggers, 
substrate, and their interactions. 3D-LGE CMR scar delineation was compared 
to areas of low invasive bipolar voltage, by finding the corresponding nearest 
neighbours of the CMR anatomy and the invasive electroanatomic anatomy. 
Any neighbours with a corresponding distance of > 10 mm from each other 
were disregarded. The colocalization of endocardial EDPs with MRI-derived 
heterogeneous tissue corridors was also evaluated, disregarding EDPs that were 
tagged >10 mm from the endocardial 3D-LGE CMR shell.

7.3 Results

7.3.1 Ablation procedure and outcome
A sustained monomorphic VT arising from the inferobasal LV, closely 
resembling the documented arrhythmia, was repeatedly induced by 
programmed electrical stimulation (by minimally 2 ventricular premature 
beats) and led to hemodynamic compromise. The high-density LV-
endocardial bipolar voltage map (5375 points) revealed two remote areas 
of scar in the lateral and apical regions of the LV, colocalizing with areas of 
increased endocardial PSI based on 3D-LGE CMR. 21 EDPs were tagged. Pace 
mapping at the inferobasal LV resulted in a 92% match with the induced VT. 
Radiofrequency delivery targeted at the inferolateral EDPs and the site of VT 
origin, eliminated the EDPs and rendered the patient non-inducible at the end 
of the procedure. Total procedural time was 330 minutes; fluoroscopy time 10 
minutes. The procedure was without any complications. A single-chamber ICD 
was implanted afterwards. No VT had recurred at 20 months follow-up. 
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7.3.2 Contrast-enhanced CT and 3D dark-blood late gadolinium-
enhancement CMR
Contrast-enhanced multidetector CT showed wall thinning in the inferolateral 
LV and apex (Figure 7.2A, Supplementary Figure 7.2). The CMR revealed a partly 
transmural infarcted area in the inferolateral and apical segments with aneurysm 
formation (Figure 7.2B, Supplementary Videos). Dense scar and border zone, as 
detected through CMR, consisted of non-uniform transmural patterns (Figure 
7.2C). Heterogeneous tissue corridors, identified from CMR (Figure 7.2D) were 
localized in the basal to mid (infero)lateral, and apical aspects of the LV. 

Manual image integration of invasive EAM and 3D-LGE CMR endocardial geometry 
led to a mean Euclidean node-to-node distance 5 ± 2 mm. Increased PSI (> 0.4) 
of the innermost endocardial layer of 3D dark-blood LGE CMR closely resembled 
reduced endocardial bipolar voltage (< 1.5 mV) using previously-defined cutoffs 
(192), while areas of non-agreement were near the scar-to-healthy border 
(Figure 7.3A). Both modalities agreed (both “scar” or both “healthy”) for 68% 
of tissue, and disagreed for the remaining 32%, mostly concerning the border 
zone. According to both modalities, the majority of scar consisted of border 
zone (76% according to EAM, 85% according to 3D-LGE CMR). Predicting bipolar 
scar through the CMR endocardial signal intensity rendered a receiver operating 
characteristic (ROC) area under the curve of 0.72. Further comparison of 3D-LGE 
CMR scar transmurality to EAM bipolar voltage showed that low voltages were 
associated with higher scar transmurality, and vice versa (Figure 7.3B). 

17/21 EDPs were within 10 mm of the endocardial CMR-wall. 15/17 (88%) of 
these EDPs were located in an area of endocardial scar detected by 3D dark-
blood LGE CMR (Figure 7.4A-B). EDPs were often identified within or close to 
(transmural) CMR-derived corridors. When projecting all EDPs and corridors 
onto the endocardial CMR layer, the average Euclidean distance from EDP to the 
nearest corridor was 3 (0 – 6) mm (median, (first and third quartiles)).

7.3.3 Structural-functional substrate characterization 
Structural-functional overlay of the 3D-LGE CMR and ECGI data (body-surface 
potential mapping during the ablation procedure) allowed the investigation 
of the VT trajectory and mechanism. In Figure 7.4C, the endocardial (invasive 
EAM) and epicardial (ECGI) locations of the VT exit according to pace mapping 
are shown, together with transmural fibrosis and PSI-derived heterogeneous 
tissue corridors. ECGI pinpointed the VT exit in close proximity (spatial accuracy 
10/14/13 mm) to the invasive endocardial site with the highest pace-mapping 
agreement (0.90/0.92/0.92, respectively). When projecting the ECGI-exit onto 
the endocardial geometry, i.e., omitting the endocardial-to-epicardial distance, 
the distance between invasive and noninvasive VT exit decreased to 5/12/12 
mm, respectively. 
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Figure 7.2: Cardiac imaging of the patient prior to the ablation procedure. A: Con-
trast-enhanced dual-source computed tomography (CT), performed for anatomical refer-
ence showing wall thinning in the apical aneurysm and laterobasal aspect of the left ventricle 
(LV). B: 3D dark-blood late gadolinium enhancement cardiac magnetic resonance imaging 
(LGE CMR) LGE CMR showing areas with hyperenhancement in the laterobasal and apical 
aspects of the LV. C: Two cross-sectional views of LV scar, detected by 3D dark-blood LGE 
CMR. D: CMR-derived healthy and scar tissue, including corridors and their centerlines, de-
picted in nine transmural layers (interlayer distance approximately 0.8 mm) of the ventricular 
myocardium. Colors correspond to colors in C).
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Figure 7.3: Comparison of 3D-late gadolinium enhancement cardiac magnetic reso-
nance imaging (LGE CMR) to electroanatomical mapping (EAM). A: invasive EAM bipolar 
voltage map (left) and 3D dark-blood LGE CMR endocardial signal intensity (middle), and the 
comparison of both (right). Areas of agreement regarding healthy tissue are shown in green, 
agreement regarding scar tissue are shown in red, and differences between both maps are 
shown in gray. B: CMR scar transmurality compared to EAM bipolar voltage. Higher trans-
murality of scar (detected by 3D-LGE CMR) was associated with lower bipolar voltage in EAM.
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Figure 7.4: 3D-late gadolinium enhancement cardiac magnetic resonance imaging 
(LGE CMR) heterogeneous tissue corridors and evoked delayed potentials (EDPs). A: 
Annotation of EDPs during the electroanatomical mapping (EAM) procedure, compared to 
a superimposed anatomical view of transmural heterogeneous tissue corridors detected 
through 3D LGE CMR. All EDPs except one coincided with ventricular scar or border zone. 
EDPs qualitatively coincided well with corridors close to the endocardium. B: EDPs on lo-
cations 1-4 in panel A. C: Investigating of ventricular tachycardia (VT) working mechanisms 
through structural-functional image overlay. Transmural layers of scar and border zone with 
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centerlines of slow-conducting heterogeneous tissue corridors are superimposed and col-
ored. VT exits were determined by pace mapping during the procedure. Invasively-deter-
mined endocardial (brown) and noninvasively-determined epicardial (white) exits coincide at 
the end of epicardial and endocardial corridors. Corridors of interest leading to the VT exit 
have an increased width. Ablation of the substrate (purple), including the identified corridors, 
rendered the patient arrhythmia-free.

Both epicardial and endocardial heterogeneous tissue corridors were adjacent 
to the VT exit, possibly serving as slow-conducting channels (isthmuses) for 
the VT. Radiofrequency ablation to, amongst other sites, the entrance of these 
corridors, rendered the patient arrhythmia-free (20 months follow-up).

Although the monomorphic VT (with exception of its first beat) appeared stable 
on the ECG (Figure 7.5A), ECGI revealed significant beat-to-beat differences in 
activation patterns during the onset of VT (Figure 7.5B). The VT stabilized over 
time, causing beat-to-beat differences in its activation pattern to decline. The 
anterolateral area of early activation migrated inferolaterally as the VT evolved. 
This area of shifting early activation correlated with CMR-detected corridors 
leading to the VT exit (Figure 7.4B). Beat-to-beat-differences in activation pattern 
were present during all inductions (episodes) of VT, higher than during sinus 
rhythm and ventricular pacing (Figure 7.5C). 

Prior to the electrophysiological study, a premature ventricular complex (PVC) 
was recorded with ECGI (Supplementary Figure 7.3A). The PVC origin matched 
significantly, although not completely, with the VT exit. ECGI pinpointed the 
PVC to the lateral LV wall (Supplementary Figure 7.3B). The crowded activation 
isochrones superior to the first-activated area suggest a conduction block in 
the basolateral LV (blue arrow). CMR-detected heterogeneous tissue corridors 
(numbers 1-3, Supplementary Figure 7.3C) connected the PVC and VT origins 
and coincided with the area of shifting early activation during VT (Supplementary 
Figure 7.3C). Hence, we hypothesize the PVC could be involved in VT initiation.
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Figure 7.5: Dynamics of epicardial activation patterns through electrocardiographic 
imaging (ECGI). A: ventricular tachycardia (VT) during procedure in which beats 1 through 
7 are depicted. B: Activation patterns of VT beats 1 through 7, with absolute difference in 
activation time (AT) of consecutive beats shown below. The pentagram in VT-1 illustrates the 
origin of the premature ventricular complex (PVC) (Supplementary Figure 7.3). For reference, 
dynamics of activation patterns in sinus rhythm (SR) and pacing are also shown. C: Average 
absolute difference in activation times of consecutive beats, over the entire epicardium. Dy-
namics in activation patterns decrease over time for several episodes (inductions) of VT, 
while SR and ventricular pacing show stable activation patterns.
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7.4 Discussion

In this proof-of-concept study, we developed a 3D structural-functional model 
for scar-related VT by combining 3D dark-blood LGE CMR and ECGI (of PVC 
and VT) with high spatial and temporal resolution. This model was developed 
in an exemplary case with recurrent monomorphic VT in the setting of 
ischemic cardiomyopathy. Patient-specific VT substrates, triggers, and their 
interactions were detailed, in a noninvasive manner, serving as a roadmap for 
future individualized ablation strategies. Integrating high-density invasive EAM 
advanced the understanding of possible VT mechanisms.

In our integrated model, the (invasive and noninvasive) VT exit colocalized at 
the end of CMR-detected heterogeneous tissue corridors. Furthermore, the 
patient’s spontaneous PVC originated in close proximity to the VT exit and CMR-
detected corridors. This suggests that the PVC may be involved in patient’s VT 
formation. Moreover, EDPs were found close to heterogeneous tissue corridors, 
suggesting a strong link between functional endocardial conduction slowing/
block and structural border zone channels.

7.4.1 3D dark-blood LGE CMR 
Acquiring 3D-LGE CMR with high isotropic resolution visualizes myocardial fibrosis 
from every desired direction compared to a fixed viewing angle when using 
(non-isotropic) 3D or standard 2D imaging (23). Subtle scar architectures, such 
as submillimeter tissue corridors, may be missed using these latter acquisition 
techniques. Additionally, the dark-blood nulling CMR, recently validated against 
histopathology in an experimental large-animal model (191), allows for improved 
detection and quantification of (sub)endocardial fibrosis, often encountered 
in ischemic etiologies, compared to conventional bright-blood LGE (24). We 
have shown that 3D dark-blood LGE CMR has a reasonable correlation, at least 
qualitatively, with the endocardial bipolar voltage. We found a 68% agreement 
between reduced (< 1.5 mV) endocardial bipolar voltage and increased (> 
0.4) 3D-LGE CMR-signal intensity when applying a point-by-point comparison 
between both modalities. Areas of non-agreement were predominantly found at 
the healthy-to-scar-border zone. The ROC area under the curve to define areas 
of low voltage through 3D-LGE CMR was 0.72, which compared with the low 
range of values found in a recent study, although different methods of analysis 
may have affected the results (199). The observed electrostructural mismatch 
stems from the fundamentally different assessment of scar characteristics, 
with varying spatial resolution and dissimilar gating for cardiac phases and 
respiratory motion, besides the variable impact of modulators (e.g., contact 
force, fiber orientation, wavefront direction, sympathetic hyperinnervation). The 
scar border zone may be especially susceptible to these factors.

