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Chapter ]

Infroduction

1.1 Motivation

Atrial fibrillation (AFib) is the most common supraventricular arrhythmia af-
fecting more than 33 million people worldwide [1]. Lately published epidemio-
logical studies predicted that the prevalence of AFib in the American society is
rising to 12.1 million in 2030 [2] and to 17.9 million in the European Union in
2060 [3]. The long-term manifestation of AFib leads to severe complications,
e.g. stroke, dementia, or heart failure, which noticeably affect the patient’s
quality of life and burden the public health care sector [4, 5].

Radiofrequency ablation (RFA) is commonly applied to treat this supraven-
tricular arrhythmia either as first-line therapy or after failure of therapy with
antiarrhythmic drugs. During this minimally invasive treatment, an ablation
catheter, equipped with a large ablation electrode and multiple measurement
electrodes, is guided inside the heart to localize triggers or arrhythmogenic
substrate areas, which either cause or sustain the arrhythmia. By applying
radiofrequency energy, these areas are irreversibly destroyed or electrically
isolated [6, 7]. Despite careful execution and monitoring by the clinician, AFib
reccurrs in 25-40% of all cases in the first nine months after the RFA proce-
dure [8].

In the last two decades, a large number of clinical, computational, and wet-lab
experiments were carried out to investigate different surrogate markers or mon-
itoring procedures to accurately assess the lesion formation during the RFA
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procedure [9-14]. However, up to the present time, the long-term treatment
success through the use of these surrogate markers was relatively moderate and
depends on numerous factors [13, 15, 16]. Recent clinical studies have shown
that the signal characteristics of the intracardiac electrograms (IEGMs) may be
used to indirectly estimate the electrical activity of the underlying myocardium
with acute single point-shaped ablation lesions [17-19]. However, the results
of the clinical studies are limited due to their restricted observational design.
Based on these results, Matthias Keller analyzed the formation of IEGMs in
a previous research project in order to characterize the myocardium in close
proximity to the measurement electrodes [20, 21].

Nevertheless, further studies are required to investigate in detail the signal
characteristics of the IEGMs during the formation of both single point-shaped
and more complex ablation lesions under reproducible and well-established
conditions.

Within the scope of this thesis, computational, wet-lab, and clinical experiments
were performed to study the signal characteristics of IEGMs recorded around
ablation lesions from different perspectives. Computational modeling allows to
study the changes of IEGMs for point-shaped or more complex ablation lesions
in different scenarios, e.g. varying lesion morphology or ablation catheters. This
provides information about the added diagnostic value of the acquired IEGMs
for assessing acute ablation lesions. The ex vivo study offers the opportunity to
measure the electrophysiological characteristics of excised myocardium with
ablation lesions under well-established conditions. On the one hand, the ex-
perimental results may be used to parameterize the in silico models in order to
improve their predictive potential. On the other hand, ex vivo models foster a
deeper understanding of both excitation patterns and growing ablation lesions,
which occur during a clinical procedure, however, often acquired under un-
known conditions. The clinical study offers the opportunity to analyze both the
formation and the temporal dynamics of the ablation lesions in humans, which
are partly difficult to reproduce in a computational model or an experimental
setup, with different mapping catheters. The combination of these types of
studies may improve the interpretability of IEGMs to assess the acute ablation
lesions during the RFA procedure. This could potentially increase the success
rate of this treatment in the long-term.
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1.2 Aims of the Thesis

The main focus of this thesis is an improved monitoring of acute ablation lesions
by evaluating the signal characteristics of the IEGMs during the RFA procedure.
The identification of new IEGM criteria is subdivided into two categories:

e Assessing the spatial extensions and the continuity of point-shaped as well
as complex ablation lesions by analyzing IEGMs as well as excitation
patterns

e Investigating the temporal development of the electrophysiological char-
acteristics of atrial myocardium with RFA lesions to reveal revitalisation
of ablation zones

Computational, wet-lab, and clinical studies are performed in this thesis to
achieve the above-mentioned main objectives from different perspectives:
Computational Studies
e Characterization of complex ablation lesions and identification of con-
duction gaps by evaluating the signal characteristics of IEGMs
e Further development of an existing computational model for simulating
IEGMs around acute ablation lesions
e Evaluation of an ablation catheter with mini electrodes for an improved
monitoring of RFA lesions

Ex vivo Studies

e Further development of an experimental setup combining fluorescence-
optical and electrical measurement techniques as well as an integrated ex
vivo RFA procedure for measuring the electrical activity on myocardium
with acute ablation lesions

e Design of a novel multielectrode array (MEA) for recording macroscopi-
cally the extracellular potentials of atrial myocardium with acute ablation
lesions

e Perform animal studies to investigate the electrophysiological charac-
teristics of both single-point shaped and complex ablation lesions at a
microscopic and a macroscopic scale

e Structural examination of cardiac tissue to reconstruct the three-dimensio-
nal (3D) geometry of RFA lesions
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Clinical Studies
e Examine the usage of high-density mapping to improve the monitoring
of acute ablation lesions during a clinical RFA procedure
e Analyzing the temporal dynamics of acute RFA lesions

1.3 Structure of the Thesis

Part I contains the medical as well as modeling fundamentals and explains the
basis principles for performing ex vivo experiments:

e Chapter 2 gives an overview about cardiac anatomy and electrophys-
iology. The basic mechanisms of atrial fibrillation and the treatment
opportunities are briefly explained. Furthermore, a brief overview about
electroanatomical mapping systems is provided. The last section of this
chapter explains the basic aspects of catheter ablation and its short-term
as well as long-term effects on cardiac electrophysiology.

e Chapter 3 introduces the basic principles for modeling cardiac electro-
physiology. Subsequently, a macroscopic model is outlined to simulate
the electrical propagation through the myocardium.

e Chapter 4 explains the basics aspects about optical and electrical map-
ping. An existing experimental setup, which was developed by Matthias
Keller [20], is also presented.

Part II presents the in silico study of this thesis:

e Chapter 5 motivates the first project of this thesis.

e Chapter 6 describes in detail the computational models of the used
clinical ablation catheters. Moreover, different models of acute ablation
lesions are described. Furthermore, different computational scenarios are
presented to investigate an ablation catheter with mini electrodes.

e Chapter 7 contains the computational results with varying complex abla-
tion lesions and a point-shaped ablation lesion. Furthermore, the ablation
catheter with integrated mini electrodes (MEs) is studied in the previously
defined computational scenarios.

e Chapter 8 discusses the outcome of the in silico study and the diagnostic
benefit of the novel ablation catheter.
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Part III presents the experimental studies of living myocardium with acute
ablation lesions:

e Chapter 9 motivates the second project of this thesis.

e Chapter 10 describes the different experimental setups. Moreover, the
new optical mapping setup is presented in detail. Considering the analysis
of optical mapping data, a novel multidimensional Gaussian low-pass
filter is presented. For recording the electrical activity of myocardium
surrounding the ablation lesion, a novel MEA and further post-processing
algorithms are introduced. Moreover, an ex vivo RFA procedure is de-
scribed here. Ex vivo magnetic resonance imaging (MRI) and a histologi-
cal protocol are described.

e Chapter 11 contains the results of the ex vivo experiments, the filter
study, and the structural investigations.

o Chapter 12 discusses in detail the findings from the wet-lab experiments.

Part IV presents the clinical study of this thesis:

o Chapter 13 motivates the third project of this thesis.

e Chapter 14 introduces the clinical setup and the novel clinical proto-
col. The post-processing methods to analyze the clinical data sets are
presented.

e Chapter 15 contains the results of the analyzed clinical data sets.

o Chapter 16 discusses the outcome of the clinical study.

Part V presents the conclusions of this thesis:
e Chapter 17 concludes the computational study.
Chapter 18 concludes the experimental study.
Chapter 19 concludes the clinical study.
Chapter 20 gives a brief outlook for future potential studies.

During my research work at the IBT, I published two journal papers as first
author. In total, 11 conference contributions were published as either first author
or co-author. In collaboration with five other inventors, the novel MEA has been
submitted as a patent. Furthermore, I supervised nine student theses, which
have partly contributed to the methods and results of this thesis (see List of
Publications and Supervised Theses at the end of the thesis). Both publications
and student theses are referenced in the corresponding sections of this thesis.
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Chapter 2

Clinical Fundamentails

2.1 Anatomy and Electrophysiology
of the Human Heart

Heart Anatomy and Circulatory System The human heart is a hollow
organ, which is centrally located in the thoracic cavity. The pericardium, a
fibrous sac, encloses the heart in order to ensure several physiological functions,
e.g. smooth movements during contraction or relaxation. The heart is divided
into four chambers, two atria and two ventricles. The septum seperates the heart
into a right and a left half, each of which comprises an atrium and a ventricle.
Both chambers are connected via atrioventricular valves (right: tricuspid valve,
left: mitral valve) allowing a directed blood flow from the atrium to the ventricle.
The aortic (left) and the pulmonary (right) valve are located at the ventricular
outflow tracts to ensure blood flow into the systemic and pulmonary circulation
as well as to avoid a reflux of blood into the chambers (see Figure 2.1) [22].
Deoxygenated blood returns from the body to the right atrium via the superior
and inferior vena cava. Due to the contraction of the right atrium, the blood
is injected into the right ventricle through the tricuspid valve. Subsequently,
a ventricular contraction pushes the blood volume into the pulmonary system.
After oxygenating the blood in the capillary lung bed, the blood enters the left
atrium via four pulmonary veins (PVs) also described as left and right PVs. The
blood then flows through the mitral valve into the left ventricle.
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- Pulmonary Valve
y o

Superior
vena cava

'v Left pulmonary artery
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Left pulmonary veins
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Figure 2.1: Anatomy of the human heart. The blood flow is illustrated by a red dotted line.
This figure was reprinted from [24].

The contraction of the left ventricle pushes the blood via the aortic valve in the
systemic circulation [23].

Myocardial Excitation and Cardiac Conduction System The excitability
of cardiomyocytes depends on the electrical potential across the cell membrane
separating the intra- and extracellular space. The cardiomyocytes from the
intracellular space are electrically connected via gap junctions. Different ion
pumps and ion selective channels, which are integrated into the cell membrane,
allow the active or passive transport of ions through this membrane (see also
Section 3.1). Sodium, potassium, calcium, and chloride ions are particulary
relevant for the membrane potential of a cardiomyocte, also referred to as
transmembrane voltage (TMV). In resting state, the TMV of a healthy cardiac
muscle cell is about —90 mV (see Figure 2.2).
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Here, potassium channels are dominantly influencing the membrane conduc-
tance. Active sodium-potassium pumps maintain the equilibrium state.

An external stimulus or a current through the gap junctions of the cell will lead
to arising TMV. Above a threshold of around —65 mV, the voltage-dependent
sodium channels suddenly open. The fast influx of sodium ions causes a rapid in-
crease in membrane potential (phase 0: depolarization). The maximum positive
membrane potential of the depolarized cell is around 20 mV. A few miliseconds
after the overshoot, the sodium channels switch into an inactive state (phase 1).
Other channels are also activated during the depolarization of the cell, however,
with a slower rate. After the action potential (AP) upstroke, calcium ions are
entering the cell and sustain the depolarization phase. Potassium ions are simul-
taneously flowing from the intracellular to the extracellular space. The balance
between the inward calcium current and the outward potassium current causes
an electrically positive plateau (phase 2). However, due to the slight domination
of the outward currents, the plateau is characterized by a negative slope (also
described as “domelike”” morphology). The closing of the calcium channels,
whereas the potassium channels remain active, causes the repolarization of the
membrane potential (phase 3). In the last step, the potassium channels close
and the resting membrane potential is restored by the sodium-potassium pumps
(phase 4). An excited myocardial cell cannot respond to a depolarization signal
before the end of the relative refractory period within phase 3 of the AP (see
Figure 2.2) [25-27].

The strong influx of calcium ions in phase 2 triggers the sarcoplasmatic reticu-
lum to release more calcium in the intracellular space. This process increases
the intracellular calcium concentration and therefore induces the mechanical
contraction of the correponding cell elements [25].

The natural pacemaker of a mammalian heart is the sinoatrial node, which is
located in proximity to the terminal crest of the right atrium. The frequency
of the intrinsic pacemaker can be modulated by different factors, e.g. sym-
pathetic or parasympathetic nervous system, perfusion pressure, or chemical
environment. Starting from the sinoatrial node, the depolarization wavefront
propagates through the atria to the atrioventricular node. Three anatomical
conduction pathways in the right atrium enable a rapid transfer of this electrical
excitation. Another internodal path called Bachmann’s bundle conducts the
excitation from the right to the left atrium. The depolarization wavefront reaches
the atrioventricular node, which guarantees the electrical connection between
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Chapter 2. Clinical Fundamentals

the atria and the ventricles. Additionally, this node can take over the pacemaker
activity in case of failure of the sinoatrial node, however, with a slower pacing
rate. Subsequently, the electrical signals are propagating to the His bundle, the
bundle branches and the Purkinje fibers. Finally, this leads to the depolarization
and the contraction of the ventriuclar myocardium starting from the apex to
the atrioventricular valves. The depolarization and repolarization processes
cause an electrical field on the body surface. During the electrophysiological
(EP) study, six electrodes on the chest and four electrodes on the limb record
the various potential differences on the body surface. The Einthoven I lead
(difference in potential between right and left arm) is used in this thesis to detect
the ventricular far-field signal [28-30].
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Figure 2.2: AP of a ventricular cardiomyocyte (top) and the time dependence of the conduc-
tivities of the ion channels (bottom). Additionally, the time period of the relative refractory
period and the contraction are labelled. This figure was reprinted with permission from [28].
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2.2. Atrial Fibrillation

2.2 Atrial Fibrillation

Atrial flutter (AFlut) and atrial fibrillation (AFib) are heart rhythm disorders
in the atria of the human heart. The former supraventricular tachycardia is
characterized by stable excitation patterns circling in the left or right atrium
with a frequency between 250 bpm and 300 bpm [31].

The most common sustained cardiac arrhythmia is AFib, which is characterized
by uncoordinated and multiple depolarization wavefronts with frequencies above
300 bpm. Therefore, AFib leads to a five-fold increased risk of stroke, heart
failure, and rise in mortality [32-34]. Besides the major influence of AFib on the
electrical activity in the atria, this tachycardia may also affect the left ventricles
in the long-term, e.g. by hypertension [35]. AFib is grouped in the following
categories: paroxysmal (self-terminating within a week), persistent (terminable
with pharmaceutical or cardioversion), and permanent (not terminable) [36].

Pathophysiological Mechanisms of AFib The mechanisms initiating and
perpetuating AFib are very complex. Therefore, several concepts are briefly
introduced to explain the origin of this tachycardia. Paroxysmal AFib is often
initiated by ectopic foci, which are located in the ostium of the PVs. Here, one
or mutiple triggering points in one or more PVs may cause the arrhythmical
excitation of waves [37]. According to the theory by Moe, multiple reentrant
wavelets initiate AFib either in the left or the right atria. The number as
well as the location of the meandering microreentry circuits are permanently
changing. Additionally, the unstable excitation patterns interact with each
other or with existing anatomical obstacles, which may lead to self-termination
or new wavelet formation [26, 38, 39]. After the occurence of paroxysmal
AFib, progressive structural or electrical modifications of the myocardium, e.g.
changes in ion channel expression, shortening of AP as well as recfractory
period, or development of fibrosis, promote persistent AFib [40-45]. It was
shown in several clinical studies that a hyperactive cardiac autonomic nervous
system can also initiate or sustain AFib [46-48].

Treatment Opportunities Anti-arrhythmic drugs are the first-line approach
to inhibit AFib and to restore a physiological heart rhythm, e.g. amiodarone or

vernakalant [36, 49]. After failure of pharmalogical treatment, catheter ablation
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is often performed to terminate the arrhythmia [33, 36, 50, 51]. The aim of this
minimally-invasive procedure is to irreversibly destroy cardiac tissue in order to
electrically block the propagation of multiple excitation wavefronts or reentrant
circuits. For the creation of ablation lesions, several techniques may be used:
high intensity focused ultrasound, laser ablation, cryoballoon, or microwave ab-
lation. Radiofrequency ablation (RFA) is the most commonly used technology,
which is described in detail in Section 2.4 [13, 52-54]. In order to permanently
eliminate the ectopic triggers of AFib, circumferential ablation lesions are set
around the PVs [37, 55, 56]. Another ablation strategy includes the creation of
linear lesions between the PVs and atrial junctions to terminate the circulating
excitation wavefronts [57]. Additionally, substrate areas characterized by com-
plex fractionated electrograms (CFAES) or reduced conductivity may be ablated
to reduce the mass of arrhythmogenic tissue promoting AFib [7].

2.3 Electroanatomical Mapping

Three-dimensional (3D) electroanatomical mapping systems (EAMSs) are an
indispensable tool during clincial catheter ablation. These systems offer the
opportunity to visualize both the anatomical regions and the associated electrical
pathways causing the arrhythmia. Ablation tags help to track the created ablation
lesion. For accurately reconstructing the cardiac anatomy and the characteristics
of the excitation wavefronts, mutiple unipolar or bipolar electrograms (EGMs)
need to be sequentially or simultaneously acquired with multielectrode catheters
or ablation catheters comprising single measurement electrodes around the
ablation tip. Both position and orientation of catheters in the atrial or ventricular
chambers are tracked by the mapping system without fluoroscopic guidance.
By analyzing the signal parameters of the intracardiac electrograms (IEGMs),
e.g. peak-to-peak amplitude (Vpp) or local activation time (LAT), it is possible
to discriminate healthy myocardium from potential arrythmogenic areas and to
reveal potential ablation targets [58, 59]. The following EAMSs are commonly
used during catheter ablation: the CARTO3® system by Biosense Webster, the
EnSite Velocity™ system by Abbott, and the Rhythmia™ system by Boston
Scientific [60-62].

In the CARTO3® system, a magnetic sensor is integrated in the distal tip of the
mapping catheter to determine its positions in three low-level magnetic fields
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2.3. Electroanatomical Mapping

emitted from three coils, which are placed in a pad beneath the patient’s chest
[58]. Despite the precise detection of the catheter position, it is not possible to
combine catheters from other manufacturers with this system. Another disad-
vantage of this mapping system is the sequential acquisition of measurement
points, which is relatively time-consuming and may also hamper the detection
of complex rhythms [59].

The navigation of ablation catheters from different manufacturers was realized
in EnSite Velocity™, which is based on electrical impedance based measure-
ments. In brief, after applying a current between two electrodes positioned at
the thorax of the patient, a catheter electrode records the local voltage along this
axis, which is used to determine the catheter’s position. The EAMS localizes
the position of the mapping catheters with an accuray of 0.7 mm [61]. However,
this mapping system also has several limitations. First, the orientation of the
catheter is indirectly determined by the measured positions of multiple elec-
trodes. Differing electrical interferences on the recorded voltages can influence
the mean catheter orientation. Second, the thorax produces a heterogeneity in
the electrical field, which further limits the accuracy of the mapping system
[59].

The Rhythmia™ system combines magnetic and impedance measurements to
precisely determine the position of mapping catheters. A mini-basket mapping
catheter with 64 electrodes positioned on eight splines with an interelectrode
distance of 2.5 mm was established (IntellaMap Orion™) (see Figure 2.3). Each
electrode has a size of 0.4 mm? [63]. By using this multielectrode catheter, it is
possible to gain high-resolution anatomical maps within a short acquisition time,
e.g. on average 4000 points were recorded inside the heart within 5 min (see
Figure 2.4) [59, 64]. The clinical data described in Section 14.1 were obtained
with this system.

After minimally invasively inserting the catheters into the heart, the clinically
recorded EGMs can be classified into two groups: unipolar IEGMs and bipolar
IEGMs. In the first configuration, the electrode measures the local electrical
potential with respect to a distant reference (see Section 4.2.1 for more details
about the origin of unipolar signals). In the clinical setup, the reference elec-
trode is a patch electrode positioned on the back of the patient or the Wilson’s
Central Terminal (WCT). Considering bipolar IEGMs, the unipolar IEGMs of
two neighboring channels are subtracted.
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2.4 Catheter Ablation

2.4.1 Basic Aspects

During the clinical RFA procedure, an ablation catheter is positioned at potential
ablation sites, e.g. arrhythmogenic substrate or circumferential ablation line
around the PV. The typical shaft size of the ablation catheter is between 7F
(around 2.3 mm) and 8F (around 2.7 mm), whereas the ablation tip has a length
between 4 mm and 8 mm. After positioning the catheter at the endocardial
surface, an alternating high-frequent current (frequency between 300 kHz and
1000 kHz) passes from the tip of the catheter to a dispersive electrode, which is
located at the patient’s back [66]. In the underlying myocardium, the electro-
magnetic energy is transferred into thermal energy, which is also called resistive
heating. The myocardium is irreversibly destroyed when exceeding the lethal
temperature (around 50°C). Adjacent tissue and deeper tissue layers are heated
via conductive heating [67, 68]. Both transmural scars and contiguous linear
lesions are important criteria for a successful RFA procedure.

Figure 2.3: Photographic image of the deployed Orion mapping catheter. The different
splines with several measurement electrodes are recognizable. This figure was reprinted
with permission from [65].
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2.4. Catheter Ablation

Figure 2.4: Screenshot of the Rhythmia™ system during an RFA procedure. Both the
anatomy of the left atrium and the electrophysiological parameters are presented in dif-
ferent views. Furthermore, the utilized ablation catheter and the fully deployed Orion map-
ping catheter are displayed to the clinician.

2.4.2 Main Factors Influencing Lesion Size

For achieving an optimal lesion, numerous procedural parameters have to be
considered, which will be explained briefly in the following.

The configured operating power of the radiofrequency generator directly influ-
ences the lesion size [69]. Thereby, the power delivery to the endocardial
tissue, which determines the tissue temperature, and the loss of power depend
on several factors: i) the power distribution between blood and myocardium
determined by the electrode contact between blood and myocardium and ii) the
impedance of the patient. An enlarged electrode diameter or tip length will also
increase the power transfer either to the myocardium or to the blood.

The tissue temperature has a large impact on lesion formation. Myocardium
located up to a distance of 1-1.5 mm from the tip of the ablation catheter absorbs
90% of the delivered power [68]. A higher temperature in this area causes an
increased heating conductivity in deeper myocardial layers.
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However, an average procedural time of 30—-60 s is required to heat the tissue in
deeper layers and to generate transmural scars [68, 70, 71].

Peak temperatures ranging between 80°C and 100°C at the catheter tip lead
to coagulum formation, which increases impedance and thus causes a loss of
power [67]. The temperature at the catheter tip can be reduced by cooling,
e.g closed loop irrigation or open irrigation catheters [72]. This offers the
opportunity to increase the current to the myocardium and therefore the depth
of the peak temperature, which leads to a larger lesion size and depth [73,
74]. Several ablation catheters with integrated thermocouples were established
to measure the temperature at the endocardial surface [75]. However, the
monitored temperature at the catheter tip will underestimate the maximum
tissue temperature below the surface [68].

Convective cooling may also influence the heat conduction in deeper tissue
layers. Nonuniform blood flow, e.g. in the area of the valves, or intramyocardial
vessels provoke the formation of asymmetric or non-transmural ablation lesions
[76].

Furthermore, the energy transfer between the ablation electrode and the myo-
cardium is improved when increasing the contact force of the ablation catheter.
Haines et al. showed that lesion width increased with rising contact forces [71].
During the RFA procedure, the tissue temperature and the electrode-tissue
interface must not exceed 100°C. Otherwise, intramural steam pops occur,
which cause a perforation or a tamponade of the cardiac tissue [74]. In case of
strong coagulum formation or charring, the catheter needs to be replaced.

A detailed overview of the ratio of lesion depth to width can be found in the
thesis of Matthias Keller [20].

2.4.3 Surrogate Markers to Assess Lesion Formation

In the past two decades, different surrogate parameters have been established to
assess the lesion formation during the RFA procedure, which will be described
here.

The contact force (CF) of the ablation catheter on the myocardium is an im-
portant key factor for increasing lesion volume and lesion depth. Therefore,
CF-sensing catheters have been established in RFA procedures to improve the
clinical outcome [77, 78]. However, several studies also demonstrated that
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catheter stability, e.g. constant or intermittent contact with the myocardium,
as well as lesion continuity are more important parameters than the maximal
CF for an effective ablation procedure. Therefore, the contact of the catheter
is quantified by the force-time integral (FTI), which is defined by the product
of force and applied RFA time [13, 79, 80]. Latter, the ablation power, CF,
and ablation time were combined in the so-called ablation index (AI). This
parameter is a stronger predictor for tissue recovery than the FTI [13, 14]. The
newest clinical parameter called ablation line contiguity index (ALCI) considers
the interlesion distance (contiguity) and lesion depth, which depends on the
ablation time, ablation power, and CF. According to an initial clinical study, this
parameter predicted most accurately nonconductive lesion areas [81]. Figure
2.5 gives an overview on the previously described surrogate markers.

Recent in vivo and ex vivo studies demonstrated that the changes in IEGM
morphology are highly predictive for lesion transmurality and can improve the
therapy outcome. In these studies, the negative deflection of the unipolar EGM
measured above ablated areas vanished for point-shaped transmural ablation
lesions [17, 82—-84]. Real-time magnetic resonance imaging (MRI) without and
with late gadolinium can be an alternative to estimate ablation lines as well as
to identify conduction gaps [85, 86]. However, this is not routinely performed
during a clinical RFA procedure due to its complexity. In order to determine
potential conduction gaps in longer ablation lines without MRI, pace-capture
techniques can also be applied after the RFA procedure [87, 88].

2.4.4 Short-term Effects of RFA upon Cardiac
Electrophysiology and Structure

The increased tissue temperature affects the metabolism, electrophysiology, and
structure of the cell during the RFA procedure. The metabolism is determined
by the enzyme activity, which rises during the temperature increase before
complete inactivation. However, metabolic changes are not the key factors for
lesion formation [58].

Hyperthermia strongly impacts cellular calcium metabolism, which may lead to
cell death. An ex vivo study demonstrated that the fiber’s resting tension was
reversible up to 50°C and irreversible for higher temperatures.
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Figure 2.5: Overview on the different surrogate markers to indirectly estimate lesion for-
mation during RFA procedure. CF: Contact force; FTI: Force time integral. This figure was
modified with permission from [15].

An increase in temperature also leads to a rise of intracellular calcium concen-
tration, which is initially buffered by the sarcoplasmatic reticulum. At higher
temperatures, the calcium overload in the cytoplasm, which cannot be compen-
sated by the thermally inhibited sarcoplasmatic reticulum, causes irreversible
contraction up to cell death [58, 89] .

The electrophysiology of myocardium surrounding the ablation lesions is af-
fected as follows: Reduction of maximal action potential amplitude (APA),
a more positive resting membrane potential, shorter action potential duration
(APD), and a reduced dV/dt. The strongest changes of these parameters were
measured in those myocardial layers, which have a distance smaller than 2 mm
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to the ablation electrode [90, 91]. Table 2.1 summarizes the temperature-related
changes of the electrophysiological parameters, which were studied with papil-
lary muscles from guinea pig hearts [92]. A detailed overview on the experi-
mental results with intracellular microelectrodes during hyperthermia, as well
as a comparison of the different study designs can be found in the thesis of
Matthias Keller [20].

Furthermore, Simmers et al. determined the alterations of conduction velocity
(CV) in superfused canine myocardium using a multielectrode array during
several heating episodes [93]. In brief, the authors showed an increase of CV
of 114% at 42.5°C compared to the baseline value at a temperature of 36.5°C.
The CV decreased for larger temperatures and finally, transient conduction
blocks occurred between 49.5°C and 51.5°C. A permanent conduction block
was achieved between 51.7°C and 54.4°C.

Hyperthermia also influences membrane fluidity, ionic transport as well as
inactivation of ion channels, and several fibrillar components of the cellular
cytoskeleton (denaturation above 50°C) [58, 94, 95]. The hyperthermia induced
calcium overload may also cause a contraction of the intracytoplasmic micro-
filaments, which support the membrane. A membrane disruption may lead to
immediate cell death.

The necrotic tissue in the center of the ablation lesion is characterized by a
disintegrated cell architecture with granulation and loss of nuclei [96]. Addi-
tionally, the cell membrane is partially destroyed and the gap junctions between
the cardiomyocytes show severe defects.

Table 2.1: Changes of electrophysiological parameters at different tissue temperatures.
Data from [58, 92].

Tissue Temperature Electrophysiological Changes
>40°C progressive depolarization of resting membrane potential
>45°C enhanced depolarization of resting membrane potential
induction of abnormal automaticity
42.7-51.8°C reversible loss of excitability
> 50°C irreversible loss of excitability

general effect:
increase of temperature  decrease of APA
shortening of APD in a temperature-dependent manner
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Figure 2.6: Histological sections of an acute ablation lesion created in ventricular myo-
cardium. The preparation was stained with hematoxylin and eosin. Top left (no label): Pho-
tographic image of the cross-section of the ablated tissue. A: Severe necrosis; both loss of
nulcei and cellular granulation decreased with rising distance to the center of the ablation
lesion. B: Acute border zone with inflammation and minimal vessel disruption. C: Healthy
tissue with normal tissue architecture. This figure was reprinted with permission from [97].

The necrotic area is surrounded by a hemorrhagic zone, which is caused by
disrupted endothelial cells and microvessels (see Figures 2.6 and 2.7). Addi-
tionally, mononuclear cells are located in this transition zone, which represent
an inflammatory response [58]. According to the studies by Nath et al., strong
abnormalities and defects, e.g. in plasma membrane, microvasculature, and
gap junctions, can be found in up to 6 mm distance to the lesion edge [67]. The
expression of the microcellular defects decreases with greater distance to the
scar core.

2.4.5 Long-term Development of RFA Lesions

A few days after the catheter ablation, a coagulative necrosis is situated in the
center of the ablation lesion without both a hemorrhagic and a granulation zone
surrounding the lesion center. The edema surrounding the ablation lesion has
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surrounding the lesion center. The edema surrounding the ablation lesion has
completely regressed in the first two months [98]. After two months, the ablation
lesion went through the following phases: inflammation, fatty infiltration, and
fibrosis. In a chronic state, the structure of the ablation lesion is comparable
with patchy fibrosis [58, 99, 100]. Electrical measurements were performed at
excised cardiac tissue after one week or one month post ablation in a study by
Wood and Fuller. However, no significant changes in APs between the border
zone of the ablation lesion and healthy myocardium were identified in this time
period [90].

Figure 2.7: Histological cross-section through an atrial ablation lesion after bipolar RFA
(Hematoxylin-eosin staining). Scale bar of the histological image is 200 um (lower right cor-
ner). n: Healthy myocardium; cb: Borderzone with contraction band necrosis; cn: Coagula-
tion necrosis with highlighted edema (e, southeastern direction) and hemorrhages (arrows).
This figure was reprinted with permission from [101].
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Chapter 3

Computational Modeling of
Cardiac Electrophysiology

This chapter gives an overview about the basic aspects for modeling cardiac
electrophysiology. First, a mathematical approach is presented to reproduce
cellular activity. Subsequently, the electrical propagation through the cardiac
tissue is simulated with a macroscopic in silico model, which offers high
accuracy and a wide range of parameters.

3.1 Electrophysiology of the Cell

In 1952, Hodgin and Huxley developed a mathematical model to describe ionic
currents through the cell membrane of squid giant axons [102]. In this model, the
cell membrane is represented by an equivalent electrical circuit containing the
following components: a capacitor, variable resistances representing different
ion channels (sodium, potassium, leakage), and voltage sources, which are
regulated by the Nernst voltages (see Figure 3.1). The transmembrane voltage
Vi is determined by the sum of all ionic currents Z;,, (Ing, Ik, Leqr), an optional
intercellular stimulus current /g;,,,, and the capacitance of the cell membrane C,,,.
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Figure 3.1: Electrical circuit of a squid giant axon developed by Hodgin and Huxley [102].
C,, represents the membrane capacity and V,, the transmembrane voltage. g, and E, de-
scribe the conductivity and Nernst potential of a specific ion channel I, respectively. Ey,
and E, are positive whereas E is negative under resting conditions [25]. This figure was
reprinted with permission from [103].

The following ordinary differential equation (ODE) describes the changes of
Vin:
% _ Iion +Istim (3.1)
dt Cu
The net current /; describing the movement of ions x through the membrane
protein is defined by:

I, =g (Vm - Ex)y (3.2)

where E is the Nernst potential of the corresponding membrane protein. The
conductivity g, of a membrane protein has a specific time and voltage depen-
dency. These kinetics are considered by the maximum conductivity g, of all
channels conducting [, and the product of all gating variables 7; representing
the open probability of this channel type [103]:

ge=g [ (3.3)

The gating variables are comprising specific voltage dependent rate constants,

which describe the transition from an open state to a closed state (By,) or in the

opposite direction (close to open characterized by ay,). The dynamic behavior

of each gating variable 7; over time is described by the following ODE [103]:
dy;

E:a%-(l—%)—ﬁ%% (3.4)
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Considering steady state (dlt = 0), the open probalitiy of ¥ . is [103]:

% (3.5)

P =
oy, + By,

Detailed descriptions about the number of gates, the specifc gating variables,
and the rate constants, which are required to model a specifc ion channel, are
provided in [25, 104].

In the last five decades, numerous cell models have been introduced to de-
scribe the electrophysiology of cardiomyocytes from different cardiac regions
or species (see [25, 105] for more details). In 1998, Courtemanche et al. defined
a cell model, which contains 11 ion channels, two sodium-potassium pumps,
and two transporter porteins, to simulate the electrophysiological characteristics
of human atrial myocardium [106]. This model was expanded by Ten Tuscher
et al. to reproduce the electrical activity of human ventricular myocardium
with extended intracellular calcium dynamics. Therefore, calcium dynamics
in the cytoplasm, the subspace, and the sarcoplasmic reticulum as well as new
currents between these domains were considered. Additionally, different types
of ventricular myocytes, which are localized in endocardium, midmyocardium,
or epicardium, were integrated in this model [107].

Weiss et al. and Wilhelm et al. introduced some further modifications to the
Ten Tusscher cell model to reproduce ischemic effects. Here, the authors im-
plemented a zone factor in the border zone between the healthy myocardium
and the central ischemic region in order to consider hypoxia, hyperkalemia, and
acidosis. This directly affects the electrophysiological characteristics of the
ischemic cardiomyocytes in different regions, e.g. reduction in action potential
duration (APD) or action potential amplitude (APA) [108, 109].

Within the scope of this thesis, the modified ischemic cell model of Ten Tuscher
was used to reproduce the electrical activity of myocardium with acute ablation
lesions [21].
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3.2 Bidomain Model for Simulating
Electrical Propagation

Cardiomyoctes are coupled via gap junctions to conduct the electrical excitation
through the myocardium. Mono- or bidomain models are applied to describe the
cardiac tissue as continuum or two continuous domains, respectively, where each
computational node represents the electrophysiological properties of several
myocytes [25, 104].

The bidomain model was introduced by Tung and divides the cardiac tissue
in an intracellular and an extracellular domain, which are separated by a cell
membrane [110]. Two Poisson equations are describing the current flow in each
domain [25]:

V- (oiV($:) = Bl — I (3.6)
V- (GEV((PE)) = *Blm — I (3.7)

with the intra- and extracellular conductivity tensors o; and o;, the intra- and
extracellular potentials ¢; and ¢., the membrane surface to cell volume ratio
B, the intra- and extracellular applied external stimuli currents /; and I;,, and
the currents through the cell membrane 7,,, which are flowing between both
domains. The conductivity tensor o; (G,) can be separated into longitudinal oy
(o,;) and transversal conductivities o; (0,;). The ratio of ¢;; (6,;) and G;; (C.;)
yields the anisotropy ratio in the intracellular (extracellular) domain. In case of
equal anisotropy ratio, the intracelluar ratio is consistent with the extracellular
ratio.

By summing up equation (3.6) and (3.7) as well as under the assumption that
no external currents I;; and I, exist, the following equation is obtained:

V-(GV(9) + V-(0.V(6.) = 0 @8

Both domains are coupled via the transmembrane voltage V,,, = ¢; — ¢.. This
results in the first bidomain equation describing the variations of extracelluar
potentials due to the changes of transmembrane voltage [25] (equation (3.10)):

=V(6iV(Vi+9e)) =V - (0. V(¢)) (3.9)
V(G (V) = V- (014 0.)V(6.) (810
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I, can be described by:
dv,
Iy = Cmd—t’" + Lion (3.11)
with [j,,, which is calculated with the cell model described in the previous
section. The second bidomain equation is derived from equations (3.6), (3.11),

and V,, = ¢; — ¢, and reads as follows:

dVpy

V- (6;VVi)+ V- (0;Voe) = ls(cmW

+ Iian) — I (3.12)
Within this thesis, all computational studies were performed with the software
framework acCELLerate, which was developed at the IBT and verified by
an N-version benchmark test [111, 112]. Further information about the mono-

domain model, which was not used in this thesis, and its application can be
found in [25, 104].
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Chapter 4

Ex Vivo Experiments
for Studying Cardiac
Electrophysiology

4.1 Transmembrane Imaging of the Heart

In the last ten years, optical mapping has become an important tool to study
cardiac electrophysiology from macroscopic to microscopic scale. Researchers
investigated the electrical activity of explanted perfused animal hearts, explanted
failing donor human hearts, excised preparations of atrial or ventricular myo-
cardium, papillary muscles, or single myocardial cells [113—116]. In in vitro or
ex vivo experiments, the myocardium is stained with specific voltage-sensitive
dyes (VSDs) to measure the electrical activity under physiological or pathologi-
cal conditions.

Therefore, this section gives a brief overview about the basic principles of VSDs,
the components of an optical mapping setup, and the post-processing methods
for analyzing optical mapping data.
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4.1.1 Voltage-sensitive Dyes

Potentiometric dyes offer a wide range of possibilities to record the membrane
potential of neurons, single cells, or cardiac tissue. Dependent on their mech-
anism of voltage-sensitivity and response time, these probes can be separated
in slow-responding and fast-responding dyes [114, 117]. Loewe et al. devel-
oped styryl dyes, which belong to the latter group and are typically used for
optical mapping of cardiac tissue [118]. Here, the chromophores, which are
forming the core of the dye, directly interact with the transmembrane voltage
by an electrochromic mechanism (also referred as molecular Stark effect). The
principle of this mechanism is shown in Figure 4.1 for di-4-ANEPPS, which
is the most widespread potentiometric styryl dye [113]. In brief, an excited
chromophore shifts its electrons from the amino nitrogen to the pyridinium
nitrogen within a few nanoseconds before emitting photons. After staining the
myocardium, this dye perpendicularly anchors to the membrane surface of the
cardiomyocyte due to its hydrophilic and lipophilic structure. Therefore, the
reorganization of the electronic structure of the chromophore runs in parallel
to the intramembrane electrical field [119, 120]. Finally, a depolarizing cell
perturbs the charge redistribution at the chromophore, which causes a shift of
both excitation and emission spectra towards shorter wavelengths [121]. For
di-4-ANEPPS, a linear change of 10% in fluorescence per 100 mV membrane
potential is expected. However this relationship depends on numerous factors,
such as internalization, photobleaching, and washout [114, 122, 123]. Both
relative change in fluorescence and signal-to-noise ratio (SNR) will be opti-
mized with the following settings: Firstly, a narrow band excitation source
with a high intensity at the falling part of the excitation spectra should be used.
Secondly, the fluorescence should be measured at the wings of the spectrum
with an emission filter, whose cut-on wavelength is higher than the maximum
of the emission spectrum (see Figure 4.2 for more details) [120].

For imaging the electrical activity of blood-perfused cardiac tissue or thicker
ventricular myocardium, Di-4-ANBDQPQ or Di-4-ANBDQBS were intro-
duced. These dyes also offered slower internalization rates and higher fractional
changes of fluorescence than di-4-ANEPPS [124].
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Figure 4.1: Top: Electrochromic mechanism of a potentiometric dye. A charge shift along
the axis of the molecule is visible between ground and excited state. Red regions and blue
regions have higher electron density and lower electron density, respectively. Bottom: Elec-
trochromic characteristics of di-4-ANEPPS in ground and excited states. During excitation,
the electrons are shifted from the right side (aminonaphthyl group) to the left side (pyri-
dinium moiety). The figure was reprinted with permission from [119].

4.1.2 Fluorescence-Optical Mapping Setup

In general, an optical mapping setup consists of the following components: an
illumination source to excite the VSD, optical lenses to collect the emitted light,
specific excitation and emission filters, and a sensitive detector.