Additionally, we have shown a good correlation between the 3D dark-blood LGE 
CMR-derived myocardial heterogeneous tissue corridors and the invasively-
measured areas of functional electrical conduction slowing or block (192). These 
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corridors may comprise slow-conducting pathways, or protected isthmuses, 
that may facilitate reentrant excitation (192) upon unidirectional conduction 
delay or block (22).

7.4.2 ECGI 
ECGI has been validated in multiple studies. For a recent overview we refer to 
Chapter 2. Its strength lies in the reconstruction of (paced) rhythm of single 
origin (48). In a structurally normal heart, ECGI was more accurate than the 12-
lead ECG to pinpoint the origin of VT or PVC (58). The 12-lead ECG was even less 
precise in the presence of myocardial scarring (30). We have shown that ECGI-
based reconstructions localized the site of ventricular activation (adjacent to 
scar border zone) by pace mapping at ~10 mm from the endocardial location (if 
endocardial-to-epicardial distance was omitted). This was more accurate than in 
a recent study using a commercial system (200) but comparable to other reports 
(see Section 2.4). 

Moreover, ECGI can generate a complete 3D-epicardial activation map in a single 
beat, while several VT cycle lengths are needed during invasive contact mapping 
EAM to construct an activation or propagation map (which is often not possible 
since VT is often polymorphic or hemodynamically not tolerated). This may be 
relevant for investigating the dynamic behavior of VT, especially in polymorphic 
VT but also during the onset of monomorphic VTs. In our case, ECGI uncovered 
marked initial activation dynamicity, only stabilizing after several beats. An area 
of electrical instability (shifting early activation) during VT was present close to 
the VT exit and structural-functional corridors (Figure 7.4 and Figure 7.5B). 

7.4.3 Structural-functional VT substrate characterization 
(Non)invasive modalities identifying critical components of the VT circuit to guide 
catheter ablation have evolved considerably over the last decades. Historical 
milestones in the human heart are shown in Figure 7.6.

In 1972, Wellens et al. found that, in (mostly) post-infarction patients, VTs 
were based on reentrant excitation, that could be terminated through 
electrical stimulation (201). In 1981, Josephson et al. compared 12-lead ECG 
QRS morphologies of VTs to endocardial VT exit sites in 34 patients (202), 
demonstrating that the presence of myocardial scar diminishes the ECG accuracy 
to pinpoint the endocardial VT exit. 

In 1999, Wittkampf et al. first validated an impedance-based 3D catheter 
navigation system in humans for EAM (203). In 2000, De Groot et al. introduced 
a 3D-catheter localization system using ultrasound transducers to guide VT 
ablation (204), that allowed real-time display of the catheter tip and repositioning 
to previously marked sites. In the same year, Marchlinski et al. introduced the 
magnetic mapping-based CARTO system to perform linear substrate ablation 
which proved effective to significantly reduce VT recurrence (205). These 
3D-navigation systems could be considered the foundation of the modern-day 
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EAM.

In 2005, pioneering work on image integration was done by Dickfeld et al., who 
coregistered MRI acquisitions with the electromagnetic catheter positioning 
system to guide catheter navigation in the human right atrium and ventricle 
(206). In the same year, Ghanem et al. showed that near-simultaneous ECGI-
derived (noninvasive) electrograms had a moderate correlation with invasive 
potentials recorded in sinus rhythm and during endocardial and epicardial pacing 
in patients (52). Five years later, Tian et al. (207) coregistered contrast-enhanced 
CT relying on distinct anatomic, dynamic and perfusion characteristics indicative 
of myocardial scar and border zone with electrogram voltage obtained during 
endocardial point-by-point mapping. A high segmental accuracy was reported. 
Though contrast-enhanced CMR still has superior contrast resolution compared 
to CT, the latter is more easily applicable for scar demarcation in patients with an 
ICD and allows for increased temporal and spatial resolution (207). Furthermore, 
wall thickness analysis with CT accurately predicted isthmuses in postinfarction 
VT (26).

In 2008, Codreanu et al. performed image integration of EAM and LGE CMR to 
conclude that transmural scar (by CMR) could be detected by spiky electrograms, 
reduced voltage amplitudes or prolonged bipolar electrogram durations (210). A 
year later, Desjardins et al. investigated the relationship between reduced bipolar 
voltage in EAM and automatically-segmented scar in LGE CMR, to find that sites 
critical to VT in humans are located within areas of delayed enhancement in CMR. 
In 2011, Wijnmaalen et al. performed a head-to-head comparison of LGE CMR 
with electroanatomical voltage mapping through image integration. They found 
that increased scar transmurality led to decreased endocardial bipolar voltage 
and that non-transmural and border zone scar was undetected by EAM (211). 
The combination of LGE CMR with multidetector CT is superior for structure-
function relationship determination in scar-related VT (212). With the availability 
of 3D-LGE CMR acquisitions with high isotropic resolution, Andreu et al. (192) 
identified heterogeneous tissue corridors that colocalize in 79% with invasively 
recorded conduction channels (2015). VT ablation procedures guided by CMR 
led to increased procedure success, and decreased VT recurrence, inducibility 
and procedure time (184). 
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Figure 7.6: Timeline of invasive and noninvasive techniques to identify critical com-
ponents of the ventricular tachycardia (VT) circuit and guide catheter ablation 
(52,184,192,201–203,205–209). Note that the time axis is not linear, which is reflected by 
the color gradients. ECG: electrocardiogram. PVC: premature ventricular complex. EAM: elec-
troanatomical mapping. ECGI: electrocardiographic imaging. CMR: cardiac magnetic reso-
nance imaging. CT: computed tomography.
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In recent years, promising computational approaches have arisen. For example, 
Prakosa et al. performed CMR-based computational electrophysiological 
modelling, which allowed for prospective ablation guidance in a small cohort 
(208). Moreover, Lozova et al. used machine-learning algorithms to pinpoint 
ablation targets (209).

The aforementioned advances in the field of catheter-based ablation of scar-
related VT have primarily focused on defining target locations for ablation 
through analysis of structural imaging modalities, typically CMR (208,209) 
and/or CT (212). Though such structural detailing holds promise and allows to 
noninvasively investigate the substrate and perform virtual stress tests, these 
strategies usually do not consider patient-specific 3D functional electrical 
parameters. Our current proof-of-concept patient-tailored model encompasses 
3D-functional and structural information and their interactions. As an example, 
we have shown that invasively- and noninvasively-determined VT exits align 
colocalize with endings of heterogeneous tissue corridors, and are connected 
with the PVC site of origin. Moreover, we have demonstrated dynamic electrical 
instability of the heterogeneous scar region where the scar heterogeneity set 
the stage for an evolving VT circuit. 

Combined, we argue that the integration (during spontaneous or induced PVCs 
and VT, including their spatiotemporal dynamics) of ECGI with high resolution 
3D-LGE dark-blood CMR may be synergistic for the development of (noninvasive) 
individualized VT models to improve our understanding of VT mechanisms and 
treatment.

7.4.4 Future perspectives
Prospective studies are needed to investigate the procedural efficacy and 
cost-effectiveness of such personalized structural-functional models. This 
would require optimization of the modelling pipeline, including automated 
segmentation and merging of different modalities and automation of analyses, 
which is currently being developed. 

Ideally, in future cases, ECGI recordings should be performed preprocedurally 
during spontaneous VT or noninvasive programmed stimulation (in the absence 
of deep sedation or general anesthesia) to allow preprocedural structural-
functional analysis of the VT trajectory and its mechanism. This would guide 
targeted RF delivery to critical components of the VT circuit without the need for 
extensive intraprocedural voltage and pace mapping. For instance, CMR-derived 
heterogeneous tissue corridors (aligning to EDPs) connecting to ECGI-derived 
VT exit sites could be ablated. ECGI activation maps should be compared to 
invasively-acquired (endo- and epicardial) VT activation/propagation maps to 
investigate excitation accuracy, VT dynamicity and trajectories. 

In absence of an ICD, CMR may replace CT for localization of ECGI electrodes 
and the heart geometry, thereby omitting radiation. Beyond ischemic 
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cardiomyopathies, this model could be extended other cardiac diseases with 
increased susceptibility for VT/VF, including nonischemic and idiopathic etiologies. 
In the latter, ECGI uncovered previously undetected functional repolarization 
abnormalities, crucial for arrhythmia formation (74). Next, the model could be 
improved by the incorporation of static and dynamic ventricular repolarization. 
Furthermore, integration of our model with existing computational frameworks 
(digital twinning) may aid in identifying ablation targets and predict VT recurrences 
(risk stratification). Finally, structural-functional image modeling may be of value 
in novel emerging noninvasive ablation strategies, such as stereotactic cardiac 
radioablation (77,213). 

7.4.5 Study limitations
This was a proof-of-concept study based on one exemplary case. We aimed 
to first develop the model before recruiting more patients, which is currently 
ongoing. Firstly, although the ECGI VT activation map and exit site were acquired 
during the procedure, the study data were merged and analyzed retrospectively. 
The VT ablation procedure was not guided by our model. Secondly, anatomies 
were merged based on visual inspection. Advanced merging methods may 
further improve results of invasive EAM vs. ECGI / 3D-LGE CMR comparisons 
(199). Thirdly, we used an epicardial-only formulation of ECGI (51) which does 
not actively consider transmural fibrosis, although this method is most widely 
applied and the most extensively validated, see Chapter 2. Lastly, we used 
bright-blood validated LGE CMR thresholds for scar delineation in the ADAS3D 
program. However, upon further analysis, in this patient, altering this threshold 
affected EAM vs. CMR scar comparisons by < 1%. 

7.5 Conclusion

In this proof-of-concept study, we combined 3D-LGE CMR, CT and ECGI imaging 
modalities to develop a patient-tailored high-resolution noninvasive structural-
functional model to investigate VT substrate and trigger in a case of recurrent VT 
in the setting of ischemic cardiomyopathy. The model accurately pinpointed the 
VT exit site, collocated areas of structural and functional corridors and provided 
insight into scar transmurality and endocardial voltage characteristics. Beyond 
existing methods, our model encompasses beat-by-beat functional electrical 
information, such as dynamic 3D activation patterns of spontaneous ventricular 
ectopics and the VT circuit. 
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Supplementary Videos
Supplementary Videos are available at https://www.frontiersin.org/
articles/10.3389/fcvm.2023.1112980/full#supplementary-material

Supplementary Figures

Supplementary Figure 7.1: Simultaneous body-surface potential mapping and electro-
anatomical mapping during ventricular tachycardia (VT) ablation procedure.
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Supplementary Figure 7.2: Left-ventricular (LV) wall thickness analysis through con-
trast-enhanced multidetector computed tomography (CT). The basal inferolateral and 
apical aspects of the LV show wall thinning.