The excitation source has to be selected according to the specfic experimental
scenario, i.e., Langendorff setup or single cells, and the used VSD.
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Figure 4.2: Schematic illustration of the relative changes in fluorescence of di-4-ANEPPS
during the electrical excitation of the cardiac tissue. At resting membrane potential, the
chromophore absorbs the excitation light (around 530 nm) and emitts light in a certain wave-
length range (1-3). The appropriate excitation and emission spectra are shown in (4) and
(5). Due to the longpass filter, only the right wing of the emission spectra is recorded by the
detector (cut-on wavelength is highlighted by a black arrow). In the depolarization phase,
the change of the intramembrane electrical field increases the energy difference between
ground and excitated state of the chromophore (1’-3’). Therefore, both spectra are shifted
to shorter wavelengths (4’) and (5). Because of a narrow band excitation source less pho-
tons are absorbed from the excited chromophore. Simultaneously, a higher relative change
in fluorescence is recorded by the detector because of the shift of the emission spectra.
The inverted OAP represents the relative changes of transmembrane voltage (right side).
The figure was reprinted with permission from [21].

In each case, a stable and even illumination is required for recording optical
mapping data with high SNR. Here, Xenon or halogen lamps with shuttering
devices have been traditionally used to excite the fluorescent probes [114].
In the last decade, high-power light-emitting diodes (LEDs) have become
standard illumination sources offering the following benefits: cost-effective,
flexible, portable, sufficient output power, stable, and electrically controllable
[114, 125, 126]. Therefore, multiple LEDs can be integrated in an experimental
setup for performing multiparametric and ratiometric imaging [122, 127, 128].
The optical part can comprise a single lens, microscope objectives or a tandem
lens system. Several studies showed that a tandem lens macroscope outper-
formed the light collection efficiency of a commercial microscope [129] and
had a superior performance than a single lens at low or medium magnification
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[130, 131]. When using a tandem lens configuration, the excitation light can
be coupled into the optical path, in which the emitted light is focused to the
detector, using a dichroic mirror placed between both lenses. The magnifcation
of the system is determined by the ratio of the focal lengths of both lenses [129].
Therefore, the optical setup can be easily modified for the examined myocardial
preparation. This also offers the possibility to integrate multiple illumination
sources or detectors in the setup. The excitation filters are positioned in front of
the used LEDs. The emission filters are attached in front of the lens, which is
mounted on the high-speed camera.

For recording optical signals, detectors with a high spatio-temporal resolution,
a high dynamic range, and a high sensitivity are required. Modern experimental
setups are using charge-coupled device (CCD), electron multiplying charge-
coupled device (EMCCD), and complementary metal-oxide-semiconductor
(CMOS) cameras with a varying frame rate between 100 fps and 10,000 fps and
a sensor size ranging between 100x 100 pixels and 512x512 pixels [132, 133].
EMCCD cameras are producing lower readout noise and an increased quantum
efficiency and therefore, these sensors are suitable for low light applications
with high temporal resolution [134]. CMOS cameras provide a higher spatial
and temporal resolution, whereas sensitivity is decreased. Recently, low-cost
CMOS cameras were integrated into an optical mapping setup for panoramic
imaging of Langendorff-perfused pig hearts [135]. The appropriate selection
of a suitable camera always depends on the requirements of the specific experi-
mental scenario [136].

Cardiac contractions cause major distortions in the recorded optical signals,
which may be suppressed by mechanical or pharmacological approaches [113,
114]. However, the electrical excitation is relatively sensitive to external mechan-
ical influence [137]. It was shown in several studies that the pharmacological
drug blebbistatin suppressed mechanical contractions without larger effects on
cardiac electrophysiology [138—140]. Either excitation or emission ratiometry
as well as image processing methods are also applied to reduce motion artifacts
without blebbistatin [122, 132].
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4.1.3 Post-processing of Cardiac Optical
Mapping Data

Optical action potentials (OAPs) with high signal-to-noise ratio (SNR) are ex-
pected for Langendorff-perfused hearts [141]. However, SNR of optical signals
is significantly decreasing at higher acquisition rates or smaller preparations,
i.e., myocardial preparations with a thin wall thickness, monolayers of cardiac
tissue, or single cells. Therefore, post-processing of optical mapping data is an
essential step for studying the changes of the electrophysiological parameters.

In a first processing step, raw data have to be filtered using adequate spatial and
temporal filter masks. According to the literature, two-dimensional (2D) spatial
mean filters with a kernel size of 3x3 or 2D Gaussian filters were proposed.
Furthermore, low-pass finite impulse response (FIR) filters with a cut-off fre-
quency smaller than 100 Hz were applied in the temporal domain [52, 142]. In
another approach, Xiong et al. used Wavelet analysis to filter raw OAPs [143].
For larger myocardial preparations, ensemble averaging can also be performed
before filtering in order to increase SNR [144].

Subsequently, the baseline drift of the optical signals, which is caused by mo-
tion artifacts or photobleaching, needs to be removed. Here, the following
approaches are applied: i) high-pass filtering and ii) a polynomial fitted base-
line drift is subtracted from the original signal. Due to inhomogeneous dye
loading or nonuniform illumination, filtered OAPs of each pixel have to be
normalized between maximum and minimum fluorescence [52].

Afterwards, the filtered and normalized OAPs are used to determine various
electrophysiological parameters, i.e., local activation time (LAT) or action po-
tential duration (APD) maps. Plotting LAT versus space (LAT map) represents
the spread of the excitation wavefront and can be used to estimate local or global
conduction velocity (CV) [21, 145, 146]. The APD maps from filtered OAPs
can be generated to study repolarization in different areas of the moycardial
preparation. For example, APDg( describes the duration between the LAT and
the time instant, when the normalized fluorescence intensity is smaller than 20%
of its maximum peak [52].
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4.2 Electrical Mapping

4.2.1 Exiracellular Measurements

For recording the electrical activity of living cardiac tissue, a deeper understand-
ing about the generation of the electrophysiological signals is required.

During the spread of the excitation wavefront in the cardiac tissue, potential dif-
ferences occur between inactivated (P; ~ —90 mV) and activated (P; ~ 20 mV)
myocardial cells. This leads to intercellular currents between both regions via
the gap junctions (see Section 2.1). Due to Kirchhoff’s law, the sum of inflowing
currents must be equal to the sum of outflowing currents. Therefore, in front of
the activation wavefront, capacitive current flows from the cell interior through
the membrane into the extracellular space. Behind the excitation wavefront,
current flows from the extracellular space into the cell. The activation wavefront
causing a system of inflowing and outflowing currents can be described as a
moving current dipole. In the extracellular space, backward currents produce
an extracellular voltage difference due to the specific resistance of this domain
[147].

These extracellular potentials can be measured either in unipolar or bipolar
configuration. In the first case, the potential difference between an electrode
and a far-distant electrode is acquired. Unipolar electrograms (EGMs) typically
have a mono- or biphasic morphology and provide useful information about the
activation wavefront, e.g. if activation stops at the recording site (see Figure
4.3), however they are often superimposed with far-field signals. The maximum
negative deflection of an unipolar EGM corresponds with the upstroke of the
action potential (AP) during the depolarization of the underlying myocardial
cell [148]. In bipolar configuration, the electrical activity between two adjacent
electrodes is measured. Bipolar EGMs are more sensitive to local electrical ef-
fects, because of the reduction of far-field signals. However, signal morphology
is triphasic and strongly depends on the direction of the excitation wavefront,
which hampers the interpretability of bipolar EGMs [147].
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Figure 4.3: A triggered wavefront propagates along an idealised myocardial bundle from left
to right. Monophasic and biphasic unipolar EGMs were measured at the recording sites A
(starting point), B (midpoint), and C (endpoint). Additionally, extracellular field potentials are
shown for each point, when the wavefront directly passed the electrode (red: positive po-
tential, blue: negative potential in extracellular space). The figure was unalteredly reprinted
with permission from [147].

4.2.2 Electrode Materials

The cardiac electrophysiology is based on the exchange of ions between the
intra- and extracellular space. For recording the electrical activity of living
myocardium, a measurement electrode must be placed at the myocardial prepa-
rations. These electrodes, transferring the ionic current into electric current,
have to fulfill the following requirements: high conductivity, low Faradaic
impedance, and biocompatibility.

Gold, silver and platinum electrodes are often used, because of their good elec-
trical properties and chemical inertness. These electrodes are representatives of
the group of “polarized electrodes” mainly showing a capacitive characteristic
at the electrode-electrolyt interface [149].

A silver/silver chloride (Ag/AgCl) electrode, also called “unpolarized elec-
trode”, directly interacts with the ion currents in the extracellular space of the
myocardium. For this purpose, a chloridation process changes the outer layer
of a silver electrode into silver chloride. [150]. This reduces the Faradaic
resistance of the electrode-electrolyte interface and stabilizes the offset potential
[151]. No adverse reaction is expected from the usage of Ag/AgCl electrodes
due to the large amount of chloride ions in the extracellular space.
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4.2.3 Overview about MEA Technology

In the last decades, numerous multielectrode arrays (MEAs) have been designed
to study the electrophysiological characteristics of cardiac tissue with high
spatio-temporal resolution.

At the beginning, Simmers et al. performed electrical measurements with 30
to 40 electrodes, which were individually attached at the epicardium of canine
hearts [152]. In a next development process, the individual electrodes were
positioned in a nylon cloth or ribbon cables both to create high-density MEAs
and to maintain a consistent spatial resolution [153, 154]. Hofer et al. developed
MEAs with approximately 25 electrodes by using photolithography [155]. A
few years later, this research group designed a flexible needle-like sensor in
order to improve electrode-tissue contact as well as to study the electrical near
field of beating myocardial preparations [156]. In another approach, Sahakian
et al. used 16 spring loaded Ag/AgCl electrodes, which were integrated in a
sponge structure, to maintain tissue contact with vital animal hearts [157]. A
two electrode array, which can be clamped at the cardiac tissue, was developed
by Shkurovich et al. for recording the electrical activity at the endocardial and
epicardial side simultaneously [158]. Houben et al. developed a high-density
electrode array with 192 electrodes and a size of 14 mm x46 mm (interelectrode
distance: 2 mm) to perform a fast mapping of the epicardial atrial wall and
subsequently, to determine activation maps during atrial fibrillation (AFib)
[159, 160]. Commercial MEAs with up to 256 electrodes are available from
Multi Channel Systems (MCS GmbH, Reutlingen, Germany) for various in
Vitro or ex vivo scenarios.

4.3 Existing Experimental Setup

An experimental setup was developed by Matthias Keller, which allows to study
the electrophysiological characteristics of explanted rat atrial myocardium by
combining optical mapping and electrical measurements [20]. This setup will
be described here briefly.
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() (b)

Figure 4.4: (a): Schematic illustration of the optical mapping setup integrated in the Faraday
cage (not shown here) with the following components: (1) Computer-controlled microma-
nipulator; (2) Custom-made electrode sensor; (3) Tissue bath; (4) X-Y-positioning table; (5)
Dichroic mirror; (6) Optical lenses; (7) Mechanical shutter; (8) Neutral density filter; (9) Pin-
hole aperture; (10) Laser. The CCD camera is positioned under the dichroic mirror. (b):
Photographic image of the tissue bath with tissue holder. Both figures were reprinted with
permission from [21].

The central part of the experimental setup was surrounded by a Faraday cage,
which both reduces electrical interferences and prevents light entering the setup
(see Figure 4.4(a)). The optical part comprises a tandem lens macroscope with
two video lenses, each having a focal length of 50 mm (NMV-50M1, DO-5095,
f-stop: 1.4, 0.95, Navitar Inc., Rochester, NY, USA). A longpass filter with a cut-
on wavelength of 610 nm (635DF55, Omega Optical Inc., Brattleboro, VT, USA)
was positioned in front of the second video lens, which was mounted on the
CCD camera. To excite the fluorescent dye, a continuous wave solid state laser
was used (wavelength: 532 nm, maximum output: 150 mW, Compass 315M, Co-
herent, Inc. Santa Clara, CA, USA). The intensity of the laser beam was set via
a neutral density filter (diameter: 25 mm, optical density: 0.04—1.5, Edmund Op-
tics, Barrington, NJ, USA). Illumination time of the preparation was regulated
with a computer-controlled mechanical shutter, which was positioned behind
the laser. Two plane-convex lenses collimated the laser beam (diameter 2", focal
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lengths: 60 mm, 100 mm, Thorlabs Inc., Newton, NJ, USA), which was cou-
pled into the optical path by a dichroic mirror (LC576DRLP, Omega Optical,
Brattleboro, VT, USA). The emitted light from the myocardium was focused on
the CCD camera (Sensicam QE, PCO AG, Kehlheim, Germany) running with
a maximal frame rate of 70 fps at 172x65 pixels (spatial resolution approxi-
mately 100 umx50 pum with a binning of 16x8). An interpolated frame rate of
1000 fps was achieved by recording several activation sequences, which were
synchronized with an external stimulus trigger (boxcar averaging) [161, 162].
The illumination source, the emission filters, and the dichroic mirror were
selected to optimize the fluorescence measurements with di-4-ANEPPS (see
Section 4.1.1).

Additionally, a tissue bath was developed to guarantee a constant superfusion
of the atrial myocardium with nutrient solution for several hours (see Figure
4.4(b)). This tissue bath offered the opportunity to position a custom-made elec-
trical sensor at the epicardial side of the preparation via a computer-controlled
micromanipulator. The design of this miniaturized sensor, which had two mea-
surement electrodes, was inspired by clinical ablation catheters [20]. Here,
unipolar and bipolar EGMs were recorded for both varying sensor positions
and distances from the epicardial surface. This setup was also used to study
the electrical propagation of rat atrial myocardium during hyperthermia (see
Section 11.2).
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Chapter 5

Motivation

During a clinical radiofrequency ablation (RFA) procedure, the reproducible
formation of ablation lesions and the morphological changes of the intracar-
diac electrograms (IEGMs) depend on numerous parameters, e.g. local heat
distribution, catheter orientation, ablation energy, blood flow, irrigation, and
contact force. Therefore, several research groups established complex in silico
scenarios to study lesion development occurring during a clinical RFA pro-
cedure [12, 163]. However, these computational studies did not consider the
signal characteristics of the IEGMs, which are acquired by the electrodes of the
ablation catheter. Due to this reason, Keller et al. established a model of an
acute point-shaped ablation lesion to study the changes of [IEGMs when varying
lesion transmurality, catheter orientation, or catheter position [21]. However,
up to the present time, no computational scenarios with more complex ablation
lesion geometries have been established to investigate the changes of IEGMs in
detail.

In the recent years, high-density mapping catheters have been introduced to
accurately characterize acute ablation lesions or to identify arrhythmogenic
tissue [164, 165]. Despite the higher sensitivity of the smaller measurement
electrodes, the interpretation of the recorded clinical signals remains challeng-
ing due to the following reasons: i) unipolar electrograms (EGMs) are often
superimposed by strong noise as well as the ventricular far-field and ii) sig-
nal characteristics of bipolar EGMs are strongly dependent on the excitation
wavefront. In 2014, a novel ablation catheter with integrated mini electrodes
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(MEs) was launched (MiFiTM, Boston Scientific, Natick, MA, USA). According
to the manufacturer specifications, this catheter offers local lesion maturation
feedback and allows precise identification of conduction gaps. The performance
of this catheter was studied in several clinical and animal studies. For example,
Avitall et al. investigated the signal characteristics of in vivo recorded EGMs
from an 8 mm nonirrigated and a 4.5 mm irrigated MiFi ablation catheter in
canine myocardium. In general, the authors proved the diagnostic potential of
the integrated MEs but concluded that further clinical studies are necessary to
confirm the lesion monitoring with this catheter [19]. Llyod et al. studied the
changes of IEGMs recorded by the MEs above ablated and healthy myocardium
during atrial flutter in humans. However, a major limitation of that study was the
inaccurate positioning of the ablation catheter during the electrical recordings
despite use of electroanatomical or fluoroscopic mapping systems. Furthermore,
it was not possible to precisely investigate more complex ablation lesions, e.g.
linear lesions, in this in vivo experiment [166].

In order to provide new insights into the influence of complex ablation lesions
on IEGMs, an in silico model consisting of two overlapping point-shaped abla-
tion lesions was developed based on the former work of Matthias Keller [20].
In a next step, the point-shaped ablation lesion model was expanded in order
to integrate more complex ablation catheters in the in silico experiment. After
validating the new lesion model, an 8 mm nonirrigated ablation catheter with
integrated MEs was studied for different ablation scenarios. The research focus
of this study was to evaluate the potential diagnostic benefit of the MEs, which
may be helpful to precisely determine either the transmural extension of ablation
lesions with varying geometry or noncontiguous linear lesions.
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Methods

6.1 Models of Clinical Ablation Catheters

For the in silico experiments with acute ablation lesions, two clinical ablation
catheters were modeled, which will be described in this section.

First, an 8F nonirrigated ablation catheter was modeled in a voxel mesh with an
isotropic spatial resolution of 0.2 mm (see Figure 6.1(a)). The distal electrode
of the catheter had an outer diameter of approximately 2.7 mm and a length
of 8mm. The proximal electrode had a length of 1.2 mm and was located
3 mm behind the distal electrode. Both electrodes were separated by an isolating
material, e.g. Teflon, characterized by an extracellular conductivity of 10~1° S/m
(see Table 6.1) [20].

Second, a nonirrigated, high-resolution ablation catheter with integrated mini
electrodes (MEs) was modeled according to the technical specifications of the
MiFi ablation catheter (MiFi™, Boston Scientific, Malborough, MA, USA).
The ME:s are located in a distance of 2 mm from the tip of the catheter. This
computational model was comprised of tetrahedral elements with edge lengths
varying between 0.05 mm and 0.3 mm. The smallest elements were used to
reproduce both the geometry of the MEs, having a total diameter of 1 mm, and
the curvature of the ablation catheter. The three MEs were evenly distributed
around the longitudinal axis of the catheter with a distance angle of 120°. A
thin isolation layer, which was also specified by an extracellular conductivity of
10710 S/m, completely surrounded the MEs (see Figure 6.1(b)).
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Figure 6.1: (a): Computational model of an 8F ablation catheter, which is discretized into
voxels with a size of 0.2 mm. This figure was reprinted from a supervised student’s thesis
[167]. (b): Computational model of an 8F MiFi ablation catheter with superimposed surface
grid (illustrated in blue). The edge lengths of the tetrahedral elements decrease from 0.3 mm
down to 0.05 mm in order to recreate the curvature of both ablation catheter and MEs.

Each measurement electrode of both ablation catheters had an extracellular
conductivity of 7000 S/m, which leads to an equipotential volume within the
electrode (see Table 6.1 in Section 6.2.3) [21].

6.2 Modeling Acute Ablation Lesions

A computational model of an acute ablation lesion was developed by Matthias
Keller [20]. Based on this model, complex ablation lesions were investigated in
a supervised student’s thesis [167]. In a next step, this model was expanded to
cover future computational scenarios with high-density ablation catheters and
subsequently validated with clinical data. These results have been published as
a conference contribution [168].
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6.2.1 Reference Model of a Point-shaped
Ablation Lesion

The acute ablation lesion model by Matthias Keller, which will be described
here briefly, was composed of a necrotic core consisting of irreversibly de-
stroyed myocardium and a discrete border zone representing reversibly injured
myocardium (see Figure 6.2) [20].

In general, the complete lesion model is reassembled by two half-ellipsoids
with a maximum width of 10 mm and a width to depth ratio of 1.25, when the
catheter was orthogonally placed at the myocardium. In parallel catheter ori-
entation during the radiofrequency ablation (RFA) procedure, the lesion width
was increased to 12.8 mm with a ratio of 1.6. These configurations were used to
reproduce the three-dimensional (3D) geometry of ablation lesions reported in
several in silico and ex vivo experiments [12, 21, 169—172].

The necrotic core comprised tissue irreversibly destroyed by temperatures larger
than 50°C [92, 93, 173]. Therefore, the necrotic core had no intracellular con-
ductivity, whereas extracellular conductivity was set to 0.1 S/m. The temperature
decrease in the 3 mm wide border zone, which surrounded the necrotic core, was
modeled with an exponential fit between 50°C (necrotic core) and 40°C (outer
area of the border zone) according to findings from experimental and clinical
studies [21, 170, 174]. The border zone was discretized into six different layers,
which were characterized by a specific intracellular conductivity in order to
reproduce temperature-related changes of electrical propagation during hyper-
thermia [93]. Furthermore, an adapted Ten Tusscher cell model by Wilhelms et
al. representing the ischemia phase 1a was applied to model the changes of the
action potential (AP), i.e., modifications of action potential amplitude (APA),
action potential duration (APD), and resting membrane potential above 43°C
(see also Section 3.1) [21, 109].
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Figure 6.2: Computational setup of the acute ablation lesion model with an orthogonally
positioned 8F ablation catheter. The discrete border zone (BZ) of the lesion is highlighted
in different colors. For reasons of clarity, myocardium and blood are plotted with decreased
opacity. This figure was modified from [167].

6.2.2 Complex Ablation Lesion

In a first development step, a simplified computational model of a complex
ablation lesion was implemented in this thesis. According to clinical protocols,
a small linear lesion consisting of two overlapping ablation points was created.
Here, it was assumed that the first ablation lesion was completely cooled down
by blood flow and local tissue perfusion before performing the second RFA
sequence. A second acute ablation lesion was created next to the necrotic core
of the first lesion with varying gap distances (see Figure 6.3). In this process,
it was differentiated between placing the necrotic core in front or behind the
acute ablation lesion with respect to the propagation direction. To investigate
the maximal relative changes of simulated intracardiac electrograms (IEGMs),
all scenarios were performed with transmural ablation lesions. Only isotropic
myocardial patches were considered in order to reduce the number of modeling
parameters. Edema, which always occurs during the catheter ablation and causes
swelling of the cardiac tissue, was excluded from this computational model
[98].
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Figure 6.3: Computational setup of a complex ablation lesion with an orthogonally posi-
tioned 8F ablation catheter. In this example, the necrotic scar was positioned in front of
the ablation lesion. The discrete border zone (BZ) of the lesion is highlighted in different
colors. For reasons of clarity, myocardium and blood are removed. This figure was modified
from [167].

6.2.3 Acute Point-Shaped Ablation Lesion with
Continuous Border Zone

The new computational model of an acute ablation lesion consisted of a border
zone with a continuous temperature distribution (see Figure 6.4). The intra- and
extracelluar conductivities of the necrotic core, the spatial dimensions of the
complete lesion (width and width to depth ratio), and the modified cell model
were adopted from the former model (see Section 6.2.1). As in the reference
model from Matthias Keller, edema and inflammation were neglected in this
novel computational model.

The 3 mm wide discrete border zone of the former model was replaced by a
continuous border zone based on the exponential fit described in Section 6.2.1.
As in the reference model, the experimental findings from Simmers et al. were
used to determine the intracellular conductivities in each voxel element [93].
To this end, several simulations were performed on small myocardial patches
with varying intracellular conductivity and a fixed extracellular conductivity
(120x30x 65 voxels, spatial resolution: 0.2 mm). The steepest point in the AP
upstroke of the cellular activity was used to calculate the conduction velocity
(CV). Finally, a function of CV over intracellular conductivity was obtained by
interpolating the results with a cubic spline.
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Table 6.1: Overview of intra- and extracellular conductivities (o; and o,) for obtaining a
specific CV. The intracellular conductivity of the border zone was exponentially depen-
dent from the temperature and is here given for specific temperature ranges. A surface
to volume ratio B of 100 mm~! and a specific membrane capacity C, of 0.1 uF/cm? were
taken from the cell model [167]. This table was modified and reprinted with permission
[175].

Material 6; (S/m) 0o, (S/m) CV(mm/s)
Myocardium 0.40 0.264 800
Blood - 0.70

Lesion (40 - 43°C)  0.47 - 0.53 0.264 844 -873
Lesion (43 - 46°C)  0.53 - 0.36 0.264 873 -784
Lesion (46 - 50°C)  0.36 - 0.01 0.264 784 -160

Lesion (necrotic) - 0.10 -
Electrode - 7-103 -
Isolation - 1010 -

Table 6.1 gives an overview about the resulting intra- and extracellular con-
ductivities from both healthy myocardium and ablation lesion. For healthy
myocardium, intra- and extracellular conductivities were adjusted to reach a CV
of around 800 mm/s, which corresponds to the experimental measurements by
Clayton et al. [176].

6.3 Computational Setup

The in silico studies were performed with the finite element bidomain for-
mulation in the cardiac simulation framework acCELLerate [111, 112]. An
isotropic myocardial patch with a size of 40 mmx24 mmx22 mm was used
for the numerical simulations (spatial resolution: 0.2 mm). A nonirrigated 8F
ablation catheter was positioned in orthogonal orientation (OOT) or parallel
orientation (POT) on the endocardial side of the myocardium. The catheter tip
indented the surface of the myocardium by 1 mm in OOT, which may occur in a
clinical scenario. In POT, the catheter gently touched the myocardium without
deformation. The myocardial patch and the ablation catheter were located in a
blood pool characterized by an extracellular conductivity of 0.7 S/m [177]. An
intracellular stimulus current was applied on the left boundary of the myocardial
patch to initiate a planar excitation wavefront.
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Figure 6.4: (a): Computational setup for orthogonal catheter orientation. The ablation
catheter and the myocardial patch (highlighted in red) are surrounded by blood (not shown
in this figure). (b): Lateral section through the acute ablation lesion model, which consists
of a necrotic core (highlighted by black arrow) and a surrounding border zone with a con-
tinuous temperature distribution. The ablation catheter located above the center of the
lesion is shown in light grey color. A color gradient displays the temperature profile in the
border zone. This figure was modified with permission from [168].

Several scenarios were investigated with the complex ablation lesions: over-
lapping point-shaped ablation lesions and small linear lesions with conductive
gaps. Therefore, the initial distance of 3.6 mm between the necrotic core and the
ablation lesion was stepwise increased to 10.6 mm (step size: 1.6 mm). When
the border zone of the second ablation lesion overlapped the necrotic core of
the former lesion, this region was also defined as necrotic tissue.

No-flux Neumann conditions were applied at the outer edges of the compu-
tational setup for all domains and at the boundaries between the intracellular
domains of mycocardium and blood. Furthermore, the extracellular potential ¢,
was fixed to the following constraint (2 includes the complete domain):

/g ¢ dQ = 0. (6.1)
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6.4 Signal Analysis

Simulated extracellular potentials of both distal and proximal electrode were
extracted with a sample rate of 10kHz and referenced to the tissue-distant top
voxel layer resulting in unipolar electrograms (EGMs). To determine bipolar
EGMs, unipolar EGMs from distal and proximal electrode were subtracted
from each other (distal-proximal). Simulated IEGMs were filtered with first
order Butterworth low-pass and high-pass filters with cut-off frequencies of
250 Hz and 30 Hz, respectively. Matthias Keller showed that this reproduces the
amplitude and phase response of the clinical filter settings, which were applied
to record the clinical data [21]. Simulated and clinical data were compared
using the following parameters: negative peak amplitude (Aneg), positive peak
amplitude (Apos), and maximal negative derivative between positive and nega-
tive peak (dV/dtmax).
Regarding the point-shaped ablation lesions, the deviation factor Q, was intro-
duced to determine the deviation between clinical and simulated EGMs from
the model by Matthias Keller and the expanded lesion model with respect to the
variance of the acquired clinical parameters:

QV:Z;(E .. 7E .)2 (62)

Vi (G"li”i‘-al,i)z clinical i comp,i .

Oclinical defines the standard deviation and E is the mean value of each param-
eter i. Clinical and simulated parameters are labeled with clinical and comp,
respectively.
The clinical data contain unipolar and bipolar EGMs recorded from five patients
during an RFA procedure. The data sets were measured by Armin Luik at
the Stddtisches Klinikum Karlsruhe and retrospectively analyzed by Matthias
Keller [21]. For OOT and POT, measurement sequences of stable morphology
were identified and used to determine the parameters described in the previous
section.

54



6.5. Computational Scenarios of an Ablation Catheter with Miniaturized Electrodes

6.5 Computational Scenarios of
an Ablation Catheter with
Miniaturized Electrodes

The following sections give an overview about the computational scenarios
with an ablation catheter with integrated MEs, which provide the opportunity
to characterize ablation lesions with high spatial resolution. Therefore, the
potential diagnostic benefit of the MEs can be investigated in each scenario.
This in silico study was published in [175].

6.5.1 Computational Setup

The computational setup described in Section 6.3 comprised a structured grid of
voxel elements and was appropriate for the investigation of a standard 8F abla-
tion catheter with low spatial resolution. However, both higher spatial resolution
(< 0.2mm) and larger tissue dimensions will markedly increase computational
cost and time. To analyze a novel ablation catheter with integrated MEs, the
former computational setup was redesigned, which will be explained here.
The computational studies with this ablation catheter were also performed with
the finite element bidomain formulation in acCELLerate [111, 112]. To perform
all computational scenarios, the cardiac tissue was modeled by an isotropic
myocardial patch with a size of 80 mmx24 mmx4.8 mm comprising an unstruc-
tured grid of tetrahedral elements with an edge length between 0.05 mm and
0.3mm. The acute point-shaped ablation lesion model described in Section
6.2.3 was slightly adapted for a tetrahedral mesh and subsequently integrated
into the myocardial patch (see Figure 6.5). Intra- and extracellular conductivi-
ties were set according to the values given in Table 6.1. The mesh resolution
was increased for myocardium surrounding the ablation lesion as well as the
ablation catheter (edge length between 0.05 mm and 0.1 mm). As in the previous
setup, an intracellular stimulus current was applied at the left tissue boundary to
initiate a planar excitation wavefront. A blood layer with a thickness of 24.6 mm
and 6.6 mm was positioned above and below the myocardial patch, respectively
(extracellular conductivity: 0.7 S/m [177]).
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40°C Border zone s50°C
B Necrotic core O Distal and proximal electrodes
B Myocardium B |solation
5 ME2

Figure 6.5: The ablation catheter was positioned in POT above an acute ablation lesion and
slightly touched the myocardium. In the computational scenario, both ablation catheter and
myocardial patch were completely surrounded by blood (not shown in this figure). A color
gradient shows the temperature distribution in the border zone. Smaller tetrahedral ele-
ments are visible in the border zone and the MEs. This figure was reprinted with permission
from [176].

To reduce computational cost and time, the edge lengths of the tetrahedral
elements in blood ranged between 0.3 mm and 1 mm. As in Section 6.3, no-flux
Neumann conditions were applied at the inner and outer boundaries of the
computational setup.

6.5.2 Computational Scenarios

For all mapping scenarios, simulated EGMs were determined either in OOT
or in POT. In OOT case, the distal electrode of the ablation catheter indented
the tissue surface by 1.2 mm while all MEs were completely surrounded by
blood. When looking at the longitudinal axis of the ablation catheter, the angle
between ME1 and the direction of the propagating excitation wavefront was 90°.
Rotating the catheter 120° in counterclockwise direction around its longitudinal
axis, ME2 was positioned at the backside of the catheter. After further 120°, the
angle between ME3 and the activation wavefront was 30° (see Figure 6.6(a)).
In the POT case, the ablation catheter sligthly touched the myocardium without
deformation (initial penetration depth: O mm). Here, ME2 was in full contact
with the myocardium, whereas ME1 and ME3 were surrounded by blood (see
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Figure 6.6(b)). Different mapping scenarios were performed with this catheter,
which will be explained in the following.

6.5.2.1 Healthy Myocardium

Basic Catheter Orientations In this initial scenario, the catheter was orthog-
onally or parallely placed on healthy myocardium without ablation lesions. In
POT, ME?2 slightly contacted the myocardium without penetration (see Figure
6.5).

Tilting Angles Based on the previous scenario, the catheter was sequentially
tilted from OOT to POT in steps of 15° (see Figure 6.6). In this scenario, the
initial distance between the tip of the ablation catheter and the myocardium was
changed to 0.6 mm in OOT (tilting angle: 90°). This distance led to a thin blood
layer between the catheter and the myocardium when the tilting angle was set
to 0°. The following scenarios were only peformed in OOT or POT.

Rotation Here, the ablation catheter was completely rotated in clockwise
direction around its longitudinal axis for both orientations (rotation steps: 10°).
Compared to the previous scenario, ME2 did not initially touch the myocardium
in POT. At a rotation angle of 30°, the ME2 was in full contact with the
myocardium. This rotation angle was used in the follow-up scenarios to study
the changes of unipolar EGM from one ME directly positioned above different
ablation geometries.

Penetration Depth The dependence of signal characteristics with varying
penetration depths of the ablation catheter were assessed in this scenario. The
initial penetration depth of 1.2mm in OOT (0.6 mm in POT) was gradually
decreased with a step size of 0.2 mm. Finally, the tip of the catheter slightly
touched the myocardium in OOT. Regarding POT, the final distance between
the myocardial surface and the ablation catheter was 0.6 mm and therefore the
ME pointing towards the cardiac tissue was also covered by a thin blood layer.
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6.5.2.2 Ablation Lesions

Ablation Lesion with Border Zone In this scenario, the ablation catheter
was positioned centrally above an acute ablation lesion in OOT or POT. The
distance between the tip of the ablation catheter and ME2 was around 2 mm.
Due to this, ME2 was not located above the center of the necrotic core in POT.

Acute Ablation Lesion without Border Zone After a fixed period of time,
it can be assumed that the hyperthermic effects in the border zone of the acute
lesion declined. Therefore, the previous ablation lesion only comprised a
necrotic core, having a width of 13 mm, without a border zone (see Figure 6.5).
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Figure 6.6: Ablation catheter with MEs placed in OOT (a) or POT (b). Each ME has a specific
orientation towards the propagating excitation wavefront. The planar excitation wavefront
was initiated at the left tissue boundary (the extracellular potentials are exemplarly shown
here for a specific time instant before the excitation wavefront has passed the ablation
catheter). The catheter is tilted around the angle « and rotated around the longitudinal axis
in clockwise direction. For better visualization, the distal electrode is shown with reduced
opacity. This figure was modified with permission from [175].
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The ablation catheter, centrally positioned above the lesion, was sequentially
shifted either in direction of the propagating excitation wavefront (here labeled
as positive) or towards the direction of propagation (here labeled as negative).
The largest distance between the catheter and its initial position was 7 mm (see
Figure 6.7).

Linear Lesions with Gaps The last scenario reproduced a linear lesion,
which comprises overlapping ablation points, with a conduction gap of 1.5 mm.
The ablation catheter was sequentially shifted along the block line with a step
size of 1 mm and a maximal distance of 4 mm from the conduction gap (see
Figure 6.8).

—p —p
®  Myocardium B Distal and proximal electrodes
B Ablation lesion B |solation

= Mini electrodes

(@) (b)

Figure 6.7: The ablation catheter was sequentially shifted above a permanent point-shaped
ablation lesion in OOT (a) or POT (b) (step size: 1-2 mm). The direction of movement is high-
lighted by an arrow from the initial position (dotted line). For reasons of clarity, myocardium
is illustrated in transparent along the direction of catheter movement. Additionally, only
four possible catheter positions are exemplarly illustrated here. This figure was reprinted
with permission from [175].
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Figure 6.8: The ablation catheter was shifted above the gap of a noncontiguous block line in
OOT (a) or POT (b) (step size: 1 mm). The direction of movement is highlighted by an arrow
from the initial position (dotted line). For reasons of clarity, myocardium in front of the block
line is illustrated in transparent. The activation wavefront was initiated at the bottom of the
tissue patch. Additionally, only four possible catheter positions are exemplarly illustrated
here. This figure was reprinted with permission from [175].

6.5.3 Analysis of Simulated Intracardiac
Electrograms

The averaged extracellular potential from the top 1 mm blood layer was used
as reference potential to determine unipolar EGMs from all measurement elec-
trodes, which were acquired with a sampling rate of 10 kHz. Unipolar EGMs
from either two adjacent MEs or one ME and the distal electrode were sub-
tracted from each other to calculate bipolar EGMs. Regarding unipolar EGMs,
a low-pass filter with a cut-off frequency of 200 Hz and a high-pass filter with
a cut-off frequency of 0.5 Hz were used, which are typically used in clinical
recording systems. Bipolar EGMs were processed with first order Butterworth
filters with cut-off frequencies of 300 Hz (low-pass filter) and 30 Hz (high-pass
filter). The time of the maximum downstroke between Apos and Aneg was
defined as local activation time (LAT) [178].
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Results

7.1  Analysis of Complex Acute
Ablation Lesions

Orthogonal orientation (OOT) Figure 7.1 and Figure 7.2 show the simu-
lated intracardiac electrograms (IEGMs) for OOT when varying the distance
between both ablation lesions. Only filtered IEGMs were considered for subse-
quent data analysis in order to identify potential characteristic features being
relevant for the clinical data.

In general, signal morphology of filtered IEGMs was influenced by the addi-
tional necrotic scar positioned in front or behind the second acute ablation
lesion. However, larger changes in signal morphology were not detected when
increasing the distance between both lesions. For almost all distances, no signif-
icant changes of all investigated parameters were identified in either distal or
proximal IEGMs. Before the creation of the second ablation lesion, negative
peak amplitude (Aneg) of distal IEGM changed by approximately 2 mV at a dis-
tance of 3.6 mm from the necrotic scar compared to the reference position (see
Figure 7.3). Signal energy and maximal negative derivative between positive
and negative peak (dV/dtp,x) showed no monotonic increase or decrease over
all distances for distal as well as bipolar IEGMs (see Figure 7.4). Due to the
large distance between the proximal electrode and the myocardium, proximal
IEGMs only represented far field activity and were inappropriate for further
data analysis.
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Figure 7.1: Necrotic scar is positioned in front of the acute ablation lesion with varying
distance. Simulated unfiltered (top row) and filtered (bottom row) IEGMs before and after
a second RFA procedure for OOT. For the distance «, no necrotic scar was positioned next
to the acute ablation lesion. This figure was modified from a supervised student’s thesis
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Figure 7.2: Necrotic scar is positioned behind the acute ablation lesion with varying dis-
tance. Simulated unfiltered (top row) and filtered (bottom row) IEGMs before and after a
second RFA procedure for OOT. For the distance «, no necrotic scar was positioned next
to the acute ablation lesion. This figure was reprinted from a supervised student’s thesis
[167].
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Figure 7.3: Changes of absolute peak amplitudes of filtered IEGMs during ablation with a
necrotic scar in the surrounding of the acute lesion for varying distances. For the distance
o0, NO Necrotic scar was positioned next to the acute lesion. Top: Necrotic scar is positioned
in front of the acute lesion. Bottom: Necrotic scar is positioned behind the acute lesion.
Marker legend: Apos before ablation (llll), Apos after ablation (
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student’s thesis [167].
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Figure 7.4: Relative changes of signal energy and dV/dtn,x of filtered IEGMs during ablation
with a necrotic scar in the surrounding of the acute lesion for varying distances. For the
distance «, no necrotic scar was positioned next to the acute lesion. Due to normalization,
all points are overlapping at the distance «. Top: Necrotic scar is positioned in front of
the acute lesion. Bottom: Necrotic scar is positioned behind the acute lesion. Marker
legend: signal energy before ablation (M), signal energy after ablation (F8), dV/dtmax
before ablation ( ), dV/dtmax after ablation (HElM). This figure is based on the results
from a supervised student’s thesis [167].
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Parallel orientation (POT) Figure 7.5 and Figure 7.6 show the simulated
IEGMs for POT when varying the distance between both ablation lesions. As
in the previous scenario, only filtered IEGMs were considered for further data
analysis.

A varying gap distance between the necrotic scar and an acute ablation lesion,
positioned behind the necrotic scar, did not majorly distort the signal morphol-
ogy of all filtered IEGMs. Both Apos and Aneg remained at an almost constant
value for all distances (see Figure 7.7). Only signal energy of distal IEGMs
linearly increased for larger distances (see Figure 7.8). In case of dV/dtpyx,
this parameter declined for increasing distances before the second ablation
procedure, whereas an increase was observable for rising gap distances after the
creation of the second ablation lesion.