Supplementary Figure 7.3: Hypothesis on trigger-substrate interaction. Electrocardio-
graphic imaging (ECGI) and integration with 3D dark-blood late gadolinium enhancement 
cardiac magnetic resonance imaging (LGE CMR). A: 12-Lead electrocardiogram (ECG) of pre-
mature ventricular complex (PVC). B: Activation map of this PVC through ECGI. The crowded 
activation isochrones in the left lateral view, depicted in gray, suggest conduction block. C: 
Structural-functional image overlay of 3D dark-blood LGE CMR (Figure 7.4) and ECGI-derived 
activation map during PVC (B). 1, 2 and 3 indicate possible heterogeneous tissue corridors 
through which the ventricular tachycardia (VT) could have travelled to reach the exit site.
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In this Chapter, I provide a broader perspective on the findings described in this 
PhD thesis. Overall, the aims of my doctoral work were to better explain human 
ventricular tachyarrhythmias through multimodal image integration. Figure 8.1 
summarizes the major results that collectively demonstrate that multimodal 
image integration enables a better characterization of VT/VF substrates, 
improves risk stratification of SCA/SCD and can improve the diagnostic and 
therapeutic management of VT.

The General Discussion consists of two sections:

•  Section 8.1 focuses on the mechanistic understanding of VT, ad-
dressing concepts such as circular reentry, Coumel's triangle of 
arrhythmogenesis, and the novel framework “Circle of Reentry”. 

•  In Section 8.2, I address risk stratification and treatment for SCA/SCD 
by VT/VF. I discuss current clinical decision-making tools and man-
agement, and the challenges associated with identifying individuals 
at risk for SCD. Based on the findings of this thesis, I provide a sche-
matic for improved mechanism-based arrhythmia-risk prediction in a 
personalized manner.
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Figure 8.1: Summary of the major results of this thesis, achieved by multimodal image 
integration. Left: Chapter 5 and Chapter 6 have led to improved mechanistic understand-
ing of ventricular pathophysiology. Right: Chapter 2, Chapter 3 and Chapter 4 have led to 
improved experimental and clinical application of tools used to investigate cardiac electro-
physiology. Bottom: Chapter 7 has led to improved mechanistic understanding and clinical 
application of tools that assess pathological cardiac function and structure. 
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8.1 Mechanistic understanding of ventricular 

arrhythmogenesis

8.1.1 Concepts of reentry
The concept of reentry as a mechanism of VT was established by Mayer 
(214), Mines (215) and Garrey (216) in the early 20th century. They performed 
experiments in which they mechanically or electrically stimulated circular 
structures, such as Scyphomedusae (jellyfish) or tissue rings excised from turtle 
or fish hearts (see Figure 8.2A, left). This caused two excitation wavefronts 
to travel in opposite directions: one clockwise, the other counterclockwise. 
Propagation ceased at the opposite side of the circle where both wavefronts 
collided, as they both encountered refractory tissue (Figure 8.2A, middle). 
By blocking one wavefront near the stimulus site and allowing the other to 
propagate, the remaining wavefront could circulate indefinitely, generating a 
reentry wave (Figure 8.2A, right). 

In 1946, Wiener and Rosenblueth (217) mathematically formulated that the 
reentry wavelength is determined by multiplying the conduction velocity by the 
duration of the refractory period. For reentry to initiate and persist in circular 
tissue, the wavelength should not exceed the circumference of the circle to 
avoid encountering refractory tissue and "biting its own tail". This pioneering 
work revealed several key insights:

1. Unidirectional block is required for reentry-based arrhythmia forma-
tion and maintenance.

2. Shorter refractoriness increases the likelihood of reentry.
3. Slower conduction increases the likelihood of reentry.

 
In 1977, Allessie et al. demonstrated reentrant arrhythmias in rabbit atria without 
structural obstacles through microelectrode recordings (218,219) in either a 
circular fashion (Figure 8.2B) or a more complex figure-of-eight (Figure 8.2C). 
In the three-dimensional (3D) heart, the propagation of reentrant wavefronts is 
usually much more complex (see Figure 8.2D), and is influenced by anatomical, 
functional and structural tissue characteristics (220).
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Figure 8.2: Concepts of reentry, from simple (A) to more complex (D). A: reentry in a 
Scyphomedusa (jellyfish) by Mayer (214). Left: anatomical image. Middle: a stimulus is given 
at the top of the circle, causing simultaneous propagation of a clockwise and a counterclock-
wise wavefront. These collide at the bottom of the circle, and cannot propagate further as 
they both encounter refractory tissue. Right: If one wavefront is blocked close to the stimulus 
site, the other can travel indefinitely, causing a reentrant wave. B, left: Activation isochrones 
during functional reentry without an anatomical substrate in the rabbit atrium, as shown by 
Allessie et al. (219). Right: schematic view of the reentry (219). The reentry wave exhibits a 
centripetal character, with activation spreading in a circular motion, from the outer ring to 
its center. C: Figure-of-eight reentry by Allessie et al. (218) in which two circular wavefronts 
occur simultaneously. D: Activation mapping of a more complex clinical VT, by Martin et al. 
(221), where the course of the wavefront is dependent on 3D anatomical, functional and 
structural characteristics of the tissue.
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8.1.2 Coumel’s triangle of arrhythmogenesis
In 1987, Coumel (Figure 8.3) summarized three essential elements for clinical 
arrhythmia development (222,223). These consist of: 

1. The arrhythmogenic substrate. This refers to underlying conditions 
such as ischemic or nonischemic cardiomyopathy, or non-structural 
heart disease. 

2. The trigger. This represents the abnormal electrical excitation that 
initiates arrhythmia.

3. The modulating factors. These can influence the trigger, substrate, or 
their interactions. Typically, the autonomic nervous system acts as the 
modulating factor (224).

 
The presence and severity of these elements can vary over time. However, when 
their combination reaches a critical point, they can create a "perfect storm" 
precipitating arrhythmia.

Trigger

Substrate

Modulators

A

B

Substrate

Initiating factor

Autonomic nervous system

Arrhythmia

Figure 8.3: Coumel’s theory of arrhythmogenesis. A: Coumel’s original concept (223), show-
ing that “the substrate and the initiating factor should combine (star) to produce the clinical 
arrhythmia. The autonomic nervous system may generate or modify the substrate and the 
initiating factor, allow their combination, and influence the arrhythmia itself”. B: Adapted 
form of panel A, generally known as “Coumel's triangle of arrhythmogenesis”. Any clinical 
arrhythmia is the result of the interaction of three ingredients: the substrate, trigger, and 
modulators.
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8.1.3 The Circle of Reentry framework and the role of excitability

Recently, an advanced mechanistic framework for arrhythmia initiation was 
introduced by Cluitmans et al. (29), which integrates the concepts of reentry 
and Coumel's triangle to directly assess arrhythmia propensity based on 
spatiotemporal characteristics, see Figure 8.4. This framework, designated "the 
Circle of Reentry", consists of four elements (spatial vs. temporal, and substrate 
vs. trigger) influenced by modulators:

Substrate

1. Local dispersion of excitability. 
For example, myocardial areas of (relatively) short refractoriness 
neighboring areas of (relatively) long refractoriness can cause unidi-
rectional block.

2. The size balance between areas of excitable versus inexcitable myo-
cardium.  
A disbalance can cause a wavefront to die out at the threshold of in-
excitability, as it lacks sufficient time to travel to the other region. This 
also depends on its conduction velocity.

 
Trigger

3. The timing of the trigger relative to the local dispersion of excitability.  
Early triggers can cause unidirectional block, whereas late triggers 
can propagate without block. An example of an early trigger is repre-
sented by the "R on T" phenomenon on a 12-lead ECG, where (under 
pathological conditions) a (very) premature ventricular complex (PVC) 
during ventricular repolarization can result in VT/VF.

4. The origin of the trigger relative to the local dispersion of excitability.  
Triggers from early-excitable regions lead to unidirectional block 
more likely than those from late-excitable regions.

 
The Circle of Reentry enables a comprehensive assessment of arrhythmia 
propensity by considering these interconnected elements and their modulation. 
The resulting reentry can be singular, caused by a “mother rotor” (potentially 
leading to VT or VF), or consist of multiple (chaotic) wavelets (predisposing to 
VF) (225).
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8.1.3.1 Substrate
To assess substrate characteristics and arrhythmia propensity, catheter-based 
electro-anatomical mapping (EAM) and noninvasive ECG-imaging (ECGI) are 
particularly suitable as they record individual functional-structural characteristics 
of the heart (see Chapter 2 and Chapter 7). However, the determination of 
local recovery time (RT) from the unipolar electrogram (UEG) in any of these 
techniques has been a topic of debate, hindering assessment of ventricular 
electrical recovery. In Chapter 4, we addressed the controversy surrounding 
local RT determination from the UEG, proposing a unified assessment of 
repolarization, which is used further throughout this thesis. 

A thorough understanding of normal electrophysiology is crucial for 
comprehending arrhythmias. However, detailed analysis of ventricular 
electrophysiology in normal human subjects is sparse, particularly regarding the 
influence of sex and age. In Chapter 5, we used ECGI to expand our knowledge 
of localized electrical activation and recovery in normal individuals related to 
age, sex, and temporal dynamics. We found that despite normal ECGs, epicardial 
activation and recovery were profoundly different between individuals, but stable 
within an individual over time spans of seconds to minutes. Aberrant activation 
and recovery sequences were observed in subjects with bundle branch block 
or long-QT syndrome. These findings pave the way for further investigations of 
cardiac electrophysiology and VT/VF.

Importantly, in the context of tissue- or whole-heart arrhythmogenesis, 
excitability should be expressed with respect to a common reference in time. 
For example, the moment of end of local repolarization should be expressed 
in terms of RT (relative to a global common reference) rather than a local ARI or 
action-potential duration (APD; see also Figure 4.2) because relative changes in 
RT form dispersion of excitability. RT dispersion can be caused by heterogeneity 
in either AT (e.g., structural scar can cause zig-zag conduction through small 
conducting channels), ARI (e.g., macroscopic late-repolarizing areas can 
neighbor early-repolarizing areas in long-QT syndrome (64)), or both. These can 
result from structural or functional abnormalities (see Figure 8.5) and lead to 
unidirectional block.
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Figure 8.4, used from (29): The Circle of Reentry, by Cluitmans et al. A: Illustration of 
reentry in tissue. The tissue is color-coded for recovery time (RT, with the assumption that it 
resembles recovery from refractoriness). A premature beat from an early RT region (1) may 
be blocked by refractory tissue with a longer RT (2) and fail to activate the late RT region (3). If 
the early RT region is sufficiently large, the wavefront may propagate through it (4) while the 
late RT region recovers from refractoriness. When the wavefront arrives at the repolarized 
late RT region, this region can be reactivated (5). The wavefront can then travel back to the 
previously refractory region, now excitable (6), and restart the circuit (7). B: Original text: 
“The Circle of Reentry proposes four requirements for reentry arising from spatiotemporal 
interactions between trigger and substrate: (1) local dispersion of excitability (e.g., steep RT 
gradients), (2) a balance in size of the region of excitability and the region of inexcitability 
(e.g., sufficiently large region of early RT), (3) a trigger originating at a time when some tissue 
is excitable and other tissue is inexcitable (e.g., an early premature beat), and (4) which oc-
curs from an excitable region (e.g., from early RT region). Each of the four elements can be 
affected by modulators.” (29)
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1) Local dispersion of excitability
Increased spatial dispersion of excitability has been observed in dofetilide-
infused (226) and sotalol-infused (227) dog hearts before arrhythmia, in patients 
with ischemic or nonischemic cardiomyopathy and VT (228), in survivors of 
idiopathic ventricular fibrillation (74), in critical sites for VT in humans (87) and 
pigs (229) with ischemic heart disease, and in the ischemic zone and structural 
border zone of pigs with prior myocardial infarction (230). 
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Loc. A Loc. B

• Fibrosis (dense/border)
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• Source-sink mismatch
• Altered electro-

mechanical reciprocity
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 of AP duration
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Figure 8.5: Abnormal excitability can be caused by pathologies in two axes: changes 
in activation (top) or recovery (bottom), which can be structural (left) or functional 
(right). Normal action potentials are shown in solid, abnormal action potentials in dashed 
lines. Functional changes in excitability can be caused by drugs, genetic mutations, electro-
lyte imbalances, metabolic disorders, or mechanics. These lead to altered action potential 
(AP) upstroke, or duration. Structural changes in excitability can be caused by fibrosis, an-
atomical obstacles, source-sink mismatches, or mechanics. These lead to heterogeneous 
activation or AP duration. 