Considering the opposite direction, the necrotic core was directly positioned
under the proximal electrode for smaller distances. Therefore, both Apos and
Aneg of proximal filtered [IEGMs were majorily influenced by the position
of the necrotic core. The modifications of the proximal IEGMs were directly
transferred to the bipolar IEGMs. Maximum peak amplitudes, signal energy,
and dV/dty,,y of these IEGMs were linearly increasing with rising distances.
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Figure 7.5: Necrotic scar is positioned in front of the acute ablation lesion with varying
distance. Simulated unfiltered (top row) and filtered (bottom row) IEGMs before and after a
second RFA procedure for POT. The excitation wavefront passed the distal electrode first
and then the proximal electrode. For the distance oo, no necrotic scar was positioned either
before or behind the acute ablation lesion. This figure was reprinted from a supervised
student’s thesis [167].
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Figure 7.6: Necrotic scar is positioned behind the acute ablation lesion with varying dis-
tance. Simulated unfiltered (top row) and filtered (bottom row) IEGMs before and after a
second RFA procedure for POT. The excitation wavefront passed the distal electrode first
and then the proximal electrode. For the distance o, no necrotic scar was positioned either
before or behind the acute ablation lesion. This figure was reprinted from a supervised
student’s thesis [167].
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Figure 7.7: Changes of absolute peak amplitudes of filtered IEGMs during ablation with a
necrotic scar in the surrounding of the acute lesion for varying distances. For the distance
o, N0 necrotic scar was positioned next to the acute lesion. Top: Necrotic scar is positioned
in front of the acute lesion. Bottom: Necrotic scar is positioned behind the acute lesion.
Marker legend: Apos before ablation (lll),Apos after ablation (
tion (M), Aneg after ablation (
student’s thesis [167].

), Aneg before abla-
). This figure is based on the results from a supervised

69



Chapter 7. Results

Unipolar Distal Unipolar Proximal Bipolar

s
o
s
w0
s
o

s e 22 E Ef
g % g S lg
1F 2 o 1F = = o 1F = S 2 o
e} o e}
} | == : g
EO.S- < 1 EO,S- 1 EO.S- 1
ol— L L L L ol— L L L L ol— L L L L
36 74 90 106 o 36 74 90 106 o 36 74 90 106
Distance (mm) Distance (mm) Distance (mm)
Unipolar Distal Unipolar Proximal Bipolar
ol5 T T T T ol5 T T T o 15T T T
= = =)
[ ] [
_>D 1k ° o o _i 1}k o -i 1k o
5] 9} 2 o] /9
i X i &
Sos| 1 Eost /g/) {1 Sost / 1
S 5 — 5 g
s o2l 0 2 LeEr
36 74 90 106 o 36 74 90 106 o 36 74 9.0 106
Distance (mm) Distance (mm) Distance (mm)

Figure 7.8: Relative changes of signal energy and dV/dty,.x of filtered IEGMs during ablation
with a necrotic scar in the surrounding of the acute lesion for varying distances. For the
distance «, no necrotic scar was positioned next to the acute lesion. Due to normalization,
all points are overlapping at the distance «~. Top: Necrotic scar is positioned in front of
the acute lesion. Bottom: Necrotic scar is positioned behind the acute lesion. Marker
legend: signal energy before ablation (M), signal energy after ablation (F55), dV/dtyax
before ablation ( ), dV/dtnax after ablation (HEEH). This figure is based on the results
from a supervised student’s thesis [167].
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7.2  Analysis of Acute Point-Shaped
Ablation Lesions

Figure 7.9 shows the filtered clinical and simulated IEGMs when the catheter
was positioned in OOT. The continuous ablation lesion model allowed to re-
produce the observed signal features from IEGMs acquired during a clinical
catheter ablation. Only minor morphological changes were observed in the
filtered proximal IEGMs in OOT. Additionally, low signal amplitudes were
measured at this electrode due to its larger distance to the myocardium. The
simulated distal IEGM shows a similar qualitative signal morphology as the
clinical signal. In this computational scenario, the resulting bipolar IEGM was
dominated by the distal IEGM. Figure 7.10 exemplary shows the comparison
between clinical and simulated IEGMs for POT. Here, the excitation wavefront
firstly passed the proximal electrode and subsequently the distal electrode.
Table 7.1 illustrates the relative changes of Apos, Aneg, and dV/dty,,x for both
clinical and simulated IEGMs from the continuous ablation lesion model as
well as the reference model from Matthias Keller [20]. Considering OOT, the
extracted parameters from simulated IEGMs showed a high agreement with the
mean values from clinical data. This led to a relatively small Q, of approxi-
mately 2 (Q, of reference model: 2). In POT, it must be distinguished between
two cases: 1) proximal to distal wave propagation, and 2) distal to proximal
wave propagation. In the first case, the high deviation of filtered and simulated
bipolar electrograms (EGMs), especially in Aneg, resulted in a moderate Q,
of 60 (Q, of reference model: 290). In the latter case, extracted parameters
from simulated IEGMs had a similar trend as clinical EGMs. However, a large
deviation was observed in dV/dty.x in the simulated distal EGM causing a high
0, of 107 (Q, of reference model: 220).
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Figure 7.9: Representative filtered clinical (top row) and filtered simulated (bottom row)
IEGMs recorded before (M) and after (M) the RFA procedure in OOT.
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IEGMs recorded before (M) and after (M) the RFA procedure in POT (proximal to distal wave
propagation).
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Table 7.1: Relative changes of Apos, Aneg, and dV/dtmax for measured and simulated IEGMs
after the RFA procedure (mean and standard deviation). All parameters were normalized
to baseline values, which were acquired before the catheter ablation. In OOT, no signal
features from the proximal electrode were determined due to its low signal amplitudes (see
Orthogonal, proximal). In POT, data was subdivided according to the propagation of the
excitation wavefront from the distal to proximal electrode (DP) or from the proximal to the
distal electrode (PD). Green color highlights the improvements of the new computational
model compared to the reference model. This table is based on a supervised student’s
project and a conference publication [167, 168].

Clinical IEGMs

Orientation Rel. Apos Rel. Aneg Rel. dV/dt
Orthogonal, distal -0.17 £0.27 -0.94+0.10 -0.804+0.09
Orthogonal, proximal - - -
Orthogonal, bipolar -095+0.17 -020+033 -0.79 +£0.10
Parallel - DP, distal -0.27 £0.53 -1.04+0.14 -0.81+0.05
Parallel - DP, proximal -0.15+0.23 -0.09 +£0.53 0.09 +0.41
Parallel - DP, bipolar -1.06 £0.37 -0.14+0.54 -0.244+0.82
Parallel - PD, distal -0.31+021 -1.00+0.12 -0.88+0.10
Parallel - PD, proximal —-022+021 -046+0.12 —-045+0.19
Parallel - PD, bipolar -0.59 £0.17 -0.39+0.03 -046+0.13

Simulated IEGMs from new model

Orientation Rel. Apos Rel. Aneg Rel. dV/dt
Orthogonal, distal -0.13+0.00 -0.81+0.00 -0.78+0.00
Orthogonal, proximal —0.04 £0.00 —-0.64+0.00 -0.49 +0.00
Orthogonal, bipolar -0.87+£0.00 -0.33+0.00 -0.8140.00
Parallel - DP, distal -0.18+0.00 -0.73+0.00 —-0.3140.00
Parallel - DP, proximal —-0.52+0.00 -0.23+0.00 0.06 +£0.00
Parallel - DP, bipolar -0.73+£0.00 -0.27+0.00 -0.04+0.00
Parallel - PD, distal -0.31+£000 -0.734£0.00 -0.5340.00
Parallel - PD, proximal 0.09 £0.00 —0.20+0.00 0.17 +0.00
Parallel - PD, bipolar —-0.80+£0.00 —-0.254+0.00 —0.2540.00

Simulated IEGMs from reference model

Orientation Rel. Apos Rel. Aneg Rel. dV/dt
Orthogonal, distal —-0.27 £0.00 -0.83+0.00 -0.804+0.00
Orthogonal, proximal - - -
Orthogonal, bipolar -0.85+0.00 -0.32+0.00 -0.83+0.00
Parallel - DP, distal -0.09 £0.00 -0.56+0.00 0.02 +0.00
Parallel - DP, proximal —-0.03+0.00 -0.01+0.00 -0.02+0.00
Parallel - DP, bipolar —-0.53+0.00 —0.04+0.00 0.07 +0.00
Parallel - PD, distal -0.13+£0.00 -0.65+0.00 0.07 +0.00
Parallel - PD, proximal —-0.07+£0.00 -0.10+0.00 0.13 +0.00
Parallel - PD, bipolar -0.51+0.00 -0.10+0.00 -0.09 4 0.00
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Chapter 7. Results

7.3 Analysis of Signals of an Ablation
Catheter with Miniaturized Electrodes

The ablation catheter with integrated mini electrodes (MEs) was studied in
detail for different ablation scenarios. First, simulated IEGMs were investigated
for varying catheter orientations above healthy myocardium. Subsequently,
point-shaped ablation lesions and linear lesions were integrated in the three-
dimensional (3D) myocardial patch. The results of this computational study
have been published as a journal article in [176].

7.3.1 Healthy Myocardium

Basic Catheter Orientations Figure 7.11 shows the unipolar electrogram
from the distal electrode (UEGM-D) as well as the unipolar electrograms from
the mini electrodes (UEGMs-MEs) when the catheter was placed above healthy
myocardium either in OOT or POT. In the former case, simulated UEGM-D and
UEGMs-MEs showed a high correspondence regarding signal morphology as
well as similiar Apos (around 5 mV) and Aneg (around —5 mV). Additionally,
a slight increase in peak-to-peak amplitude (Vpp) was visible in UEGMs-ME:s.
Vpp of bipolar electrogram between mini electrode 1 and mini electrode 2
(BEGM-MEI-ME2) and bipolar electrogram between mini electrode 1 and
distal electrode (BEGM-ME1-D) were around 4.2 mV and 0.6 mV, respectively.
In POT, the Vpp of UEGM-ME2, which was surrounded by myocardium,
was around 26 mV. The other MEs pointing towards the blood showed similar
IEGMs morphology as well as maximum and minimum peak amplitudes like
the distal electrode. A large Vpp was observed in bipolar electrogram between
mini electrode 2 and distal electrode (BEGM-ME2-D) (around 27 mV).

Tilting Angle Here, the influence of the tilting angle between the myocardium
and the ablation catheter on Vpp of simulated unipolar EGMs was assessed (see
Figure 7.12(a)). All changes in Vpp are relative to the Vpp in OOT (tilting angle
90°). For all tilting angles smaller than 45°, the changes of Vpps of UEGM-D,
UEGM-MEI, and UEGM-ME3 were smaller than 110%. In POT, the Vpps
of UEGM-MEI and UEGM-ME3 raised by 34% compared to baseline value.
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Figure 7.11: Filtered IEGMs of the orthogonally (top) or parallely (bottom) placed abla-
tion catheter above healthy myocardium or a transmural, point-shaped ablation lesion.
Unipolar EGMs: UEGM-D, UEGM-ME1, UEGM-ME2, and UEGM-MES3. Bipolar IEGMs:
BEGM-ME1-ME2, BEGM-ME1-D, BEGM-ME2-D. The signal morphology of unipolar
EGMs from the distal electrode and the MEs differs from the unipolar EGMs presented
in Figure 7.9 and Figure 7.10 due to different filter settings. This figure was modified with
permission from [175].

Vpp of UEGM-D increased by further 13%. In contrast, Vpp of UEGM-ME2
markedly increased by up to 40% compared to baseline at a tilting angle of
45° and was around 345% in POT. Additionally, a nonlinear relation between
Vpp and the decreasing tilting angle was observed for this electrode. Smaller
changes in basic signal morphology were identified in all electrodes when tilting
the ablation catheter.

Penetration Depth Vpp of UEGM-ME2 and UEGM-D were analyzed when
decreasing the initial penetration depth of the ablation catheter (see Figure
7.12(b)). Vpp from both electrodes were normalized to the initial value. In
POT, initial penetration depth of the ablation catheter was —0.6 mm leading to
a close contact between ME2 and myocardium. After a shift of 0.6 mm, Vpp
of both electrodes were reduced by around 15%. However, at a final distance
of 1.2 mm between ME2 and the tissue surface, Vpp of UEGM-ME?2 decreased

75



Chapter 7. Results

by approximately 55% compared to baseline, whereas only moderate changes
were detected in Vpp of UEGM-D (around 23%). In OOT, no major differences
were detected in the relative changes of Vpp of UEGM-ME2 and UEGM-D.
Both values were reduced by around 21% compared to baseline.

Rotation For the rotation of the ablation catheter, Vpps of UEGMs-MEs and
UEGM-D were normalized to the minimum Vpp of each electrode. In OOT,
no major changes occurred in Vpp values of both UEGMs-MEs and UEGM-D
while rotating the catheter (see Figure 7.13). Considering POT, a significant
increase was observed in Vpp, when the distance between the ME and the
myocardium was gradually decreased, especially in case of direct contact. At
30° rotation, Vpp of UEGM-ME?2 was increased by 300% compared to baseline.
After further 120°, Vpp of UEGM-ME3 achieved a maximum value. As already
expected, Vpp of UEGM-D did not markedly change during the rotation of the
ablation catheter.
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Figure 7.12: (a): Relative changes of unipolar Vpp of the distal electrode and the MEs1-3
when tilting the ablation catheter from OOT to POT. All values were referenced to Vpp in
OOT (tilting angle 90°). Vpps of ME1 and MES3 are overlapping for all tilting angles (orange
line located above red line). (b): Relative changes of unipolar Vpp of the distal electrode
and ME2 for varying penetration depths. The catheter was either placed in OOT or POT
on the myocardium. Both figures were modified with permission from [176].
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7.3.2 Ablation Lesions

Point-Shaped Ablation Lesion Simulated IEGMs of the MEs and the dis-
tal electrode were analyzed after creating a transmural point-shaped ablation
lesion for both OOT and POT (see Figure 7.11). In the former case, Apos and
Aneg of UEGMs-MEs and UEGM-D were decreased by 25% and 40%, respec-
tively. Vpps of BEGM-MEI1-ME2 were diminished by 90%, while no major
changes were visible in BEGM-MEI1-D. Considering POT, UEGM-ME]1 and
UEGM-ME3 pointing towards the blood pool corresponded with the relative
changes of UEGM-D. In contrast, Aneg of UEGM-ME?2, directly contacting
the myocardium, was reduced by 70%. Due to this, Vpp of BEGM-ME1-ME2
as well as BEGM-MEI1-D were almost completely decreased.
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Figure 7.13: Relative changes of unipolar Vpps of the distal electrode and the MEs1-3 when
rotating the ablation catheter around its longitudinal axis. Vpp of the distal electrode and
ME2 were illustrated for orthogonal and parallel orientation. All values were normalized to
minimum Vpp of each electrode. At a rotation angle of 30°, ME2 was completely touch-
ing the myocardium. Considering the distal electrode, normalized Vpps are overlapping in
OOQT and POT (green line overlapped red line). The figure was modified with permission
from [176].
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Point-Shaped Ablation Lesion without a Border Zone In this scenario,
the orthogonally or parallely orientated ablation catheter was guided above the
cooled point-shaped ablation lesion in direction of the propagating wavefront
(positive sign) and subsequently, in the opposite direction (negative sign). At
each position, Vpp was normalized to baseline Vpp, when the catheter was
centrally placed above the necrotic scar.

In OOT, Vpp of UEGM-D and UEGM-ME?2 did not show major changes during
the movement of the catheter. After a maximal shift of 7 mm, the relative change
of Vpp of UEGM-ME2 was around 22%. A similar increase was observed for
Vpp of UEGM-D. In POT, Vpp of UEGM-D and UEGM-ME2 were increased
by approximately 28% (7.5 mV to 9.6 mV) and 37% (7.9 mV to 10.9 mV) after
a shift of 1 mm in both directions.
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Figure 7.14: (a): Relative changes of unipolar Vpp of the distal electrode and ME2 when
the catheter was either orthogonally or parallely shifted above the point-shaped ablation
lesion. All values were normalized to Vpp measured above the center of the necrotic scar
(0 mm shift). The ablation catheter was shifted towards the excitation wavefront (negative
sign) and in the opposite direction (positive sign). (b): Relative changes of unipolar Vpps of
the distal electrode and ME2 when the catheter was either orthogonally or parallely shifted
above the linear lesion with a conduction gap. All values were normalized to Vpp directly
measured above the conduction gap (O mm shift). The catheter moved at either the left
side (negative sign) or the right side (positive sign) of the gap. Both figures were modified
with permission from [175].
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In contrast to UEGM-D, Vpp of UEGM-ME2 significantly rose for further
distances. Finally, Vpp increased to 350% and 400% of baseline value, when
the catheter was shifted 7 mm away from the central position (see Figure 7.14(a)).
Figure 7.15 shows the signal morphology of UEGM-D and UEGM-ME2, which
were highly consistent, for the sequential shift of the ablation catheter in OOT.
When increasing the distance to the necrotic scar (before or behind), the negative
downstroke between the signal peaks rose. Both time indices of Aneg and local
activation time (LAT) were shifted around 10 ms during the movement of the
catheter. Additionally, extra peaks were detectable in simulated UEGM-D and
UEGM-MEI when the distance between ablation catheter and necrotic scar was
increased. Equivalently, these morphological changes occurred in UEGM-D
and strongly pronounced in UEGM-ME?2 for POT (see Figure 7.16).
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Figure 7.15: The orthogonally placed ablation catheter was shifted above the point-shaped
ablation lesion towards the excitation wavefront (a) and in the opposite direction (b). Unipo-
lar EGMs of ME2 (UEGM-MEZ2) and the distal electrode (UEGM-D) are shown here. The
signal morphology of UEGM-D and UEGM-ME?2 differs from the unipolar EGMs presented
in Figure 7.9 and Figure 7.10 due to different filter settings. The figure was modified with
permission from [175].
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Linear Lesion with Gap In the last scenario, the ablation catheter was gradu-
ally guided above a discontinuous linear lesion. The relative changes of unipolar
Vpp from all electrodes were referenced to the value when the ablation catheter
was positioned above the conduction gap (see Figure 7.14(b)).

In OOT, Vpp of UEGM-D and UEGM-ME2 changed around 2% in the area
of the conduction gap. At a distance of 4 mm, Vpps of both electrodes were
only reduced by maximal 10%. In POT, Vpp of UEGM-D did also not vary
significantly. In contrast, Vpp of UEGM-ME2 was remarkably reduced by
around 45% (reduction of Vpp by around 8.8 mV) at a distance of 2 mm.
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Figure 7.16: The parallely placed ablation catheter was shifted above the point-shaped ab-
lation lesion towards the excitation wavefront (a) and in the opposite direction (b). Unipolar
EGMs of ME2 (UEGM-ME2) and the distal electrode (UEGM-D) are shown here. The sig-
nal morphology of UEGM-D and UEGM-ME2 differs from the unipolar EGMs presented
in Figure 7.9 and Figure 7.10 due to different filter settings. The figure was modified with
permission from [176].
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Discussion

8.1 Simulation of Intracardiac Electrograms
Around Acute Ablation Lesions

A complex ablation scenario was developed based on the established computa-
tional model from Matthias Keller [20]. The scope of this study was to quantify
the influence of complex ablation lesions on intracardiac electrograms (IEGMs)
recorded with an 8F nonirrigated ablation catheter commonly used in clinical
ablation scenarios. In a next step, a continuous border zone was integrated
in the existing ablation lesion model to expand the in silico setup for future
computational scenarios.

Modeling Complex Ablation Lesions A detailed temperature model is re-
quired to reproduce the temperature distribution of overlapping point-shaped
ablation lesions. Even for a point-shaped ablation lesion, numerous modeling
parameters have to be adapted to accurately replicate lesion development, e.g.
fluid dynamics or bio-heat transfer [179]. Up to the present time, there exists no
accurate in silico models to study more complex ablation lesions. In a previous
computational study with a single point-shaped ablation lesion, it was shown
that a necrotic core consisting of irreversibly destroyed myocardium had a
major impact on the IEGMs [20]. Due to this fact, it was reasonable to initially
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model a complex ablation lesion with a necrotic scar and an acute point-shaped
ablation lesion in order to study fundamental changes in simulated IEGMs.

The influence of the necrotic core on simulated IEGMs was dependent on its
volume and its distance to the measurement electrodes of the ablation catheter.
For a distance of 3.6 mm, the necrotic core was overlapping with the second
ablation lesion, which reduced the total lesion volume in comparison to other
distances. This discontinuity was also reflected in analyzed IEGM parameters.

Clinical Interpretation This computational setup offered the opportunity
to study more realistic clinical ablation patterns. However, no correspondent
markers were identified in the filtered IEGMs of a standard 8F ablation catheter,
which may improve the estimation of the lesion geometry. The minor changes
of both IEGM parameters and signal morphology cannot robustly applied in a
clinical scenario, where strong interferences may also superimpose the intra-
cardiac signals. Due to these reasons, linear lesions consisting of overlapping
ablation points with different transmurality were not investigated. It can be
assumed that these lesions will also have a neglectable effect on measured
IEGMs. Additionally, it was not feasible to detect gaps between two ablation
points while evaluating simulated distal, proximal, and bipolar IEGMs of the
8F ablation catheter.