To illustrate the applicability of excitability dispersion to arrhythmia propensity, 
we applied ECGI in various cases with VT/VF: long-QT syndrome type 3 (LQT3, 
from Chapter 5), survivors of idiopathic ventricular fibrillation (IVF) and 
idiopathic VTs, ischemic cardiomyopathy (ICM, from Chapter 7) and twice in a 
subject with dilated cardiomyopathy and left bundle branch block (DCM; once 
the day of VT (DCM + VT), once a year later (DCM - VT)). See Figure 8.6A for their 
characteristics. 

Spatial dispersion of electrical recovery (defined as “RT dispersion”; standard 
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deviation of RTs over the ventricular epicardium) of these subjects was compared 
to controls, see Figure 8.6B-D. As illustrated in Figure 8.6B, RT dispersion can 
be caused by dispersion in either AT or ARI. In most disease conditions (LQT3, 
IVF, ICM, DCM + VT), it was higher than in controls. In the DCM - VT subject, RT 
dispersion remained relatively high but decreased a year after the VT episode 
(Left panel of Figure 8.6B, orange vs. yellow). We speculate that the subject’s 
substrate was affected by modulators in the (anti)arrhythmic setting, e.g., by 
medication and/or the decrease of concomitant myocardial ischemia or failure. 
Compared to controls, RT distribution curves were wider in LQT3 and IVF patients, 
and more binomial in ICM and DCM + VT subjects (Figure 8.5D). The patient 
with a DPP6 p.(Arg274His) missense mutation from Chapter 6 also exhibited 
increased RT dispersion with respect to controls, see Figure 6.5. Assuming that 
RT resembles excitability in these cases, we suggest that excitability dispersion 
was also increased in the subjects discussed above.

However, importantly, RT dispersion during sinus rhythm in a stable setting 
does not fully capture the complexity of excitability dispersion, as the latter is 
influenced by various modulating factors (231,232), activation pattern, coupling 
interval (227), and possibly, postrepolarization refractoriness (113). Finally, 
RT dispersion can be defined in different ways: e.g., localized late AT (e.g., in 
the right ventricular outflow tract, as in Figure 2.4 and Figure 6.5) may lead to 
localized late RT, but not necessarily to an increased standard deviation of RTs 
across the entire heart.

The mechanisms of excitability dispersion in different cardiac diseases have 
been widely investigated. In ischemic VT, increased RT dispersion at critical sites 
for VT or border zones is attributed to the spatially heterogeneous expression 
of ion-channel subunits, leading to heterogeneous APDs (230). Gap-junction 
function and connexin-43 kinetics are also altered at these critical sites (233). 
Site-directed connexin-43 gene transfer in a pig model of myocardial infarction 
reduced VT susceptibility (234), indicating the causal role of these factors in 
VT and suggesting that disease-induced remodeling is amenable for repair. In 
other pathologies, abnormal intracellular calcium handling leading to spatially 
discordant APD alternans plays a role in increased RT dispersion (235), which is 
likely multifactorial.  

In terms of specific localized vulnerability to reentry, early-repolarizing areas 
adjacent to late-activating areas are particularly vulnerable to reentry, see 
Figure 8.7. These areas exhibit a low "reentry vulnerability index" (RVI), which 
predisposes to unidirectional block (236–238). At least in some conditions, 
accurate mapping of RVI has the potential to make VT induction protocols 
obsolete, eliminating the risk of hemodynamic compromise. Prolongation of RT 
near infarct-border zones (which can be associated with low RVI (238) and VT 
exit) reduced the inducibility of VT in post-infarct pigs. These findings further 
validate RVI in identifying sites with increased susceptibility to VT (239,240). 
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Figure 8.6: Spatial dispersion of electrical recovery during sinus rhythm as measured 
by ECGI in subjects who experienced VT or VF, compared to controls. SR: sinus rhythm. 
LQT3: Long-QT syndrome type 3. IVF: idiopathic ventricular fibrillation. IVT: idiopathic ventric-
ular tachycardia. ICM: ischemic cardiomyopathy (see Chapter 7). DCM: dilated cardiomyop-
athy. NSVT: non-sustained VT. Mono-VT/Poly-VT: monomorphic/polymorphic VT. A: subject 
characteristics. The DCM subject was included twice: once on the day of VT, once a year later 
in a stable phase. B: Dispersion of RT, ARI and AT, calculated as their standard deviations over 
the entire epicardium, compared to controls (see Chapter 5). C: distribution of absolute RTs 
in different subjects. D: Distribution of RTs in different subjects, centered at an average value 
of 0. The average RR interval of all controls was 879 ms. Controls 14 and 12 had RR intervals 
of 771 ms and 979 ms, respectively. The RT dispersion of controls 14 and 12 closely matched 
the 33rd and 66th percentile of average RT dispersion of all controls, respectively.
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Figure 8.7: Schematic drawing of the reentry vulnerability index (RVI). A: An electrical 
stimulus is given at the left-hand side of the tissue. The dark red area denotes (tempo-
rarily) unexcitable tissue. The lower (light grey) part of the tissue has relatively short refrac-
toriness, whereas the upper (dark grey) part has longer refractoriness. When arriving at the 
bifurcation (right), the clockwise component of the wavefront will block against the area of 
longer refractoriness in the proximal location (PL). The counterclockwise component will trav-
el further up to the distal location (DL). This leads to either bidirectional block (B) or reentry 
(C), depending on the time difference between the recovery time (RT) at PL and the activation 
time (AT) at DL (with the assumption that RT resembles recovery from refractoriness). B: If 
ERP at PL exceeds AT at DL, RVI is larger than 0, leading to bidirectional block. C: If ERP at PL is 
exceeded by AT at DL, RVI will be smaller than one, leading to reentry. A lower RVI indicates 
a higher local risk of reentry. D: Clinical RVI-map adapted from Orini et al. (238) RVI is low-
est close to the VT site-of-origin (VT-SoO). E and F show unipolar electrograms (UEGs) at a 
non-vulnerable site and a vulnerable site, respectively.
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2) Balance between regions of excitability and inexcitability
The initial demonstration of such critical balance facilitating reentry was provided 
by Cluitmans et al. (72) In a computational model of the ventricular epicardium, 
they simulated shorter RT in part of the epicardium than the rest of the tissue. 
This difference was achieved by blocking the rapidly-activating delayed-rectifier 
potassium channel. Vulnerability to reentry increased if the surface area with 
early repolarization was close to that with late repolarization. Subsequently, 
Cluitmans et al. confirmed the importance of this ratio in survivors of idiopathic 
ventricular fibrillation (74), underscoring that a functional substrate in such 
patients can have severe arrhythmic consequences.

Based on the results of this thesis work, we pose that the balance between 
excitable and inexcitable regions can change throughout the recovery of a heart 
beat, and “early” vs. “late” recovery may occur on a continuous scale rather than 
a binary one (as in (functional) circle reentry, Figure 8.2A-B).

8.1.3.2 Trigger
Both the timing and location of the trigger play crucial roles in initiating reentry. 
Triggers for reentry can arise from distinct mechanisms of abnormal impulse 
formation: early and delayed afterdepolarizations (EADs and DADs) leading to 
triggered activity, abnormal automaticity, and repolarization gradient-induced 
reexcitation (241), as depicted in Figure 8.8. The first three cellular mechanisms 
are often related to modifications in membrane currents, whereas the last 
mechanism involves interactions with adjacent tissue. Under the right conditions, 
any of these mechanisms can lead to the occurrence of an extrasystole.

3) The timing of the trigger relative to the excitability dispersion
EADs typically occur during phase 2 or 3 of the cardiac action potential when 
the action potential duration is prolonged, e.g., in long-QT syndrome, during 
severe hypokalemia, or due to repolarization-prolonging drugs (242). These 
conditions cause an imbalance between depolarizing and repolarizing currents, 
effectively prolonging repolarization and promoting arrhythmia (243). EADs 
can also contribute to the dispersion of ventricular repolarization, affecting the 
substrate (244,245). 

DADs are depolarizing afterpotentials that occur after full repolarization. They 
can arise under various conditions that result in intracellular calcium overload 
and spontaneous release of calcium from the sarcoplasmic reticulum (14). 
DADs are notoriously difficult to record in the clinic, but likely underestimated 
as (contributing) arrhythmogenic triggers in the human heart. 

Abnormal automaticity refers to the pathological property of cardiac cells, other 
than normal pacemaker cells, that leads to spontaneous generation of action 
potentials via phase-4 depolarization. This can be modulated by an increased 
extracellular potassium concentration, alterations in the function or expression 
of IK1 channels (246), increased sympathetic activity and hypertrophic remodeling 
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leading to the expression of the pacemaker current If in myocytes. (247)

Repolarization gradient-
induced reexcitation

EADs

DADs

Abnormal automaticity

Extrasystole

1

2

3

Figure 8.8: Mechanisms of abnormal impulse formation. EAD: early afterdepolarization. 
DAD: delayed afterdepolarization. Bold arrows indicate abnormal impulse formation. EADs 
can arise during phase 2 or 3 of the action potential. In repolarization gradient-induced re-
excitation, a proximal site of activation (1) is reexcited because of a repolarization gradient 
opposing the direction of the initial activation wavefront (i.e., repolarization takes longer in lo-
cation 3 than in location 1, while the initial activation wavefront travelled from location 1 to 3). 
Strictly spoken, the latter is a reentrant mechanism based on abnormal impulse conduction.

While EADs, DADs, and abnormal automaticity are cellular phenomena, 
a critical minimal number of myocytes is required to propagate triggered 
action potentials such that they initiate an arrhythmia. The synchronization of 
depolarizations in time and space is necessary to reach this critical mass (245). 
E.g., it has been calculated that approximately 700,000 cells are required for 
EADs to produce a propagating wavefront in healthy tissue (248). Factors such 
as reduced gap junction conductance, fibrosis, reduced repolarization reserve, 
and electrical remodeling of the myocardium can significantly decrease the 
number of cells needed to produce propagating action potentials. Additionally, 
the His-fascicular-Purkinje system is more prone to triggered activity due to 
more “favorable” source-sink mismatches (248).

Furthermore, a significant repolarization gradient between adjacent regions can 
lead to the reexcitation of early-repolarizing tissue by late-repolarizing tissue, 
which is known as the "R-from-T" phenomenon (241). Such scenarios can arise 
during ischemia or possibly Brugada syndrome (phase 2 reentry (249)), long-
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QT syndrome, and other conditions that cause significantly heterogeneous 
repolarization (241). In any scenario, the high-potential area must be sufficiently 
large to reexcite the adjacent region due to source-sink mismatches. Early 
triggers such as EADs and reentrant excitation are more likely to elicit reentry 
than late triggers (29,74), although the initiation of reentry depends on the 
complex interplay of spatiotemporal characteristics, as captured in the Circle of 
Reentry.

4) Trigger origin relative to excitability dispersion
Triggers may initiate reentry more easily when they originate from early-
excitable regions (74), because those from late-excitable regions are less likely to 
experience unidirectional block. In postinfarct VT, triggers most often arise from 
within, or in proximity to, structural channels due to more favorable source-
sink mismatches (241). These sites are typically associated with an increased 
dispersion of excitation and generally more prone to reentrant mechanisms. 
Triggers from the Purkinje system, when located close to early-excitable 
myocardium, may also evoke reentrant arrhythmia. Abnormal activation 
of Purkinje fibers has been frequently observed in patients with idiopathic 
ventricular fibrillation (250).

8.1.4 The relevance of a personalized multimodal approach
In this thesis, I have demonstrated the importance of multimodal image 
integration in gaining a comprehensive understanding and assessment of 
cardiac electrophysiology and arrhythmogenesis. 

• In Chapter 4, I integrated findings from computational models, 
historical experimental studies and own investigations using contact 
mapping and ECGI to gain insights into repolarization in the unipolar 
contact electrogram. This integration led to a better understanding of 
the unipolar contact electrogram, and assessment of RT therein.

• Chapter 5 focused on activation and recovery maps in normal sub-
jects using ECGI, which integrates body-surface potential mapping 
and imaging of the heart/thorax. This electroanatomical integration 
enabled to contextualize normal electrophysiology on the ventricular 
epicardium and identify pathological deviations. I observed typical 
sites of first and last epicardial activation and repolarization and 
studied differences between left and right ventricles. I found aberrant 
and prolonged activation or repolarization in subjects with bundle 
branch block or long-QT syndrome. Moreover, I demonstrated that 
high-resolution patterns of activation and repolarization during sinus 
rhythm are variable between subjects, and that global characteristics 
are influenced by sex and age. The characteristics of an individual’s 
3D heart electrophysiology is highly personal and complex, influenced 
by many anatomical and functional characteristics such as the anat-
omy and function of the Purkinje network, the conduction system at 
large, the moderator band(s), papillary muscles, trabecularization and 
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false tendons, the autonomic nervous system; endocardial, transmu-
ral and epicardial differences in activation and recovery; underlying 
ion-channel expression; and hormone levels (see Figure 8.9). Patho-
logical conditions impacting any of these anatomical structures and 
physiological functions can increase an individual’s risk of VT/VF. This 
emphasizes the importance of complete multimodal phenotyping 
(preferably also under normal conditions) to determine arrhythmia 
susceptibility in a personalized manner.

• In Chapter 6, we integrated genetic information, patch clamp studies, 
computational modeling, ECG, and ECGI, to unravel the importance of 
the INa-Ito balance for ventricular arrhythmogenesis. We demonstrated 
that variants in the DPP6 gene can alter INa and Ito, affecting cellular and 
tissue electrophysiology in silico as well as in vivo. This translational 
integration, from cell to bedside, provided novel insights into the 
mechanisms underlying VT/VF in DPP6-variant positive patients.

• In Chapter 7, I presented a case study of ischemic VT, where I inte-
grated EAM, ECGI, ECG, CT, and CMR. By doing so, I revealed novel 
structural-functional relationships, e.g., by showing that concealed 
areas of slow conduction (in EAM) corresponded to structural het-
erogeneous tissue corridors (in CMR). Furthermore, the VT-exit site 
(as assessed from ECG, ECGI and EAM) aligned with the ends of 
CMR-identified structural corridors. 
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8.2 Risk stratification for and treatment of individuals at risk 

for SCD

8.2.1 Current identification of individuals at risk for SCD
Current clinical management aims at preventing any first occurrence of VT/VF 
(primary prevention) or subsequent episodes after an initial event (secondary 
prevention). See Figure 8.10 for a timeline of risk stratification for SCD.

ICDs are commonly implanted for the primary prevention of SCD, but it is 
challenging to select individuals at an intermediate risk for which the benefit 
of implantation outweighs short- and long-term complications. In patients 
with systolic heart failure, primary prevention typically relies on left-ventricular 
ejection fraction (LVEF) as a population-based clinical determinant. However, 
only 3-5% of implanted patients with reduced LVEF (<35%) receive appropriate 
ICD shocks annually, which is about equal to the number of ICD revisions 
(3%) (5,251). Secondary prevention is installed in case of previous VT/VF 
occurrence, resulting in varying rates of appropriate ICD therapy (20-58% in 5 
years, depending on disease etiology (252,253)). Thus, many patients undergo 
unnecessary ICD implantations. This aspect, combined with the high costs and 
the risk of complications (including inappropriate shocks (254)) continuously 
prompt attempts to improve arrhythmia risk prediction. Single population-based 
markers (LVEF or previous VT/VF occurrence) fail to accurately assess arrhythmia 
risk, which is multifactorial, disease-specific and highly individualized (255).

A more effective strategy involves risk stratification based on multiple markers 
specific to each disease. Risk calculators have been developed for primary 
prevention of SCD in several arrhythmogenic syndromes, improving accuracy in 
risk assessment (4,263–266). Some are included in the 2022 ESC Guidelines for 
the Management of Patients with Ventricular Arrhythmias and the Prevention 
of Sudden Cardiac Death (4). Risk calculators typically predict a 5-year risk 
of life-threatening VT/VF, and an arbitrary cutoff (e.g., 5%) is used to advise 
for or against ICD implantation. At this cutoff (5%), 19 out of 20 ICDs do not 
provide any therapy. Recent artificial intelligence (AI)-based approaches appear 
promising in predicting VT/VF recurrence, but they require further validation 
and incorporation of arrhythmogenic understanding (267).

Just like AI-based approaches, clinical risk-stratification models often lack the 
mechanistic characteristics of arrhythmias, such as those incorporated in 
the Circle of Reentry, which considers the three-dimensional structure of the 
arrhythmogenic substrate and individual patient-specific mechanisms. Factors 
such as 3D-scar location and density, activation and recovery heterogeneity, and 
trigger origin and timing play crucial roles (29), as demonstrated in Chapter 7, 
but are typically neglected in population-based statistical models. 



195

General Discussion

8

Conduction system
(Demoulin, 1972) 

Papillary muscle
connections
(Rivera, 2019) 

Anatomy and function
Purkinje network 

(Barber, 2021)

Trabecularization
and false tendons

(Gonzalez-Martin, 2023)

Anatomical and functional characteristics of the
apparently normal human heart that may influence

an individual’s risk of VT/VF 

Moderator band
(Sadek, 2015)

Autonomic
Nervous system
(Shivkumar, 2016)

Activation and recovery
Epicardial act.+rec.

(Stoks, 2023) 

Epicardial +
transmural act.

(Durrer, 1970) 

Ion channel
expression 

(Opthof, 2017)

Hormone
levels

(Jonsson, 2010)

Figure 8.9: Anatomical and functional characteristics of the apparently normal hu-
man heart that may influence an individual's risk of VT/VF. Images reproduced from 
(117,118,256–262) and Chapter 5. Potential arrhythmia propensity is multifactorial and 
highly individual, even in the absence of pathology.
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Mechanism-based approaches to predict SCD risk generally enhance risk 
stratification and improve SCD treatment (208,268–270), but require validation 
in large patient populations. The results of this thesis (see Chapter 5-Chapter 
7) highlight the highly individual characteristics of ventricular electrophysiology 
and propensity to arrhythmias, thereby suggesting that mechanism-based 
approaches are more accurate for personal risk stratification than population-
based methods.

8.2.2 Current treatment of individuals at risk for SCD
Treatment options for (the prevention of) ventricular tachyarrhythmias include 
ICDs, antiarrhythmic drugs (AADs), ablation of the arrhythmogenic substrate, 
wearable cardioverter-defibrillators, and in some cases neuroaxial modulation 
of the heart. Besides, the importance of adequate (upstream) heart-failure 
treatment should always be emphasized in the right patients. 

ICDs are effective in reducing mortality from VT/VF (271,272) but do not prevent 
arrhythmia onset. Wearable cardioverter-defibrillators offer a temporary 
solution for patients at risk of SCD who are not currently eligible for an ICD or 
when the perceived elevated risk is only transient (4,273). 

The choice of specific AADs depends on patient characteristics and disease 
etiology. Amiodarone is generally considered the most effective AAD against VT 
recurrence (272,274,275), but may increase all-cause mortality in ICD carriers (6) 
and can have considerable side-effects, including proarrhythmic actions in some 
patients. Amiodarone has several mechanisms of action. Among those are ERP 
prolongation and conduction slowing, thereby reducing reentry wavelength. 

Although AAD treatment could be personalized, at least partly, by considering 
the potential arrhythmogenic mechanisms of action in an individual, it is often 
applied as a “one size fits most approach”, i.e., not tailored to the known/
retrievable mechanistic details of the case. 

Ablation of the arrhythmogenic substrate is most often based on EAM or the 
results of programmed electrical stimulation to identify critical areas for VT 
formation and maintenance. Localized catheter-based treatment, typically 
through radiofrequency ablation, disrupts the conduction of wavefronts 
underlying arrhythmia. Despite encompassing empirical 3D information, 
catheter ablation for VT is still accompanied by relatively high (30-40% within 
1-2 years (6,181)) recurrence rates. This relatively modest efficacy may be 
increased by considering the components of the Circle of Reentry such as local 
tissue recovery or structural-functional characteristics by multimodal image 
integration as illustrated in this thesis (Chapter 7).
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8.2.3 Challenges in SCD risk stratification 

8.2.3.1 The variability of arrhythmia propensity over time
Arrhythmia propensity varies over time. Modulators can temporarily or 
permanently affect the trigger, substrate, or their interactions, see Figure 8.3. 
Modulators include the autonomic nervous system (223) humoral and paracrine 
factors (262), which may influence the substrate (262,276) and the occurrence 
of triggers (277). Likewise, changes may occur in myocardial wall thickness and 
scar architecture, beat-to-beat repolarization (278–280), and circadian activation 
and repolarization (232).

Monitoring the time-varying influence of trigger and substrate can be 
achieved through repeated or prolonged recordings of electrocardiographic/-
physiological parameters (such as Holter monitoring (223)) conducted under 
various conditions (such as exercise stress testing or provocation testing with 
ECG or ECGI). However, repeated recordings only capture snapshots of the 
dynamic trigger-substrate interactions, and modalities that allow for prolonged 
recordings often lack spatial resolution. While high-resolution mechanistic 
methods may offer accurate risk assessment at a specific moment, its variance 
over time introduces significant uncertainty. To address this, one can introduce 
small variations in model parameters. This is also illustrated in Figure 8.10, 
in which temporal changes should be considered in future risk stratification 
models.