Another important factor concerns the geometry of this ablation catheter. The
distal electrode represents a large equipotential volume, which diminishes both
spatial resolution and sensitivity. Especially, in parallel orientation, linear
lesions with varying gap size cannot be robustly detected with an electrode
having a tip length of 8 mm. For the same catheter orientation, the unipolar
electrograms (EGMs) of the proximal electrode (length: 1.2 mm) offered a
higher sensitivity and simulated IEGMs were strongly influenced by the necrotic
core. However, in a clinical scenario, the catheter cannot be perfectly positioned
in parallel orientation (POT) to the myocardium due to various restrictions, e.g.
curvature of the myocardium, limited access in specific regions of the heart, or
stiffness of the catheter. Therefore, a larger distance to the myocardium may
reduce the diagnostic benefit of this electrode.

Ablation Lesion with a Continuous Border Zone The expanded computa-
tional model did not consider inhomogeneity, anistropy, or edema, which may
temporarily influence the propagation of the excitation wavefront around the
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ablation lesion and therefore, the signal characteristics of IEGMs. Nevertheless,
compared to the computational model from Matthias Keller, the total deviation
factor Q, decreased from 513 to 167. Hereby, a higher statistical agreement
between clinical IEGMs recorded from five patients during catheter ablation
and simulated IEGMs was achieved with this model, especially in POT.
Furthermore, it should be noted that the clinical filter setting is also important
when analyzing IEGMs. Here, both the order and the cut-off frequencies of
these filters influence the morphology of processed data, especially a high-pass
filter with cut-off frequency of 30 Hz [20]. Due to this fact, these parameters
have to be taken into account for the comparison between clinical and simulated
IEGMs.

Limitations The spatial dimensions of the necrotic core and the border zone
were set to a fixed length and depth. The growth of ablation lesions may be
improved in the computational model by considering current densities, heat
distribution, blood flow, and tissue damage calculation [163, 169].

In general, it is not possible to precisely reconstruct the tissue characteristics,
e.g. heterogenity of fibre orientation, during a clinical catheter ablation. There-
fore, the computational model was developed based on the analyzed signal
characteristics of clinical IEGMs. The simulated IEGMs were compared with
the clinical signals according to the parameters, which were used in the model
from Matthias Keller [21]: positive peak amplitude (Apos), negative peak am-
plitude (Aneg), and maximal negative derivative between positive and negative
peak (dV/dtmax). These features allow acceptably accurate estimates about the
changes of signal morphology generally occurring in acquired IEGMs during
the ablation. However, the identification of more stable descriptors (using Q,)
may improve the adaption of the computational model.

Main Findings To conclude, both unipolar and bipolar [IEGMs acquired by
an 8F nonirrigated ablation catheter cannot be used to indirectly estimate the
geometry of complex ablation lesions in a clinical scenario. The expanded
computational model of a point-shaped acute ablation lesion, which consists
of necrotic core surrounded by a continuous border zone, represents a starting
point to investigate the formation of IEGMs with new ablation catheters or
multielectrode arrays (MEAS) offering a higher sensitivity.
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8.2 Computational Study with a
Novel Ablation Catheter with
Miniaturized Electrodes

The in silico experiment investigated the additional diagnostic benefit of a novel
ablation catheter with integrated mini electrodes (MEs). Therefore, unipolar and
bipolar EGMs from the MEs and the distal electrode were analyzed for various
ablation scenarios, which typically occur during clinical catheter ablation [176].

Relation to Previous Work The developed in silico setup provided the
opportunity to simulate signal characteristics of unipolar and bipolar EGMs
measured during a clinical catheter ablation. A large, highly conductive distal
electrode formed a large equipotential surface. Nevertheless, three MEs, which
are integrated in the tip of the distal electrode, measured the electrical activity
with high sensitivity when directly contacting the myocardium. However, an
increasing distance between the MEs and the myocardium, e.g. higher tilting
angles, will reduce the diagnostic benefit of the MEs. In all catheter orienta-
tions, simulated unipolar electrograms from the mini electrodes (UEGMs-MEs)
basically had higher signal amplitudes because of their restricted field of view
and reduced spatial averaging effects (electrode diameter: 1 mm). These signal
amplitudes were additionally pronounced in POT.

In a first scenario, it was demonstrated that the distance between the myocardium
and the MEs strongly influenced peak-to-peak amplitudes (Vpps) of UEGMs-
ME:s. For tilting angles smaller than 60°, Vpp of the ME directly pointing to
the myocardial patch was significantly increased. However, the small changes
of Vpp of the distal electrode and the opposite MEs cannot be analyzed to
robustly estimate the tilting angle. In a clinical scenario, the catheter orientation
between 60° and 90° needs to be estimated with an electroanatomical mapping
system instead of analyzing the IEGMs of all electrodes. To study fundamental
changes in signal characteristics, subsequent scenarios were only performed
in orthogonal orientation (OOT) or POT, which caused maximal changes in
Vpps of unipolar or bipolar EGMs. During the rotation of a parallely orientated
ablation catheter, the increase or decrease of Vpp allows to identify the ME,
which has direct contact with the myocardium. Moreover, it was demonstrated
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that Vpp of the ME was highly sensitive on the penetration depth of the catheter.
Therefore, it can be concluded from the previous scenarios, that both orientation
and a defined wall contact of the ablation catheter may be robustly determined
when analyzing Vpp of all MEs during the clinical measurement.

With a continuous ablation lesion model, the signal characteristics of unipo-
lar and bipolar EGMs were studied in detail to estimate lesion formation. In
OOT, Vpps of unipolar electrogram from the distal electrode (UEGM-D) and
UEGMs-MEs showed similar changes above transmural point-shaped ablation
lesions, which cannot be detected in a clinical scenario. In this catheter ori-
entation, these MEs offer no additional information to evaluate the ablation
lesion. It has to be pointed out that this result was theoretically expected be-
cause of the large distance between the MEs and the myocardium. However,
in POT, Vpps of MEs directly contacting the myocardium were significantly
attenuated by approximately 80%. The findings from the unipolar EGMs corre-
spond with experimental results from Avitall et al. [19]. The large reduction
of Vpp of bipolar electrogram between mini electrode 1 and mini electrode 2
(BEGM-MEI1-ME2), around 85% in OOT and almost completely in POT, may
be used as an additional surrogate marker to define a transmural lesion in a
clinical scenario. Additionally, the relative changes of bipolar electrogram be-
tween mini electrode 2 and distal electrode (BEGM-ME2-D) may be applied as
a further parameter to estimate lesion formation in POT. The strong attenuation
of simulated bipolar EGMs correspond with the results of the clinical study
from Lloyd et al. as well as the animal study from Price et al., where bipolar
EGMs from the MEs were reduced by around 90%. However, a major limitation
of these in vivo studies was the restricted control of both catheter orientation
and position, when analyzing the bipolar recordings from the MEs [166, 180].
After finishing the radiofrequency ablation (RFA) procedure, it was analyzed
whether the catheter may be used to evaluate the point-shaped ablation lesion.
During the movement of the orthogonally positioned ablation catheter, no larger
differences between relative Vpps of the distal electrode and the MEs were
observed. At a maximal distance of 5 mm, Vpp was only increased by 10%.
Therefore, it can be concluded that this catheter orientation is not suitable to
discriminate ablated tissue from healthy myocardium. Similar to the previous
scenarios, the distance between the MEs and the myocardium devastated the
higher sensitivity of these electrodes. In POT, the Vpp of ME2 was already
increased at a distance of 1 mm due to the higher sensitivity of the ME. After a
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distance of 5 mm, the ME crossed the anterior lesion border leading to a strong
increase in Vpp of UEGM-ME2. A similiar pronounced rise also occured after
3 mm at the posterior lesion zone. This scenario showed that a ME directly
touching the myocardial surface can be used to dicriminate the lesion from
the healthy myocardium. Considering signal morphology of UEGM-ME2, an
additional peak in Aneg was observable, when the catheter was positioned
in front of the lesion. This peak is caused by the lesion, which affected the
propagating wavefront and therefore, led to field distortions in the extracellular
space. Similiar morphological changes occured in Apos, when the catheter
was placed behind the lesion [21]. Due to numerous factors influencing the
morphology of clinical EGMs, it must be assumed that these moderate changes
in signal morphology cannot be used as a sensitive marker for the ablation
region. To conclude, a parallel orientated MiFi catheter offers the opportunity
to discriminate ablated tissue from healthy myocardium by assessing Vpp of
unipolar EGMs from the ME directly contacting the myocardium. Pronounced
changes in signal amplitudes may help to identify the boundary zone of the
ablation lesion during the sequential shift of the catheter.

Noncontiguous linear lesions significantly reduce the success rate of the RFA
procedure. Therefore, a computational scenario was developed to investigate
the diagnostic benefit of this ablation catheter to identify a conduction gap
with a size of 1.5 mm. The minor changes in Vpp of UEGMs-MEs (around
10%) underpinned the results that the MEs offered no additional information
when the ablation catheter was positioned in OOT. In contrast, in POT, Vpp
of UEGM-ME?2 markedly changed when the catheter was gradually shifted
above the lesion. This finding supports the assumption that the integrated MEs
offer the opportunity to identify conduction gaps in block lines. However, this
advantage will only emerge in case of close contact between the ME and the
myocardium. MEs located at the other side of the catheter do not offer more
diagnostic information, because they are shadowed from the lesion area by the
distal electrode. Therefore, the clinician has to simultaneously analyze Vpps of
unipolar EGMs from all MEs as well as to consider the catheter orientation in
order to identify the conduction gap. The in silico findings correspond with the
results from Price et al., who also investigated this potential application of this
catheter [180].
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Limitations The spatial resolution of the computational setups cannot be
reproduced with clinical scenarios. During an in vivo RFA procedure, it is
impossible to either vary the penetration depth or the lateral position of the
ablation catheter precisely with a step size of 0.2 mm or 1 mm. However, the
aim of this study was to reveal fundamental changes in signal characteristics
when moving or rotating the ablation catheter. It is expected that small changes
in simulated unipolar or bipolar EGMs cannot be robustly detected in a clinical
setting.

The filter settings of the clinical recording system must be kept in mind when
analzying either clinical IEGMs or simulated IEGMs. Notable changes in both
signal morphology and signal characteristics of unipolar and bipolar EGMs may
occur depending on the configuration of the low-pass and high-pass filters [21].
Therefore, moderate settings were chosen for this in silico study to preserve
signal morphology of unipolar EGMs (high-pass cut-off frequency: 0.5 Hz,
low-pass cut-off frequency: 200 Hz). When comparing the simulated [IEGMs
with future clinical data, it may be necessary to adapt the filter configurations
according to the specific clinical setting. Furthermore, moderate deviations
in signal characteristics of clinical and simulated IEGMs will exist due to the
following reasons: i) imprecise positioning of the catheter in the contracting
heart, ii) reduced or unstable contact between the ablation catheter and the
myocardial surface, especially in parallel orientation, iii) varying thickness of
the atrial wall, iv) heterogeneous fiber and sheet orientation, and v) myocardial
remodeling after either infarction or a previous catheter ablation.

Finally, the results from this in silico study need to be compared with clinical
data in order to validate the computational framework. Subsequently, it is
conceivable to reproduce more complex ablation patterns or to model diseased
myocardial tissue, e.g. fibrotic tissue.

Main Findings Vpps of unipolar EGMs from the integrated MEs may be
used to distinguish the lesion area from healthy myocardium in parallel catheter
orientation provided that the catheter is rotated until one ME is touching the myo-
cardium. Additionally, conduction gaps with a size of 1.5 mm were identified
by these MEs providing a high spatial resolution. However, the MEs offered no
further diagnostic benefit compared to the distal electrode when the catheter was
orthogonally placed at the myocardial surface in different ablation scenarios.
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Chapter 9

Motivation

The ultimate goal of catheter ablation is to create durable and contiguous abla-
tion lesions. Different strategies have been introduced to indirectly estimate
lesion formation during the clinical intervention, such as contact force mea-
surements [181], loss of bipolar capture [87], and real-time cardiac magnetic
resonance imaging (MRI) [10]. However, the long-term success of single or
multiple radiofrequency ablation (RFA) treatments is relatively moderate with
recurrence rates of 20-40% [7, 182]. Numerous clinical studies investigated the
relation between the signal characteristics of intracardiac electrograms (IEGMs)
and the formation of single point-shaped ablation lesions [21, 83, 166]. How-
ever, up to the present time, it remains a challenging task to analyze the IEGMs
during these studies due to a large amount of influencing parameters, i.e. limited
observational opportunities, electrical interference, ventricular far-field effects
[183], undefined catheter orientation [184], respiratory motion, or heart contrac-
tion.

Ex vivo experiments allow to investigate basic cardiac electrophysiology as well
as pathophysiology under both well-controlled and reproducible conditions. Dif-
ferent research groups either investigated the changes of unipolar electrograms
(EGMs) measured above transmural and non-transmural ablation lesions [17] or
the different characteristics of acute and chronic RFA scars using optical map-
ping [185]. Histology was usually performed after the experiments in order to
analyze transmurality and three-dimensional (3D) structure of ablation lesions.
However, several problems may occur during this procedure, i.e. mechanical
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deformation of the tissue [186] and difficulties in post-processing of digital
images. Other research groups used optical coherence tomography (OCT) or
micro-computed tomography to visualize lesion formation [187, 188]. However,
these imaging techniques are also limited by several factors, i.e. the penetra-
tion depth of light in myocardium, long imaging sequences, or the injection of
contrast agents. Up to the present time, no ex vivo study has been performed
simultaneously to investigate the EGMs and to monitor the lesion formation
during the RFA procedure.

A new experimental setup is presented in the following chapter, which com-
bines optical mapping and electrical measurement techniques. In the former,
an optical mapping setup was developed to acquire emitted fluorescence from
the myocardial preparation with high spatio-temporal resolution and to analyze
recorded optical action potentials (OAPs). Image analysis was improved by
introducing a multidimensional Gaussian filter. In the latter, a novel multi-
electrode array (MEA) was developed in close collaboration with the Institute
of Microstructure Technology of the KIT to simultaneously acquire unipolar
EGMs of healthy myocardium surrounding the lesion area. A semi-automatic
RFA procedure was established to generate ex vivo ablation lesions with varying
geometry. In a series of experiments, the electrophysiological characteristics of
rat atrial myocardium were studied under global hyperthermia. In subsequent
animal experiments, unipolar EGMs of rat atrial myocardium with growing
transmural, point-shaped ablation lesions as well as linear ablation lesions were
investigated in detail. In a next step, the temporal reversibility of cardiac tissue
surrounding point-shaped ablation lesions was examined. Furthermore, a minia-
turized electrode sensor of the Institute of Biophysics of the Medical University
of Graz was integrated to microscopically investigate the continuity of linear
ablation lesions. Finally, two different approaches were evaluated to study the
3D structure of ablation lesions: MRI and histology.
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Methods

10.1 Experimental Setups

This section gives an overview about two setups, which are required for the
ex vivo experiments. A Langendorff setup allows to perfuse the explanted
heart and to dissect the right atrial preparation under well-controlled conditions.
Afterwards, the electrophysiological properties of the myocardial preparation
were studied in a further experimental setup.

10.1.1 Langendotff Setup

Figure 10.1 shows a schematic presentation of the Langendorff setup. In brief,
the heart was anterogradly perfused with cooled Krebs-Henseleit (KHL) solution
via a cannula positioned in the aorta (constant perfusion pressure: 18 mmHg).
A bubble trap, which was installed before this cannula, prevented occlusion of
the coronary arteries caused by small air bubbles or undissolved substances.
Additionally, the heart was placed in a small container with cooled nutrient
solution. This guaranteed further cooling as well as nutrient supply when the
coronary arteries were disrupted during excising the right atrium. The solution
of the container was pumped back in a double-walled storage reservoir by a
peristaltic pump (Cyclo II, Carl Roth GmbH+Co. KG, Karlsruhe, Germany).
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Figure 10.1: Schematic representation of the Langendorff setup. Pipes of cooling system
are labeled in dark blue color. Perfusion cylce is shown in gray color. A 2nd perfusion branch
guaranteed that the container with the cardiac tissue was constantly filled with perfusion
solution. The solution in the double-walled reservoir was cooled down to 10°C.

Here, KHL solution was gassed with Carbogen and cooled at a constant tem-
perature of 10°C by a heating circulator (DC 10, Thermo Haake, Karlsruhe,
Germany). Finally, the recycled solution was passively fed back into the perfu-
sion cycle because of the higher hydrostatic pressure in the reservoir.

10.1.2 Ex vivo Radiofrequency Ablation Setup

This section gives a short overview about the experimental setup for performing
an ex vivo radiofrequency ablation (RFA) procedure, which will be explained
in detail in the following sections. The different components of this setup are
schematically illustrated in Figure 10.2. Figure 10.3 shows the real experimental
setup from different perspectives. Several components were further developed
from an ex vivo setup constructed by Matthias Keller [20].
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The excised rat atrial myocardium was positioned in a tissue bath with heated
nutrient solution. The former tissue bath was developed further to flexibly
position a multielectrode array (MEA) as well as an ablation electrode on the
cardiac tissue.

An optical mapping setup was redesigned for recording the relative changes of
transmembrane voltage from the endocardial side of the rat atrial myocardium
with high spatio-temporal resolution using the voltage-sensitive dye (VSD)
di-4-ANEPPS. This setup includes a new high-speed camera, optical lenses as
well as rapidly switching excitation sources.

Dat: ifi
cPCB ata Amplifier
system
e Control Start
ol | MEA I Ablation Settings
| g
G| Control
' RF generator
S g Control board
' ablation
a LED driver
4 LED g
Trigger ]
“Thgh- « Start
Speed
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Figure 10.2: Schematic representation of the experimental setup for performing an ex vivo
RFA procedure with simultaneous optical and electrical mapping of rat atrial myocardium.
The atrial preparation is pinned down on a silicone holder located in a tissue bath (dashed
blue rectangular). The emitted fluorescence intensity is recorded from the endocardial side
of the atrial preparation. The MEA as well as the ablation electrode (RF-E) are gently placed
on the epicardial side of the myocardium. CPCB: Controllable protection circuit board;
DAQ: Data acquisition hardware; O1: Makro-Planar T*2/100, f-stop: 2; O2: DO-2595,
f-stop: 0.95; F1: Longpass filter with cut-on wavelength of 610 nm; D1: Dichroic mirror;
D2: Diffuser; F2: Excitation filter (D530/20X); O3: Two plane-convex lenses (f: 150 mm).
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A custom-made MEA was designed in collaboration with the Institute of Mi-
crostructure Technology of the KIT to measure the extracellular potentials from
myocardium surrounding ablation lesions. Here, eight miniaturized silver/silver
chloride electrodes were circularly arranged in an elastic polymer block, which
was placed at the epicardial side of the atrial preparation. The MEA was con-
nected with an amplifier system as well as a data acquisition (DAQ) hardware
to simultaneously record the electrical signals.

For investigating the electrophysiological characteristics of myocardium with
acute ablation lesions under well-defined conditions, a semi-automatic ex vivo
RFA procedure was developed. This includes the integration of an RFA gener-
ator, a suitable ablation electrode, and a controllable protection circuit board
(CPCB) to galvanically disconnect the amplifier system during the application
of high-frequency currents. An external controller unit was installed in order
to perform the simultaneous optical and electrical measurements as well as
the RFA procedure under reproducible conditions (in Figure 10.2 described as
Control board). The control unit can be manually configured via a custom made
LabView program.

For determining the position of the electrical sensor as well as the pacing
electrode and taking images of the atrial preparation, a camera (Olympus,
OM-D E-M10) with a macro lens (M. Zuiko 60/2.8 Macro, Olympus, Olympus
Deutschland GmbH, Hamburg, Germany) was mounted on steal bars above the
tissue bath.
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Figure 10.3: (a): Frontal view of the experimental setup, which is positioned in the Faraday
cage. The Faraday cage is covered with molleton to absorb scattered light. (b): Zoomed view
of the tissue bath (4). (c): Vertical view of the optical mapping setup. Both high-speed cam-
era (11) and optical mask (12) are attached under the breadboard by an aluminum scaffold.
The excitation light from the LEDs (13) is coupled into the optical path via optical lenses
(14) and a dichroic mirror (16) situated under the first lens (17). The following components
are labeled as follows: main amplifier (1), camera with macro lens (2), external tubing sys-
tem (3), ablation electrode (5), stimulus electrode (6), MEA (7), CPCB (8), preamplifier (9),
movable carriage (10), and second lens with emission filter (15).
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10.2 Fluorescence-Optical Measurements

In the following sections, a newly developed optical mapping setup is presented.
Additionally, novel post-processing methods are described to efficiently analyze
optical mapping data at low signal-to-noise ratio (SNR) and to determine the
acute ablation areas.