8.2.3.2 Updating of risk stratification models
Risk stratification models require to be updated with contemporary data 
and definitions. Our understanding of measurement techniques and disease 
mechanisms evolves over time. For example, in Chapter 4, we discussed the 
historical variations in determining local RT, a crucial factor in arrhythmogenesis. 
Other evolving insights include shifting paradigms on the recognition of distinct 
electrophysiological properties of the midmyocardial (M-)cell (281,282); the 
discrepancies between cellular, wedge, and in vivo measurements (95,229); 
T-wave genesis on the 12-lead ECG being attributed to transmural repolarization 
gradients (283–285); and the measurement of the monophasic action potential 
(30,286). 

Furthermore, disease progression, treatments, and associated risks for SCD 
can change over time. For example, improved long-term and short-term 
prognosis in ST-elevation myocardial infarction reflect advancements in disease 
management (287). Definitions of arrhythmia syndromes, including idiopathic 
ventricular fibrillation have also evolved (288). SCD risk-stratification models 
should also consider technological advancements in imaging modalities, 
including spatial and temporal resolution, imaging protocols, signal quality, and 
software updates. Keeping pace with these technical aspects is essential for 
maintaining the relevance and accuracy of risk stratification models.
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Figure 8.10: Timeline of SCD prevention. In the past, a single marker (e.g., reduced LVEF 
in (suspected) cardiomyopathy, the occurrence of a major arrhythmic event, or familial SCD 
in case of (suspected) primary electrical disease) was used to assess SCD risk, based on 
large cohort studies and with limited specificity (4,5,289,290). At present, risk stratification 
is becoming more accurate, as disease-specific multivariate models are increasingly being 
developed and used (4,264–266). Recent developments in computer simulations take the 
patient-specific 3D scar architecture into account and are promising in small cohorts for 



199

General Discussion

8

SCD risk stratification and treatment (208,268). In the future, SCD risk stratification will ben-
efit from further personalization by multimodality integration, e.g., functional electrical pa-
rameters and possibly mechanics, besides anatomical-structural characteristics. With time, 
risk stratification methods will progressively gain in mechanistic knowledge and will become 
more accurate, but may also turn more complex and expensive.

8.2.4 Future outlook: mechanism-based risk stratification and 
treatment for SCD 

8.2.4.1 Personalized 3D computational heart models 
In recent years, computational approaches have emerged that utilize 3D 
information (e.g. from CMR) to simulate VT propensity (208,268). Different 
from statistical risk calculators, these approaches offer personalized and high-
resolution mechanistic insights. Virtual stimuli are provided to a personalized 
3D-heart model generated from late gadolinium-enhanced CMR, after which the 
occurrence of VT in the personalized model is assessed. 

In limited populations of patients with old myocardial infarction, these 
personalized mechanistic approaches showed four times greater success 
in predicting VT occurrence than when using LVEF (268). Subsequent studies 
extending these simulations to other arrhythmogenic syndromes have also 
demonstrated promising results (269,270,291,292). These findings suggest that 
a personalized and mechanistic approach is more accurate than population-
based statistical models for risk stratification in primary prevention of SCD, but 
obviously this requires confirmation in larger patient numbers.

8.2.4.2 The relevance of a personalized multimodal approach
In Chapters 5-7 I showed that multimodal image integration of structural and 
functional imaging can be synergistic and improves mechanistic understanding 
of 3D individualized electrophysiology and VT arrhythmogenesis. Thus, adding 
patient-specific electrophysiological parameters (e.g., from EAM, ECGI, or ECG) 
into 3D heart models can lead to:

• More accurate (personalized) activation and recovery characteristics. 
For example, see Chapter 5, in which activation and repolarization 
patterns during sinus rhythm are highly variable between subjects. 

• The widening of its applicability to non-structural heart disease, as in 
Chapter 6. Various substrate characteristics are not visible on CMR 
but may be revealed by ECGI (64,73,74), contact electrogram mapping 
or ECG.

• Accurate pinpointing of the location and timing of arrhythmia triggers, 
as exemplified in Chapter 7. 

To enhance the accuracy of personalized models, multimodal assessment could 
be further expanded. For example, cardiac mechanics, including mechano-
electrical reciprocity, could be incorporated as it contributes significantly to 
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arrhythmogenesis, at least in some arrhythmia syndromes (244). Other examples 
include DNA diagnostics, cellular current characterization (see Chapter 6), 
CT wall thickness analyses (see Chapter 7), and the integration of positron 
emission tomography (PET) and artificial intelligence into existing CMR-based 
computer models (270). Ideally, from a patient perspective, noninvasive data 
from modalities such as ECGI, ECG, CT, and CMR will form the basis of 3D heart 
models. However, some of these modalities (such as ECGI) may still provide 
less accurate information compared to invasive counterparts, as discussed in 
Chapter 2.

The addition of any modality into personalized risk assessment may render 
models more accurate, but also more complex and costly, see Figure 8.10. 
Consequently, for clinical decision-making in which cost-efficiency, time-efficiency 
and ease-of-use are important, the number of modalities to incorporate in an 
individual 3D heart model should remain limited to maintain simplicity (293). 

8.2.4.3 Mechanism-based and noninvasive therapies
An overview of current and future treatment options for VT/VF is shown in Figure 
8.11. The development of personalized 3D (multimodal) heart models enables 
further exploration of mechanism-based localized therapy for VT/VF. Examples 
of such therapies include catheter ablation of a functional repolarization 
substrate, regional infusion of repolarization-altering drugs, and gene therapy, 
which have proven effective in animal models (234,237). While challenges remain 
for practical and long-term use in humans, these local therapies show promise. 

Noninvasive stereotactic arrhythmia radioablation (STAR) has emerged as a 
promising alternative to conventional catheter ablation for VT/VF (77,294,295). 
STAR delivers radiotherapy noninvasively to critical sites involved in VT/VF 
formation and maintenance, similar to treating primary tumors such as lung 
or prostate cancer. It is particularly beneficial for patients who cannot undergo 
or have failed catheter ablation due to factors such as age, frailty, advanced 
heart failure, or comorbidities. Small-scale trials have demonstrated an 
impressive >85% reduction in VT burden when conventional catheter ablation 
fails (77,294,295). The MUMC+ is the main regional referral center for STAR in 
the south of The Netherlands, where the first patient was recently treated. The 
MUMC+ is part of a larger European consortium known as STOPSTORM (213).

Accurately identifying the critical VT substrate to target is crucial. For STAR, the 
critical substrate is typically delineated based on information from a previous 
invasive EAM. However, the EAM is typically obtained before the catheter 
ablation, which itself alters tissue characteristics. Furthermore, the EAM may 
not precisely reflect the current state of the substrate on the day of the STAR 
procedure, due to the effects of modulators and electrical remodeling, see 
Figure 8.3 (223,254). Acquiring a novel EAM just prior to the STAR procedure 
provides current and accurate substrate information, but comes with high costs 
(182) and complication rates. Finally, such lengthy and invasive procedures are 
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less appropriate in the targeted (frail) patient population. 

Personalized multimodal noninvasive delineation of the critical cardiac substrate 
using 3D heart modeling can address these challenges. The co-localization of the 
end of structural heterogeneous tissue corridors by 3D CMR (as in Chapter 7) 
with functional late-activated or early-repolarized areas by ECGI (see Chapters 
3-5) could denote areas of low RVI which are susceptible to VT/VF formation. 
This approach has the potential to enhance the accuracy and applicability of 
STAR, improving its effectiveness as a treatment option. 
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High-resolution 
diagnostics for ablation
(NIPS, ECGI, CT, CMR, ...)

Standard clinical workup
(ECG, echocardiogram,
exercise stress test, ...)

Present Future

Therapeutic managementDiagnostic management

Pharmacological therapy
(beta blockers, calcium antagonists, 
class I antiarrhythmics, amiodarone, 

sedation, ...)

Noninvasive
radioablation

(STAR)

PES/EAM
(activation/voltage mapping)

Invasive catheter ablation
ICD (antitachycardiapacing/
cardioversion/defibrillation)

Present Future

Noninvasive

Invasive

Neuroaxial
modulation

EAM
(repolarization/RVI mapping)

Figure 8.11: Current and future diagnostic (left) and therapeutic (right) manage-
ment options for VT/VF. Top panels in green indicate noninvasive management options, 
bottom panels in red indicate invasive ones. Each column contains a time-axis from pres-
ent to future. The height of each green/red panel indicates the relative importance of that 
management option. I expect that noninvasive high-resolution diagnostics for ablation, non-
invasive radioablation, invasive repolarization/RVI mapping (see Section 8.1.3.1) and neu-
roaxial modulation will play an increasing role in the future, while conventional diagnostic 
and therapeutic management will remain as important for treatment of VT/VF. NIPS: nonin-
vasive programmed stimulation (by ICD). STAR: stereotactic arrhythmia radioablation. PES: 
programmed electrical stimulation. EAM: Electroanatomical mapping.
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8.3 Conclusion

Mechanistic understanding of ventricular electrophysiology and 
tachyarrhythmias can be addressed by multiple theoretical frameworks such as 
the generalized Coumel’s triangle of arrhythmogenesis and the Circle of Reentry. 
Such understanding forms the basis to improve risk stratification and treatment 
for ventricular tachyarrhythmias.

Current clinical methods for SCD risk stratification lack accuracy. Recent 
mechanism-based approaches to risk stratification and treatment of individuals 
at risk for SCD seem highly promising. However, for clinical implementation, it 
is important to maintain model simplicity and take inherent uncertainties into 
account.

In this doctorate thesis, I have shown that multimodality image integration allows 
to better explain human ventricular tachyarrhythmias, by addressing ventricular 
pathophysiology and advancing the assessment of cardiac structure and 
function. This can improve diagnostic and therapeutic management. Multimodal 
image integration provides a personalized approach to arrhythmia mechanisms 
and has the potential to enhance the effectiveness and noninvasiveness of 
current and emerging (noninvasive) therapies. 
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Summary

In the studies for this doctorate thesis, I apply multimodal image integration 
to better explain human ventricular tachyarrhythmias (VT). The findings of 
this thesis improve mechanistic understanding of the electrophysiology and 
pathology of the human ventricles and advance the assessment of cardiac 
structure and function. Chapter 1 gives a general introduction to the main 
topics of cardiac arrhythmogenesis and multimodal research to investigate 
cardiac electrophysiology and electropathology. 

In Chapter 2, I provide a state-of-the-art review of the history, advantages 
and challenges, validation studies, applications, and future directions of 
electrocardiographic imaging (ECGI). ECGI is a noninvasive method that 
reconstructs electrical activity at the heart level. It provides unique anatomy-
related insights into cardiac electrophysiology. Validation studies show 
moderate-to-good accuracy. ECGI is mainly used in research for studying disease 
mechanisms, identifying arrhythmogenic substrates, optimizing therapy, and 
for multimodal image integration, e.g., to improve the outcomes of catheter 
ablation or cardiac resynchronization therapy. For a more widespread clinical 
implementation, further maturation is required in terms of standardization, 
ease of use, and external validation of previous study results. In my view, ECGI's 
potential lies in personalized insights through integration with other modalities.

In Chapter 3, I address standardized visualization of ECGI and quantification 
of its technological uncertainties. In Section 3.2, I present our open-source 
algorithm Universal Ventricular Bullseye Visualization (UNISYS), which provides 
a standardized visualization of any kind of single-layer ventricular data. Being 
aligned with the anatomy of the heart, UNISYS aids in the (clinical) interpretation 
and standardization of ECGI. Furthermore, in Section 3.3, I identify variability in 
inverse reconstruction between and within systems. Electrical recovery time (RT) 
estimation is most variable within and between lead sets, which is caused by 
noisy and low-amplitude signals, as well as regions of a T-wave polarity switch. 
Finally, in Section 3.4, I investigate the impact of using a static diastolic geometry 
on the inverse solution by comparing epicardial potential maps and isochrones 
on systolic and diastolic geometries. Inverse solutions of these geometries 
generally agree, but local differences in recovery can result from low-amplitude 
epicardial T-waves.

In Chapter 4, I address the long-lasting controversy on what is the optimal 
determination of RT from the intracardiac unipolar electrogram (UEG). I show 
that the Wyatt method, which defines RT as the moment of steepest UEG T-wave 
upslope, is the most accurate to determine RT from invasive and noninvasive 
UEGs, based on novel and historical analyses. This unifies RT measurement (and 
thereby improves its accuracy) in basic and clinical settings. 

In Chapter 5, I characterize the natural variation of cardiac electrical activation 
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and recovery using ECGI in 22 normal subjects. As part of these analyses, I 
evaluate the influence of sex, age, stability over time, and several pathologic 
conditions affecting cardiac activation or repolarization. I obtain novel insights 
in (localized) differences in activation and repolarization between individuals, 
sexes, and age groups. Although all subjects had a normal 12-lead ECG, their 
underlying epicardial activation and recovery patterns can be profoundly 
different. Beat-to-beat epicardial activation and recovery remain stable within a 
subject over minutes of time. This paves the way for further investigations into 
the dynamics of cardiac electrophysiology and pathologies.

In the studies for Chapter 6, we identify several DPP6 missense variants 
associated with long-QT syndrome (LQTS) and J-wave syndrome (JWS). Through 
a series of translational experiments, we show that DPP6 regulates INa and Ito 
in a reciprocal manner, and we investigate its consequences at the tissue and 
organ level. The variants linked to JWS lead to decreased conduction velocity in 
the right-ventricular outflow tract, whereas the variants linked to LQTS lead to 
dispersed and rather prolonged repolarization. This advanced understanding 
of the genetic basis of proarrhythmia and ventricular fibrillation will improve 
risk stratification for individuals with DPP6 variants and potentially aid the 
development of targeted therapy. DPP6 genotyping should be considered in 
case of (suspected) cardiac INa / Ito pathology without apparent other cause.

In Chapter 7, I present a personalized noninvasive 3D model that incorporates 
high-resolution structural and electrical information for the management of 
VT. The model accurately pinpoints the VT exit site in a patient with ischemic 
cardiomyopathy and recurrent arrhythmia, collocates areas of structural 
and functional corridors and provides insights into scar transmurality and 
endocardial voltage characteristics. This proof-of-concept study enhances 
our mechanistic understanding of scar-related VT and provides an advanced, 
noninvasive roadmap for catheter ablation.

Chapter 8 contains a broader perspective on the findings of this thesis. 
Theoretical frameworks such as Coumel’s triangle of arrhythmogenesis and the 
Circle of Reentry aid in our understanding of VT (including ventricular fibrillation) 
mechanisms, which are personalized and influenced by many anatomical 
and functional characteristics. Multimodal image integration enhances our 
understanding of VT, based on the combined personalized assessment of 
cardiac structure and function. Personalized mechanism-based approaches 
show promise for identifying and treating subjects at risk for sudden cardiac 
death (SCD), although any risk stratification model comes with inherent 
challenges. In the future, personalized noninvasive multimodal assessment of 
electrical activation/recovery on heart anatomy will likely play a larger role in the 
diagnostic and therapeutic management of patients with VT. 
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Samenvatting

In dit proefschrift pas ik multimodale beeldintegratie toe om ventriculaire 
tachyaritmieën (VT) in mensen beter te verklaren. De bevindingen van dit 
proefschrift verbeteren het mechanistische begrip van de elektrofysiologie 
en pathologie van de menselijke hartkamers, evenals de beoordeling van 
hartstructuur en hartfunctie. Hoofdstuk 1 geeft een algemene inleiding op 
de belangrijkste onderwerpen van cardiale aritmogenese en multimodaal 
onderzoek om de cardiale elektrofysiologie en -pathologie te onderzoeken.

In Hoofdstuk 2 geef ik een actueel overzicht van de geschiedenis, 
voordelen en uitdagingen, validatiestudies, toepassingen en toekomstige 
ontwikkelingsrichtingen van elektrocardiografische beeldvorming 
(electrocardiographic imaging, ECGI). ECGI is een techniek om elektrische 
activiteit op 3D hartniveau te reconstrueren. Het biedt unieke inzichten met 
betrekking tot de elektrofysiologie van het hart, gerelateerd aan de anatomie. 
Validatiestudies tonen dat ECGI een redelijke tot goede nauwkeurigheid kent. 
ECGI wordt voornamelijk gebruikt in onderzoek om ziektemechanismen te 
bestuderen, aritmogeen substraat te identificeren, therapie te optimaliseren 
en voor multimodale beeldintegratie, bijvoorbeeld om de uitkomsten van 
katheterablatie of cardiale resynchronisatietherapie te verbeteren. Voor een 
bredere klinische implementatie zijn verdere ontwikkelingen in standaardisatie, 
gebruiksgemak en externe validatie van eerdere onderzoeksresultaten vereist. 
In mijn optiek ligt het potentieel van ECGI in gepersonaliseerde inzichten door 
integratie met andere modaliteiten.

In Hoofdstuk 3 behandel ik gestandaardiseerde visualisatie van ECGI-uitkomsten 
en de kwantificering van de onzekerheid die gepaard gaat met de ECGI-technologie. 
In Sectie 3.2 presenteer ik ons open-source algoritme “Universal Ventricular 
Bullseye Visualization” (UNISYS), dat een gestandaardiseerde visualisatie biedt 
voor elk type enkellaagse ventriculaire gegevens. UNISYS helpt bij de (klinische) 
interpretatie en standaardisatie van ECGI. In Sectie 3.3 identificeer ik variabiliteit 
van inverse reconstructie tussen en binnen verschillende elektrodensets. 
De bepaling van repolarisatietijd (RT) is het meest variabel binnen en tussen 
elektrodensets, wat wordt veroorzaakt door signalen met lage amplitude en 
ruis, evenals door regio's met een omschakeling van de T-golf polariteit. Ten 
slotte, in Sectie 3.4 onderzoek ik de impact van het gebruik van een statische 
diastolische geometrie op de inverse reconstructie, door epicardiale potentialen 
en isochronen op systolische en diastolische geometrieën te vergelijken. Ik toon 
dat inverse reconstructies van deze geometrieën globaal gezien overeenkomen, 
maar dat lokale verschillen in RT kunnen voortkomen uit epicardiale T-golven 
met lage amplitude.

In Hoofdstuk 4 behandel ik de langdurige controverse over wat de optimale 
bepaling van de RT is vanuit het intracardiale unipolaire elektrogram (UEG). 
Ik toon aan dat de Wyatt-methode, die RT definieert als het moment van de 
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maximale afgeleide van de T-golf, de meest nauwkeurige is om RT te bepalen uit 
invasieve en niet-invasieve UEG's, gebaseerd op nieuwe en historische analyses. 
Dit verenigt de meting van RT (en verbetert daarmee de nauwkeurigheid) in 
onderzoeks- en klinisch verband.

In Hoofdstuk 5 karakteriseer ik de natuurlijke variatie in elektrische activatie 
en herstel in het hart met behulp van ECGI bij 22 normale proefpersonen. 
Als onderdeel van deze analyses evalueer ik de invloed van geslacht, leeftijd, 
stabiliteit over tijd en verschillende pathologische aandoeningen die van invloed 
zijn op de epicardiale activatie of het herstel. Ik verkrijg nieuwe inzichten in 
(gelokaliseerde) verschillen in activatie en herstel tussen individuen, geslachten 
en leeftijdsgroepen. Hoewel alle proefpersonen een normaal 12-kanaals 
ECG hebben, toon ik aan dat hun onderliggende epicardiale activatie- en 
herstelpatronen sterk kunnen verschillen. Epicardiale activatie en herstel bleven 
stabiel binnen een proefpersoon gedurende enkele minuten. Dit opent de weg 
voor verder onderzoek naar de dynamiek van de cardiale elektrofysiologie en 
pathologieën.

In Hoofdstuk 6 identificeren we verschillende DPP6 missense varianten die 
geassocieerd zijn met het lange-QT-syndroom (LQTS) en het J-golf-syndroom 
(JWS). Door middel van een reeks translationele experimenten tonen we aan 
dat DPP6 INa en Ito wederkerig reguleert, en we hebben de gevolgen hiervan op 
weefsel- en orgaanniveau onderzocht. De varianten die aan JWS zijn gekoppeld, 
leiden tot een verminderde geleidingssnelheid in de uitstroombaan van 
het rechterventrikel, terwijl de varianten die aan LQTS zijn gekoppeld, leiden 
tot verspreide en verlengde repolarisatie. Dit geavanceerde begrip van de 
genetische basis van pro-aritmie en ventrikelfibrilleren zal de risicostratificatie 
voor personen met DPP6-varianten verbeteren en mogelijk bijdragen aan de 
ontwikkeling van gerichte therapie. DPP6-genotypering moet worden overwogen 
in geval van (vermoedelijke) cardiale INa/Ito-pathologie zonder duidelijke andere 
oorzaak.

In Hoofdstuk 7 presenteer ik een gepersonaliseerd niet-invasief 3D-model 
dat hoge-resolutie structurele en elektrische informatie samenbrengt voor 
de behandeling van VT. Het model lokaliseert nauwkeurig de oorsprong 
van VT in een patiënt met ischemische cardiomyopathie en recidiverende 
kamerritmestoornissen, identificeert structurele en functionele gebieden waar 
de VT doorheen kan propageren, en verschaft inzichten in de transmuraliteit 
van littekenweefsel en endocardiale voltages. Deze proof-of-concept studie 
verbetert ons mechanistisch begrip van infarctgerelateerde VT en biedt een 
geavanceerde, noninvasieve routekaart voor katheterablatie.

Hoofdstuk 8 biedt een bredere kijk op de bevindingen van dit proefschrift. 
Theoretische kaders zoals Coumel's driehoek van aritmogenese en de Cirkel 
van Re-entry dragen bij aan ons begrip van VT-mechanismen (waaronder 
ventrikelfibrilleren), die worden beïnvloed door vele anatomische en functionele 
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kenmerken. Multimodale beeldintegratie versterkt ons begrip van VT, omdat 
hiermee de gepersonaliseerde beoordeling van de cardiale structuur en 
functie worden gecombineerd. Gepersonaliseerde mechanisme-gebaseerde 
benaderingen voor het identificeren en behandelen van personen met een risico 
op plotselinge hartdood (SCD) zijn beloftevol, hoewel elk risicostratificatiemodel 
inherente uitdagingen met zich meebrengt. In de toekomst zal gepersonaliseerde 
noninvasieve multimodale beoordeling van elektrische activatie/elektrisch 
herstel op de hartanatomie waarschijnlijk een grotere rol spelen in de diagnostiek 
en therapeutische behandeling van patiënten met VT. 
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Impact

In this PhD thesis, I apply multimodal image integration to improve the 
understanding and management of potentially-lethal human ventricular 
tachyarrhythmias by the combined assessment of cardiac structure and function. 
The results of my work can aid the indication, timing and focus of ablation for 
ventricular tachycardia. Being trained in Technical Medicine (MSc), my scientific 
contributions should be contextualized within the broader framework of 
global developments in the field of medical technology, specifically cardiac 
electrophysiology, medical imaging, personalized computational heart modeling 
and artificial intelligence. 