10.2.1 Optical Mapping Setup

The optical mapping setup was built in a Faraday cage whose inner side was
covered with molleton to efficiently absorb scattered light [20]. The inner part
of the optical mapping setup consisted of a tandem lens macroscope consisting
of two video lenses, which were facing each other and set to infinite focus
(see Figure 10.2) [129, 189]. The first lens had a focal length of 100 mm
(Makro-Planar T* 2/100, f-stop: 2.0, Carl Zeiss AG, Oberkochen, Germany).
The secondary lens mounted on the optical mask of the camera had a focal
length of 25 mm (DO-2595, f-stop: 0.95, Navitar Inc., Rochester, NY, USA).
An optical magnification of 0.25 and an effective F/# of 0.76 was achieved by
combining both high-aperture lenses [131]. A dichroic mirror (LC576DRLP,
Omega Optical, Brattleboro, VT, USA) was located between both lenses to
couple the excitation light into the optical path [20].

Two high-power LEDs with a central wavelength of 525 nm (OptoLED, Cairn
Research, Faversham, UK) and additional narrow-band filters of 530 nm (D530/
20X, Chroma Technology Corporation, Bellows Falls, VT, USA) were used to
excite the VSD. Both LEDs were simultaneously driven by a commercial device
(MacroLED, Cairn Research, Faversham, UK), which enabled precise and stable
control of the LEDs. In order to reduce illumination time and photobleaching
of di-4-ANEPPS, the LEDs were synchronized with the recording intervals of
the high-speed camera. Switching times of less than 100 ns were achievable
with the LED driver. During all experiments, both LEDs were supplied with a
constant current of 4 A. The filtered light from the LEDs was directed onto a
ground glass diffuser (diameter 2", 600 grit, Thorlabs Inc., Newton, NJ, USA).
The diffused light was focused by two plane-convex lenses (diameter 2", focal
lengths: 150 mm, Thorlabs Inc., Newton, NJ, USA) and subsequently guided
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through the above mentioned dichroic mirror. After passing the first lens, the
excitation light reached the endocardial side of the atrial myocardium and was
absorbed by the VSD. Excitation wavelength and emission filter were already
selected in a previous work in order to optimize fluorescence-optical imaging
with di-4-ANEPPS [20].

The emitted fluorescence from the myocardium passed the first lens and the
dichroic mirror. Subsequently, the light was filtered by a longpass filter with
a cut-on wavelength of 610 nm (635DF55, Omega Optical Inc., Brattleboro,
VT, USA) and focused by the second lens to the electron multiplying charge-
coupled device (EMCCD) camera (Evolve Delta 512, Photometrics Inc., Tucson,
AZ, USA). For performing high-speed imaging with the Evolve Delta 512, an
optical mask was positioned in front of the camera (OptoMask, Cairn Research,
Faversham, UK). After manually configuring the central rectangular aperture of
the mask, this information was transferred to the camera to speed up the data
acquisition process. For all experiments, the frame rate of the EMCCD camera
was set to 868 fps while using a binning factor of 2. Images with a size of 82x 82
pixels were acquired at this frame rate (pixel size 16 umx 16 um). Due to the
optical magnification of 0.25, a region of approximately 10.5 mmx10.5 mm
with a spatial resolution of 128 umx 128 um was investigated. The electron
multiplying (EM) gain of the camera was manually set between 350-400x (a.u.)
to multiply the charge signal before digitization. High-speed recording of the
camera was started by an external trigger signal in order to synchronize both
optical and electrical data acquisition.

10.2.2 Analysis of Optical Mapping Data

To efficiently process and study optical mapping data during as well as after the
ex vivo experiments, a custom software was written in Matlab 2017b (MATLAB
9.3, The MathWorks Inc., Natick, Massachusetts, USA). A Matlab based Graph-
ical User Interface (GUI) includes a range of functions for image processing
as well as detailed data analysis. Furthermore, this GUI allows the opportunity
to visualize the intensity signal of selected pixels in a specific time period (see
Figure 10.4).

Firstly, the recorded data from the EMCCD camera were loaded in the software.
A multidimensional Gaussian filter scheme was developed for automatically
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filtering optical mapping data from atrial myocardium. Furthermore, spatial as
well as temporal filtering can be manually performed by defining suitable filter
masks, i.e. a two-dimensional (2D) Gaussian filter (spatial) with an arbitrary
filter size or a one-dimensional (1D) mean filter (temporal). The GUI also pro-
vides several functions for baseline removal and normalization of fluorescence
signals.

After processing raw data, the user can define specific time periods for creating
electrophysiological maps, i.e. local activation time (LAT) maps or action poten-
tial duration (APD) maps. Here, the LAT was defined as maximum downstroke
velocity of the intensity signal from each pixel. The estimated LAT map offers
the opportunity to estimate the conduction velocity (CV) in specific region of in-
terests (ROIs) applying the methods by Matthias Keller. In brief, multiple ROIs
are manually chosen based on the LAT map as well as anatomical characteristics
of the preparation. Afterwards, the barycenters of the largest connected LAT
areas in the ROI are determined. The estimated Euclidean distances between
the barycenters and the corresponding LATSs are used to calculate the CV [20].
Furthermore, this software offers a further function to automatically estimate
lesion formation after a RFA sequence, which will be explained in detail in
Section 10.2.4.

10.2.3 Adaptive Spatio-Temporal Gaussian Filtering

An adaptive spatio-temporal Gaussian filter (AdSTGaFilt) was developed for
processing cardiac optical mapping data from thin atrial myocardium. The
filter design was performed in close collaboration with Nicolas Pilia, Gerald
Schwaderlapp, and Gustavo Lenis. This work has been previously published in
[191].

The evaluation of the filter performance and the systematic comparison with
standard filtering methods from literature is explained in detail in Section 10.9.
In this section, the adaptive determination of the spatial as well as temporal
filter parameters of the multidimensional Gaussian low-pass filter from optical
mapping data s(x,y,?) is explained.

Before applying the AdSTGaFilt, it was necessary to remove baseline drift
of fluorescence signals. Therefore, a 1D Gaussian low-pass filter with a cut-
off frequency of 2Hz was applied to estimate baseline drift in each pixel.
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Figure 10.4: Matlab based GUI to analyze optical mapping data. The GUI and several
integrated functions are based on the open source software Rhythm from Efimov et al.
(George Washington University, Department of Biomedical Engineering, Washington, DC,
USA) [190]. This imaging toolkit was expanded with the multidimensional Gaussian filter
and further post-processing functions in order to characterize ablation lesions from optical
mapping data.

Subsequently, a drift-corrected signal was generated by subtracting the filtered
signal from the raw signal [192].

Figure 10.5 shows the individual steps of the filter algorithm. First, the temporal
filter parameters were determined. Therefore, the spatial mean of all pixels
from s(x,y,1) (except for 5 pixels at the border of the image) was calculated
for each frame in a given time window yielding a 1D temporal, spatial mean
signal sy, (7). After determining the spectrum of sy, (¢) with Welch‘s method
(Hamming window, 50% overlap, up-sampling factor of 8) [193], the frequency
fos at which the energy of the spectrum contained 95% of the total spectral
energy was annotated. By using fos as cut-off frequency and assuming fos = oy,
the temporal filter parameter o; can be calculated as follows (o; is given in
samples):
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1
727’CGf727l'f95

O; (10.1)

Second, the spatial parameters of the AdSTGaFilt were estimated. The raw
signals from each pixel were pre-filtered with a temporal 1D Gaussian filter
having a filter mask length of 6 - 6; + 1 (0o; is given in samples). Subsequently,
the recorded image showing the maximum spread of the excitation wavefront
was determined. It was assumed that a widespread activation wavefront will
lead to marked changes in the intensity signal of numerous pixels resulting
in a global minimum in sy, (7). Therefore, the time point 7, of the maximum
spread was defined as the time instant of the global minimum of s, (). At
t4¢, the autocorrelation function (ACF) of this image was computed. A great
advantage of this transformation is its insensitivity to uncorrelated noise. Due
to this property, random noise was directly reduced in the determined 2D ACF.
Afterwards, a 2D Fourier transform was applied and the resulting spectrum
transformed from Cartesian into polar coordinates. In this coordinate system,
a 1D radial frequency signal was determined by averaging over all angles. In
general, the direction of a measured excitation wavefront is not known and
therefore, the averaging step considered all directions simultaneously. The
radial frequency was estimated at which the energy of the 1D radial frequency
signal contained 90% of the total spectral energy. The previously described
transformation steps are also visualized in Figure A.1 (see Appendix A). The
spatial parameters o, and oy (0, = 0y) were calculated from the radial frequency
as described for o; (see Equation 10.1). Due to the rotation symmetry of the
chosen Gaussian filter bell, oy, can be determined from the radial direction.
Afterwards, the raw signals s(x,y,7) were filtered with the resulting spatio-
temporal filter mask (o; and oy , are given in samples):

Ox
6-|oy| +1 (10.2)
O;

The filter mask can be converted into physical units by multiplying o; and o, ,
with the temporal and spatial sampling rate, respectively. In a final step, filtered
signal of each pixel was automatically normalized between —1 (minimum
fluorescence) and 0 (maximum fluorescence).

102



10.2. Fluorescence-Optical Measurements

Spatio-temporal signal
(3D signal)

Y

Spatial mean

Sgm(®)

Y

Power spectrum
(Welch’s method)

v

Calculate cut-off
frequency

v

Temporal sigma o}

Y

M 1D temporal filtering

Time of minimum

'

Spatial ACF
at time t,,

ac

v

Spatial Fourier
transform

'

Transformation into
polar coordinates

v

A

Radial frequency
spectrum

'

Calculate cut-off
frequency

'

Spatial sigma
o, and oy

Adaptive
3D Gaussian filter

Figure 10.5: Flow chart showing the procedure of the adaptive multidimensional Gaussian
low-pass filter. ACF: Autocorrelation function. This figure has been published in [191].

Filtered and normalized optical mapping data were used for subsequent data
analysis, e.g. estimation of LAT maps.
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10.2.4 Optical Estimation of Acute Ablation Lesions

Both intensity and morphology of fluorescence-optical signals are dependent
on a large number of experimental parameters, e.g. tissue heterogeneity, accu-
mulation and stability of fluorescent dye, examination time, etc. The following
algorithm was developed in order to optically detect the lesion area and to
monitor the sequential growth of a point-shaped ablation lesion after subsequent
RFA sequences. The basic concept of this method is to determine the total
number of detected LATs per pixel in a predefined investigation period, e.g a
period of 6 s directly after the RFA sequence. Here, healthy myocardium will
lead to a higher number of annotated excitation wavefronts compared to lesion
areas. This offers the opportunity to reconstruct the spatial extent of a growing
ablation lesion.

First, the filtered three-dimensional (3D) optical mapping data o(x,y,t) were
processed by calculating the spatial median of all pixels for each image /(x,y),
resulting in a median signal o,,(¢). Afterwards, the electrical recordings of
one channel of the MEA or the cardiac near field (CNF) sensor were analyzed
in order to correlate the start of an excitation wavefront with a corresponding
pacing stimulus. Here, the time index 7., of each pacing stimulus within the
observed investigation period was annotated using the algorithms in Section
10.3.4.1. For each stimulus, a signal segment with a length of 140 ms was
extracted from o(m) and o(x,y,t) (t € [(te,, —70ms); (., + 70 ms)]). For each
time window, the difference dif f,, between baseline fluorescence (50% quan-
tile) and minimal fluorescence was estimated. Equivalently, the difference
dif f,y between baseline fluorescence (50% quantile) and minimal fluorescence
was performed for the corresponding signal segment of each pixel from o(x, y, )
(see Figure 10.6). Afterwards, an empirically chosen threshold ranging from
0.7 to 0.9 (step size of 0.1) was compared with the ratio between dif f,, and
diffyy. An LAT was assigned to the pixel for the respective signal segment
(t € [(tey — 70ms); (2, + 70 ms)]), if the ratio of both differences was larger
than the given threshold. Filtered optical action potentials (OAPs) from ablated
areas are characterized by strong morphological distortions and reduced fluores-
cence intensity. Therefore, the estimated, maximal downstroke of these OAPs
are not representing cellular depolarization in contrast to OAPs from healthy
myocardium.
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Figure 10.6: High-speed recording from the endocardial side of the atrial myocardium
shown in Figure 11.10. (b) Filtered OAP o(x,y,7) in the center of the image (green
dot) and median OAP o,,(t) of one activation wavefront. diff, and diff., were es-
timated between minimal fluorescence and baseline of 0,,(t) and o(x,y,t), respectively
(t € [(t. —70ms); (t, + 70 ms)]).

For all thresholds, the number of annotated LAT's per pixel was summarized in
A(x,y). A new threshold L was defined by determining the 25% quantile of all
annotated LATs of A(x,y). Finally, each pixel from A(x,y), whose LAT number
dropped below L was either defined as lesion area (pixels in close proximity to
the MEA) or as an image artifact (outer margin of the ROI). It has to be kept
in mind that multiple A(x,y) were determined for the complete RFA procedure:
one matrix before and one matrix after each RFA sequence.

10.3 Electrical Recordings of
Extracellular Potentials

In this section, two different electrode arrays are presented to investigate the
electrical activity of myocardium surrounding acute ablation lesions at macro-
scopic as well as microscopic scale. Additionally, a brief overview about the
analysis of the acquired electrical data is given in this section.
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10.3.1 Multielectrode Array

A novel MEA was developed in a supervised student‘s project and in close col-
laboration with the Institute of Microstructure Technology (IMT, KIT, Karlsruhe,
Germany) [194]. The 3D MEA has been registered for intellectual property
(102016011799.0).

10.3.1.1 Boundary Conditions and System Requirements

The designed MEA had to fulfill certain functional and physical constraints
of the ex vivo setup. Functionally, this array needs to be able to measure the
electrical activity at eight different locations around a punctiform ablation lesion.
The array requires a central opening in order to position the ablation electrode
exactly onto the myocardial surface. Both the MEA and the ablation electrode
are to be considered independent systems. Furthermore, the electrodes of the
MEA are required to be as atraumatic as possible. Small gap-creating structures,
like spacers, have to be integrated at the bottom side of the MEA in order to
allow the flow of the superfusate. To prevent high forces at the individual
contact points, the weight of the array needs to be kept low. The MEA has to
be attached to the CPCB via a zero insertion force (ZIF) connector. Hereby,
the translatory position of the CPCB is adjustable by moving a carriage (see
Section 10.4.1). Furthermore, every component of the MEA assembly has to
be biocompatible or requires a biocompatible encasing. The outer dimensions
of the MEA are limited by both the tissue holder and the surrounding tissue
bath. Therefore, the entire MEA cannot exceed 32 mm in height and 16 mm
in width. The diameter of the base featuring the entire MEA has to be smaller
than 10 mm with a height of 5 mm due to the tissue holder (see Figure 10.7).
The ablation electrode requires the inner opening of the MEA to be wider than
2.5 mm. The CPCB including the ZIF connector is located around 75 mm away
from the tissue bath opening, which sets the minimal horizontal length of the
MEA at 75 mm.

106



10.3. Electrical Recordings of Extracellular Potentials
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Figure 10.7: (a): Frontal view of the tissue bath (schematic illustration) (1). The rat atrial
myocardium is fixed with tungsten needles at the silicone disk of the tissue holder (2). The
MEA has to be positioned through the central opening of the silicone disk (diameter: 10 mm;
height: 5 mm) (3). (b): Schematic illustration of the tissue holder, which is integrated in the
tissue bath during the ex vivo experiment. The silicone ring is highlighted in blue. The tissue
holder limits the maximal height of the MEA. The posterior opening of the outer ring (4)
restricts the maximal width of the MEA. Both figures are reprinted and modified from a
supervised student's thesis [194].

10.3.1.2 MEA Design

According to the previous system requirements, numerous potential system
concepts of the MEA were assessed [194]. After an evaluation of different
system concepts, a final concept was realized at the IMT. During the fabrication
process of the MEA, different moulds and varying casting processes had to be
developed. Finally, three prototypes of the MEA were successfully produced.
In general, the developed MEA consists of two main components: a head
containing the measurement electrodes and a tail section, which assured a stable
as well as flexible connection with the controllable protection circuit board
(CPCB) (see Section 10.4.1).

Eight silver electrodes with a diameter of 0.2 mm were circularly arranged and
completely integrated in a 3D polymer head made from polydimethylsiloxane
(PDMS). The electrodes were positioned in a ring with a diameter of 3.5 mm
(see Figure 10.8). PDMS showed an excellent castability as well as elasticity
during the fabrication process.
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(c) (d)

Figure 10.8: (a): CAD sketch from the MEA head with electrodes (1) and central opening
(3). One space pillar (2) is highlighted by a black dotted oval. (b): CAD sketch from the
MEA head (4) and tail (5) without ZIF connector from a supervised student's thesis [194].
(a): Frontal view of the MEA head with Ag/AgCl electrodes (1). Four space pillars were
attachted to the head (2). The ablation electrode is inserted through the central opening
of the MEA (3). (b): Lateral view of the prototype including MEA head (4), tail (5), and ZIF
connector (6).

Furthermore, this polymer ensured both a low weight of the MEA and a stable
positioning of the electrodes. The block shaped polymer head had an outer
diameter of 5.5 mm and a height of 5 mm. The central opening of the MEA
had a diameter of 3 mm. Four spacers with a height of 100 um were attached
at the bottom side of the polymer head. Therefore, a continuous superfusate
flow was ensured at both sides of the myocardium. Additionally, these spacers
prevented the electrodes from penetrating the sensitive atrial preparation. In
a final step, the exposed ends of the silver electrodes were chlorinated in an
aqueous Fe3Cl solution for approximately 30s to create silver/silver chloride
(Ag/AgCl) electrodes [195].
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The eight silver wires were running parallel in the tail section of the MEA
having a total length of 85 mm and tail width of 5.6 mm. The parallel silver
wires were completely encased with PDMS having a thickness between 1.5 mm
and 2.4 mm in order to protect and insulate the wires. A ZIF connector was
attached at the end of the tail section. After connecting the MEA with the CPCB,
the ablation electrode was inserted from above through the central opening of the
MEA. Therefore, the MEA was temporarily attached at the ablation electrode.
This allowed the precise positioning of the MEA at the atrial preparation by the
ablation electrode, which was controlled by the micromanipulator (see Section
10.4.1). For recording unipolar signals, a larger reference electrode (Ag/AgCl)
was placed at the inner surface of the tissue bath.

10.3.2 Cardiac Near Field (CNF) Sensor

A miniaturized sensor array was used for recording the electrical activity of
explanted myocardium at a microscopic scale, which was developed at the Insti-
tute of Biophysics of the Medical University of Graz (former research group of
Ernst Hofer) [156]. This electrode array offers the opportunity to characterize
the substrate at the lesion border on a scale below the MEA described in the
previous section.

At the tip of a flexible, needle-like sensor four Ag/AgCl electrodes were quadrat-
ically arranged with an interelectrode distance of 50 um (diagonal distance
(DD) approximately 70 um). The potential difference between a miniaturized
electrode and a far-distant reference electrode yields the unipolar electrogram
(EGM), labelled here as @, (n indicates the electrode number). Figure 10.9
shows a photographic image of the sensor. While positioning this electrode array
parallel to the endocardial or epicardial side of the myocardium, it is possible to
estimate the electrical field strength E (the CNF) as well as to characterize the
local activation wavefront [156, 196].