In Chapter 2, I provide a state-of-the-art review of the history, applications and 
future perspectives of electrocardiographic imaging (ECGI). Noninvasive ECGI 
has significantly advanced our insights of the electrical activity of the heart. 
However, further development, reproducibility, standardization and user-
friendliness are necessary for ECGI's widespread clinical adoption. The contents 
of this Chapter inform clinicians and engineers about the benefits and pitfalls of 
ECGI, because only an in-depth understanding of both will allow for reasonable 
use of ECGI and careful interpretation of the data in clinical context. Moreover, 
we identify areas where further research is required. This can guide future 
studies into the technological advancement and standardization of ECGI, by 
academia and industry. Such advancements can in turn improve ECGI’s clinical 
application, and therefore, personalized medicine and the understanding and 
treatment of cardiac arrhythmia syndromes. This Chapter is published in an 
open access book discussing the heritage and promise of electrocardiography 
and electrophysiology. The book is freely available (ISBN 978 90 67677 82 0).

In Section 3.2, I introduce a novel algorithm (UNISYS) that provides a standardized 
visualization and representation of any kind of single-layer ventricular data, 
e.g., electrical, mechanical, structural, or a combination of those. This can 
aid in the interpretation of results obtained by ECGI and other techniques 
involving ventricular anatomy. For example, regional electrical properties can 
be compared between subjects in a standardized manner by using UNISYS, 
such as in Chapter 5. Furthermore, UNISYS aids in the integration of multiple 
modalities, e.g., echocardiographic and ECGI-based measurements of the 
heart. Thus, UNISYS advances image integration in cardiology and therefore 
the understanding and management of heart disease. UNISYS can be of use 
to engineers, scientists and clinicians and is openly available at http://ecg-
imaging.org/software/visualization-tools. The relevance of this tool is further 
demonstrated by the fact that world-wide at least five different research groups 
are currently (October 2023) using the algorithm routinely, helping to achieve 
standardization in the field. Furthermore, in Section 3.3, I identify the influence 
of using a static diastolic geometry on the inverse solution of ECGI. Although the 
heart is a contracting and moving organ, it is commonly approximated in a static 
diastolic state in ECGI. I show that the impact of this approximation is low in 

http://ecg-imaging.org/software/visualization-tools
http://ecg-imaging.org/software/visualization-tools
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general, but local deviations in electrical recovery time (RT) determination may 
occur, mainly because of flat or noisy epicardial T-waves. These deviations seem 
unrelated to the heart’s contraction. Consequently, imaging of the heart anatomy 
for ECGI can be achieved with limited scanning time and radiation exposure, 
underpinning current practice. In Section 3.4, I investigate the variability in 
inverse reconstruction within one lead set, and between different lead set 
configurations. I show that in general, between-lead set variability is higher than 
within-lead set variability, except for RT determination. Variability of RT may 
be difficult in case of flat or noisy epicardial T-waves. The findings of Sections 
3.3 and 3.4 aid in the interpretation of ECGI by engineers and clinicians, by 
quantifying the complexities that come with two of its common approximations, 
and by better identifying the difficulties in RT determination. This further aids 
in the standardization of ECGI. The technical aspects of these findings may 
also be of use to other medical inverse problems, such as the reconstruction 
of electrical activity on the brain or stomach, and therefore also contribute to 
future research in neuroscience, and gastroenterology. The findings of Chapter 
3 were published as 3 papers in Computing in Cardiology, thus reaching a broad 
audience of engineers and scientists in cardiovascular medicine. 

In Chapter 4, I address the long-lasting controversy on the determination of 
RT from the intracardiac unipolar electrogram and ECGI. Accurate assessment 
of RT is crucial for understanding cardiac conditions related to (regional) 
abnormal electrical activity. Through novel and historical analyses, I identified 
the Wyatt method to be the most accurate for determining RT, which unifies 
RT measurement in experimental and clinical settings and thereby defines a 
standard for future studies in the field. This will aid basic and clinical scientists, 
and clinicians, to better examine and understand cardiac electrical recovery in 
patients. Even though it is known that local RT plays a crucial role in cardiac 
arrhythmia syndromes, it is often not considered in their clinical treatment, 
which could in part be caused by the controversy regarding the determination of 
RT. The unification of RT measurement can thus improve diagnostic assessment, 
treatment, risk prediction and management of cardiac arrhythmias and other 
repolarization-dependent conditions of the heart. As the measurement of 
repolarization in the heart requires clinical protocols and technological aspects 
that are different from conventional mapping procedures, the findings of 
this Chapter may also influence the development of mapping protocols and 
technology by industry. Chapter 4 was published in Frontiers in Physiology, a 
multidisciplinary open-access journal and therefore freely available (DOI: 
10.3389/fphys.2023.1158003). Frontiers in Physiology has a diverse audience, 
primarily consisting of basic and translational scientists. Thus far (January 2024), 
it has been viewed and downloaded almost 1800 times. My thread on the social 
medium X was seen almost 4000 times. 

In Chapter 5, I report on normal variation of the electrical characteristics of the 
ventricles of the heart, using ECGI. I evaluate the influence of sex, age, stability 
over time, and different diseases. I obtain new insights in (localized) differences 
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in activation and repolarization between individuals, sexes, and age groups. 
Although all subjects have a normal 12-lead ECG, I show that their underlying 
epicardial activation and recovery patterns can be profoundly different. My 
findings provide a reference, based on physiological variation in the human heart, 
to comprehend and contextualize cardiac electropathologies. Furthermore, 
these results reveal individual characteristics by ECGI, thus providing a type of 
cardiac fingerprinting. Thus, I contribute to the development of personalized 
approaches for patients with cardiac electropathologies and arrhythmias. Other 
functional readouts, such as cardiac mechanics, autonomic or drug responses 
can be easily added in the future, to provide the next level of understanding 
of these pathologies. We plan to make all outcome measures of this Chapter 
publicly available, to support open science. Preliminary results of this work were 
presented at the European Society of Cardiology (ESC) Congress (2020) and the 
Computing in Cardiology conference (2021), thus reaching broad communities of 
clinicians and engineers.

In the clinical studies for Chapter 6, we identify several DPP6 missense 
variants associated with long-QT syndrome (LQTS) and J-wave syndrome (JWS) 
in patients with an increased arrhythmia risk and/or documented ventricular 
fibrillation (VF). Through a series of translational experiments, we show that 
DPP6 reciprocally regulates INa and Ito and demonstrate its consequences at the 
tissue and heart level. Our integrative findings contribute to the understanding 
of the genetic basis of VF in the structurally-normal heart. They can aid basic 
and clinical scientists in the development of targeted therapies for individuals 
with these genetic variants. Moreover, they lead to better management and the 
prevention of arrhythmic events, thereby alleviating anxiety and depression 
in persons at risk. Preliminary results of this work were presented at the ESC 
Congress (2022) and the annual meeting of the ESC Working Group on Cardiac 
Cellular Electrophysiology (2022), attended by many basic and clinical scientists, 
and cardiologists. 

In Chapter 7, I present a personalized 3D model by multimodal image integration 
that incorporates high-resolution structural and electrical information for 
the management of ventricular tachycardia (VT). This proof-of-concept study 
enhances our personalized mechanistic understanding of scar-related VT, and 
could be further extended to non-structural heart disease. My pioneering study 
provides an advanced roadmap for catheter ablation in the clinical setting. This 
may lead to improved success rates of ablation procedures, reduced arrhythmia-
recurrence rates, better cost-effectiveness of VT treatment, and enhanced 
patient safety and quality of life, benefiting patients suffering from VT and 
clinicians performing these invasive procedures. This Chapter was published in 
the open-access journal Frontiers in Cardiovascular Medicine, and freely available 
(DOI: 10.3389/fcvm.2023.1112980). Thus far (January 2024), it has been viewed 
and downloaded almost 1700 times. My post on the social medium X was seen 
over 1100 times. 
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afgelopen jaar wat af zijn genomen in frequentie, blijf ik hier altijd nog evenveel 
naar uitkijken. Van carnaval vieren tot samen op vriendenweekend, en van een 
rondje Venlo tot aan de Marmotte: mooi dat dit al een hele lange tijd kan, en ik 
hoop dat dit nog lang zo kan blijven. 

Daan, Teun en Wouter: misschien een beetje onorigineel, maar voor jullie geldt 
hetzelfde. Herinneringen zoals de viskraam in Maastricht en het pak yoghurt 
op het Raayland zorgen ervoor dat ik permanent uitkijk naar de volgende 
vriendendag.

De “schoonfamilie”: Huub en Marie José, Jean Paul en Vicky, Anne, Roos, Manon 
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en Marino, Cyriel, en Yannick. Erg bedankt voor jullie hulp en steun wanneer 
nodig, en voor alle gezellige momenten die soms hard nodig waren. Dat geldt 
ook voor Manouk en Bas en Eveline en Maikel: de verhuishulp, morele support, 
etentjes, barbecues, het casinobezoek en het suppen waren een welkome 
verlichting van de promotiestress, hopelijk kunnen we dit blijven doen.

Pap en mam, heel erg bedankt voor de onvoorwaardelijke steun en vertrouwen 
door alle jaren heen, waardoor ik mijn interesses altijd heb kunnen najagen en 
hobby’s altijd heb kunnen beoefenen. Of het nu om een korte vraag, een diepe 
zorg of een kapotte fiets ging, ik kon (en kan) altijd bij jullie terecht. Bedankt dat de 
deur altijd open staat en ik weet dat ik altijd op jullie hulp en advies kan rekenen. 
Al zijn er inmiddels wat dingen veranderd en verbouwd aan het huis, nog steeds 
voel ik me in Blitterswijck heel erg thuis, en ik weet dat dat altijd zo zal blijven. 
Roy en Sylvana, heel leuk om te zien hoe jullie samen een toekomst op aan 
het bouwen zijn, en ik vind het heel leuk dat ik hier ook een klein deel van mag 
uitmaken. Jullie ook bedankt voor alle gezelligheid die vaak als geroepen kwam. 
Oma, bedankt voor alle goede zorgen, alle gezellige momenten en etentjes, de 
interesse en het vertrouwen. Dit geldt ook voor de rest van de familie.

Lieve Aline, jouw onvoorwaardelijke steun de afgelopen jaren is een belangrijke 
reden dat ik dit dankwoord mag schrijven. Al ben ik soms moeilijk te overtuigen 
of heb ik het niet altijd direct door, jouw hulp voor welk probleem dan ook is 
vaak een schot in de roos. Daarom is het soms alsof jij mij beter kent dan ikzelf. 
Door jou heb ik geleerd dat het belangrijk is om de rem even aan te trekken 
en te ontspannen. Hoewel deze door “uiteenlopende omstandigheden” soms 
moeilijk te plannen zijn, kijk ik altijd uit naar de volgende vakanties met jou, en 
ik hoop dat we nog vele avonturen mogen beleven samen. We groeien steeds 
meer naar elkaar toe, en ik kijk uit naar onze toekomst samen.
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