The xy components of E, described here as EX* and Ey*, are determined along
the electrode axes of the CNF sensor (see Figure 10.9(c)). The electrode coordi-
nate system and the sensor coordinate system (reference system) are transferred
into each other by applying the rotation matrix A(¢), which considers a rotation
angle of ¢ = 45° (mathematically positive direction).
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The following equation yields E [196, 197]):

B0~ (520) =% (ot aci) 009
_(cos((p) sin(fp))

sin(Q)  cos(9) 104

A(p)

with the unipolar EGMs @, _4(¢) from the four measurement electrodes. During
the experiments, the CNF sensor was connected with a preamplifier mounted
on a micromanipulator (see Section 10.4.1), which allows precise positioning
of the sensor.
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Figure 10.9: (a) Schematic illustration of the CNF sensor. Four miniaturized electrodes are
quadratically arranged with an interelectrode distance (DD) of approximately 70 um. (b)
Photographic images of the developed sensor at varying scales: the electrodes are located
at the tip of the flexible sensor. (c) Schematic illustration of the electrodes coordinate sys-
tem and the sensor coordinate system to determine E. The subfigures (a) and (b) were
reprinted with permission from [156]. The subfigure (c) was reprinted unchanged from
[197].
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10.3.3 Amplification System and Data Acquisition

Two portable 4-channel precision measurement systems were used for recording
the electrical data from the MEA, which were developed at the Institute of
Biophysics of the Medical University of Graz. This system consists of a main
amplifier and two highly sensitive preamplifiers specified here as Master and
Slave. The Master device provides the power supply for the CPCB and measures
the reference signal from a Ag/AgCl electrode attached at the inner surface of
the tissue bath. The preamplifiers are connected with the main amplifier, which
are both positioned in the Faraday cage, via shielded cables (see Figure 10.10 in
Section 10.4.1). Regarding signal conditioning, unipolar signals were amplified
by a factor of 100 and filtered with a fourth order low-pass Bessel filter (cut-off
frequency: 20kHz).

Two analog input modules (9215, National Instruments Germany, GmbH,
Munich, Germany) with a sampling rate of 100 ksps per channel and 16-bit
resolution were used for data acquisition. During the experiments, data were
efficiently stored in TDMS file format developed by National Instruments and
afterwards analyzed in Matlab 2017b (MATLAB 9.3, The MathWorks Inc.,
Natick, Massachusetts, USA).

10.3.4 Signal Processing Workflow

10.3.4.1 Multielectrode Array

In this section, the signal processing workflow for analyzing unipolar EGMs
recorded by the MEA is explained. Data analysis was performed with custom-
made algorithms in Matlab 2017b. The presented workflow was developed
in a supervised student‘s project [198] and has been published as conference
contribution [199].

RFA Removal This step was only necessary for the analysis of electrical data
recorded during an RFA procedure. Here, electrical signals were also digitized
by the data acquisition system during the application of high frequency currents,
although the MEA and the amplifier system were galvanically disconnected

111



Chapter 10. Methods

(see Section 10.4). Therefore, raw data had to be separated into electrical
measurements before and after the RFA sequence, which were simultaneously
processed.

Pacing Removal Atrial preparations were externally triggered during all
experiments, which led to pacing artifacts in each electrode. As a first step, the
raw signal was high pass filtered at 1000 Hz, which enhanced the pacing artifacts
and removed 90% of the tissue activity. This approach allowed the detection
of the pacing peaks in the filtered signal using a 99% quantile threshold of the
amplitude. Finally, the detected peaks were replaced in the raw signal using
a cubic spline with a dynamic width depending on the pacing duration and
morphology of unipolar stimulus. In some cases, the stimulus electrode was
close to the MEA. A transient unipolar stimulus caused discharge effects, which
led to an exponential decay of the recorded pacing peaks. In this case, the width
of the cubic spline was dynamically increased.

Filtering Subsequently, unipolar EGMs were filtered with third order Butter-
worth low-pass and high-pass filters having conservative cut-off frequencies
of 1000 Hz and 0.5 Hz, respectively. These cut-off frequencies preserved the
morphology of filtered unipolar EGMs. A notch filter with a bandwidth of
1 Hz was used to remove power line noise (50 Hz). Furthermore, remaining
baseline was removed by the following approach: a moving median (window
length: 400 ms, 50% overlapp) was applied to estimate baseline wander, which
was finally subtracted from the filtered signal [200].

LAT Detection The non-linear energy operator (NLEO) was applied to detect
the atrial activities in the filtered unipolar EGMs [201]. Therefore, the peaks
of the NLEO signal were detected using the 90% quantile of the amplitude.
Subsequently, the atrial activities were segmented with a time window of 100 ms
around the previously identified peaks. For each atrial activity, the LAT was de-
tected by determining the maximal negative derivative dV/dty,x of the electrical
signal [202]. The segmented atrial activities were used for further data analysis.

Template Generation For each channel of the MEA, the template of unipolar
EGMs were determined in order to visualize and compare the signal morphol-
ogy recorded at different sites of a point-shaped ablation lesion. Firstly, a mean
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reference signal was created by averaging all atrial activities. Afterwards, cross
correlation was performed between this reference signal and each atrial activ-
ity. Subsequently, all atrial activities were aligned according to the maximum
correlation and a mean template signal was generated.

Feature Detection Regarding the time domain, the following features were
determined from all atrial activities: positive peak amplitude (Apos), negative
peak amplitude (Aneg), peak-to-peak amplitude (Vpp), and the ratio between
Apos and Aneg here described as Symmetry [203]. Furthermore, the frequency
domain of the atrial activities was analyzed. Based on the Fourier transform,
the power spectral density (PSD) of each unipolar signal was calculated. This
allowed the determination of the frequency at which the power of the PSD
exceeded 95 % of the total signal power (F95).

Lesion Boundary This processing step was required for assessing the changes
of unipolar EGMs with respect to the growing ablation lesion (see Section 11.3).
For each RFA sequence, the Euclidean distances between the lesion boundary
and all electrodes of the MEA were determined. Furthermore, the position of
each electrode was manually classified with respect to the origin of the exci-
tation wavefront as follows: i) electrodes located in front of the point-shaped
ablation lesion, ii) electrodes beside the lesion, iii) electrodes positioned behind
the lesion. This allows the opportunity to analyze the changes of unipolar EGM
parameters with respect to the lesion boundary as well as the direction of the
excitation spread.

10.3.4.2 Cardiac Near Field Sensor

Unipolar EGMs from the CNF sensor were analyzed by Matlab-based algo-
rithms, which were developed at the Institute of Biophysics of the Medical
University of Graz [197]. In brief, extracellular potentials were filtered with a
zero-phase fourth order Butterworth low-pass and high-pass filter with cut-off
frequencies of 1500 kHz and 5 Hz, respectively. For all channels, atrial activities
were detected by annotating the corresponding stimulus peaks and separately
segmenting the activites without the pacing peaks. For the analyzed atrial activi-
ties, the LAT was defined as the maximum negative deflection of the unipolar
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EGM [202], which leads to four LATs per activity. The estimated electrical
field E can be presented in an XY-diagram. The resulting vector loop allows
to characterize the local activation wavefront, e.g. direction and curvature of
the wavefront [204]. Furthermore, the magnitude of the local conduction veloc-
ity (CV) was determined by analyzing the latencies and its gradients between
the four unipolar EGMs [146, 205]. The following equations yield the CV
[196, 197]:

Viley) = (& _ 1 (LAT3—LAT2 105)
Y =\t,) ~ DD \LAT1—LAT4 '
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cv= () = & (10.6)
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CV = /CV2+CV? (10.7)

with an interelectrode distance (DD) of approximately 70 um. The estimation
of CV using the CNF sensor is very sensitive to the direction of the excitation
wavefront. Reliable estimations are expected for wavefronts spreading in paral-
lel to the tissue surface. A breakthrough point is characterized by a conduction
perpendicular to the tissue surface and will result in infinite CV. In this case,
determined CVs were excluded from further data analysis.

10.3.5 Statistical Analysis

10.3.5.1 Hyperthermic Experiments

The following statistical tests were performed for the analysis of the hyper-
thermic experiments described in Section 11.2. For each temperature range,
the median CV was estimated due to the small sample size (optical data) and
not normally distributed samples (electrical data). A one-sample Kolmogorov-
Smirnov test was used to examine that the electrically estimated CV values in
each temperature range were not normally distributed (p-value < 0.05). For
comparison of median CVs between consecutive temperature steps, a one-tailed
Wilcoxon rank-sum test was performed (p-value < 0.05). The alternative hy-
pothesis was the increase of median CV for rising temperatures (left-sided) and
decrease of median CV (right-sided) for return to baseline temperature.
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A two-sided Wilcoxon rank-sum test was performed to analyze the baseline CV
before and after the complete temperature cycle (p-value < 0.05). Temperature
ranges containing only one atrial preparation were excluded from statistical
analysis. Results are presented as boxplots with the central mark being the me-
dian, the edges of the box are the 25% and 75% quantiles, the whiskers extend
to most extreme data points (smaller than 1.5 times of interquartile range), and
outliers plotted individually [206]. All values were expressed as median and
interquartile range (IQR) in brackets.

10.3.5.2 Ablation Experiments

For analyzing the relative changes of unipolar EGM parameters with respect
to the distance between the lesion boundary and the measurement electrode as
well as the position of the stimulus electrode, a Wilcoxon rank-sum test was
performed (two-sided, p-value < 0.05). The alternative hypothesis of this test
was the increase or decrease of the median value for decreasing distances.
Additionally, a Wilcoxon rank-sum test was carried out to assess the reversibility
of ablation lesions after the last RFA sequence. Here, alternative hypothesis
was the increase or decrease of the median value for consecutive time intervals.
For both tests, results are given as box plots already described in detail in
Section 10.3.5.1. The unipolar EGM parameters were expressed as median and
IQR in brackets.

10.4 Ex vivo RFA Procedure

In this section, an automatized ex vivo RFA procedure is presented to create
ablation lesions with varying geometries on explanted atrial myocardium. The
ex vivo RFA procedure as well as several components were developed in a
supervised student‘s project [207] as well as in close collaboration with the
Institute of Biophysics of the Medical University of Graz (Robert Arnold and
Kurt Feichtinger). The results have been published as a conference contribution
[208].
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10.4.1 Components of the Ex vivo RFA Procedure

The following requirements had to be considered when performing an ex vivo
RFA procedure under well-controlled conditions:
e Low ablation power required because of a heterogeneous atrial wall
thickness between 0.3 mm and 0.7 mm
e Controlling the electrosurgical unit via an interface with short latency
e Stable and precise positioning of a miniaturized ablation electrode at the
epicardial side of the myocardium
e Protection of the sensitive amplifier system during the ablation
e Performing reproducible sequences of ablation and electrical recording
e Controlling and monitoring the optical as well as the electrical system
components during the complete RFA procedure

Electrosurgical Unit The above mentioned requirements were met by the
electrosurgical unit MD1, which offered low power settings ranging from 1 W to
10 W as well as an automatic control via a foot switch (Micromed Medizintech-
nik GmbH, Wurmlingen, Germany). A tungsten microdissection electrode was
fixated on an electrode holder (MicroPen, Micromed Medizintechnik GmbH),
which was connected via an isolated, flexible cable with the electrosurgical
unit positioned outside the Faraday cage. A fine needle with a diameter of
0.3 mm forms the end of the microdissection electrode. The electrode holder
was mounted on a computer-controlled micromanipulator (Patchstart, Scien-
tifica Ltd., Uckfield, UK), which allowed precise and perpendicular positioning
of the ablation electrode onto the myocardial preparation.

Controllable protection circuit board (CPCB) The custom-made CPCB is
an additional important part of the ex vivo RFA procedure, which was devel-
oped in order to galvanically isolate the sensitive amplifier system from the
MEA during the ablation. This offers the opportunity to create ablation le-
sions and to subsequently perform electrical recordings of the myocardium
after approximately 20 ms and without moving the MEA. The CPCB includes
electromechanical relays, which guarantee a galvanic separation of each mea-
surement channel as well as the reference electrode from the amplifier system up
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to 2500 Vrms with switching times less than 5 ms during the ablation IM26GR,
TE Connectivity/Axicom). The switching states of all relays were controlled
and monitored by the control board (CB). In case of failure, the amplifier system
is disconnected from the MEA within less than 1 ms. The relays as well as
other electrical system components of the CPCB are powered by the amplifier
system to reduce powerline noise. The CPCB is mounted onto a custom-made
aluminium carriage, which can be moved in Y-Z-direction via adjustable slides
(VS 30 YZ, ERO-Fiihrungen GmbH, Liiffingen-Unadingen, Germany). Addi-
tionally, the carriage is connected with steal bars, which are attached behind
the tissue bath, to ensure a movement in X-direction (X/Y: horizontal/ vertical
direction, Z: height). The MEA is fixated via a ZIF connector with the CPCB.
Therefore, a translation of the carriage can be used to adapt the position of the
MEA in the tissue bath (see Figure 10.10 and 10.3(a), (b)).

Control board (CB) A custom made CB was developed to semi-automatically
execute the RFA procedure. The core of the CB is a microcontroller (Ar-
duinoNano, Arduino), which controls and monitors the electrosurgical unit as
well as the CPCB under real-time conditions. A state machine architecture both
ensures reproducible processes and allows the handling of external commands
from the user within a reaction time less than 1 ms. In order to reduce additional
interfering signals during the recording of extracellular potentials, the electro-
surgical unit is only connected with both the ablation electrode and the neutral
electrode via electromechanical relays during the application of high-frequency
currents. Additionally, the CB provides the trigger signal for the pacing stimulus
and disconnects the stimulus generator from the stimulus electrode during the
ablation. For synchronizing optical as well as electrical recordings, the CB
also provides trigger signals for the DAQ system and the EMCCD camera (see
Figure 10.11). Moreover, the illumination devices were switched on via the CB.
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Figure 10.10: (a): Detailed view of the CPCB (1). Two preamplifiers (3) are connected with
the CPCB. The MEA is attached at the ZIF connector (2). All components are positioned
on a carriage to ensure a movement in X-Y-Z direction (4). (b): Zoomed view of the main
amplifier system.

(a)

Figure 10.11: (a): Overview about the developed CB. The microcontroller (3) both con-
trols and monitors the relais of the CPCB (digital connection with CPCB via wires(1)) and
the electrosurgical unit (4). Further DC converters are required for power supply (2). (b):
Electrosurgical unit (5) and constant current stimulus isolator (6).
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10.4.2 Automation of the Ex vivo RFA Procedure

A GUI was developed in LabView (LabVIEW 2017, National Instruments,
Austin, Texas, USA) to flexibly configure the operating parameters of the
microcontroller via an RS232-interface (see Figure 10.12). The architecture of
this software is based on a Producer/Consumer design pattern in order to handle
multiple processes independently running with different latencies [209]. The
GUI offers the opportunity to specify the acquisition parameters for the semi-
automatic RFA procedure during the ex vivo experiments, e.g. configuration
of DAQ system, total measurement time, ablation time, or stimulus frequency.
Furthermore, each system component can be manually controlled in order to
carry out system checks before the experiments.

Figure 10.13 shows the timing diagram for an exemplary RFA sequence. After
the configuration of the microcontroller, the LEDs are switched on. When the
semi-automatic RFA procedure is started, the camera and the DAQ system are
simultaneously triggered to acquire optical and electrical data.

oot okt | ot | T |

== O] )

I s o BB comean | | Comens | | B Gt
| [ o] [ Foscrnet] [ P

Automatic Cantrol

| i o
) ey (@) e

5~

Figure 10.12: GUI of the LabView program. (1): Configuration panel of the RS-232 inter-
face, (2): Configuration panel of the ablation times, (3): Configuration panel of the illumina-
tion source and camera, (4): Configuration panel of the electrosurgical unit, (5): Live view
of recorded electrical data, (6): Start button for the semi-automatic ex vivo RFA procedure.
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Figure 10.13: Timing diagram of the semi-automamtic RFA procedure, which is monitored
by the CB. The LEDs have to be switched on before the RFA procedure. Although the DAQ
runs during the complete procedure, the CPCB galvanically disconnects the MEA from the
amplifier system during the ablation. The ablation time during the RFA sequence can be
specified according to the given experimental scenario.

After a predefined measurement time, both amplifier system and stimulus gener-
ator are disconnected from the associated electrodes. Subsequently, the RFA is
performed for a fixed ablation time by activating the electrosurgical unit. After
switching off the high-frequency currents, the stimulus generator is reconnected
with the stimulus electrode and the MEA is reconnected with the amplifier
system by resetting the relays at the CPCB.

10.5 Tissue Bath

A custom made tissue bath was developed by Matthias Keller for measuring
the electrical activity of explanted rat atrial myocardium under well-controlled
conditions [20]. Briefly, the tissue bath made from acrylic glass has a further
circulation system, which is connected with an external heat exchanger. The
heated, distilled water circulating in this external system ensures a controlled
temperature of the nutrient solution. Pre-heated, oxygenated nutrient solution is
pumped via a peristaltic pump into the tissue bath. The atrial myocardium is
fixated on a tissue holder, which can be positioned inside the tissue bath. Three
stainless steel screws are required to mount this holder from above. The bottom
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of the tissue bath is covered with a fully transparent glass slide allowing optical
recordings. Additionally, a fiberoptic temperature sensor is positioned close to
the myocardial surface.

For performing an ex vivo RFA procedure, the original tissue bath was developed
further (see Figure 10.14). Firstly, the complete tissue bath was enlarged in
order to allow positioning of both the neutral electrode from the electrosurgical
unit and the reference electrode from the amplifier system at the inner surface of
the tissue bath. This step also included the expansion of the external circulation
system. A glass slide (95 mmx75 mm) with a thickness of 1 mm forms the
bottom of the tissue bath (PHYWE Systeme GmbH und Co. KG, Géttingen,
Germany). The mounting base of the former tissue holder was completely
removed at the new tissue bath. For this, three small holes are laterally located
around the circular shaped chamber containing the nutrient solution.
Secondly, the tissue holder as well as its mounting unit were redesigned to
simplify the mounting process and to allow the flexible positioning of an ablation
electrode as well as the MEA onto the cardiac tissue. Similar to the former
tissue holder, a 4 mm thick silicone disk having a diameter of 37 mm was
stabilized by an acrylic glass ring. For positioning the MEA at the epicardial
side of the myocardium, a hole with a diameter of 10 mm is located in the
center of the silicone disk. The glass ring can be connected via a bayonet mount
with a tripod holder. An accurate leveling of the myocardium, which is an
essential requirement for optical mapping, is guaranteed by vertical translation
of thumbscrews attached at this holder (see Figure 10.14). Finally, the tissue
holder can be placed in the tissue bath using the three holes.

10.6 Experimental Protocols

This section gives an overview about the preparation of the atrial myocardium,
the dye loading procedure as well as the protocols of the various performed
ex vivo experiments. These protocols were independently applied in these
experiments and in each case with a group size of maximal 5 animals.
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(a) (b)

Figure 10.14: (a): Photographic image of the developed tissue bath. (b): The tripod holder
is positioned in the tissue bath by using three holes, which are located around the tissue
bath chamber.

10.6.1 Preparation of Right Atrium

All animal experiments were carried out with respect to the regulations of the
European Council for the care and use of laboratory animals and were approved
by the local committee for animal welfare (35-9185.81/G-61/12).

The experimental studies focused on the right atrial myocardium of a rat heart.
In close collaboration with the Institute of Biophysics of the Medical University
of Graz, the preparation technique was transferred from a rabbit to a rat model
[210]. Firstly, adult male Fischer rats (F344, average weight: 400-450 g) were
anesthetized by intraperitoneal injection of xylazine (0.014 mg/g body weight)
and ketamine (0.156 mg/g body weight). The excised hearts were placed onto a
Langendorff setup and anterogradly perfused with cooled KHL solution without
calcium chloride (see Section 10.1.1). After 10 min, the right atrium was
dissected from the explanted heart. Briefly, the right ventricle was opened
from the apex to the tricuspid valve. Subsequently, the atrium was dissected by
cutting along the tricuspid valve to the superior vena cava. Finally, by slicing
the interatrial and atrio-ventricular septum, the atrium was completely detached
from the heart [197].
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In a last step, the atrial preparation was pinned down on the silicone disk using
thin sharpened tungsten needles. Figure 10.15 shows the silicone disk, which
was subsequently placed in the tissue bath.

10.6.2 Loading Procedure of di-4-ANEPPS
and Blebbistatin

The VSD di-4-ANEPPS (Sigma Aldrich, St. Louis, MO, USA) was used to
record the relative changes of transmembrane voltage. 5 mg of di-4-ANEPPS
powder was dissolved in 1 ml of dimethyl sulfoxide (DMSO) (Sigma Aldrich,
St. Louis, Missouri, USA) resulting in a stock solution of 10 mM. This solution
was stored in aliquots of 50 ul at —20°C [20]. After the dissection of the right
atrium (see Section 10.6.1), the silicon disk containing the fixated preparation
was placed in a container with cooled KHL solution (total volume around 20 ml,
container temperature around 10°C), which was also used for the Langendorff
setup. The solution in the container was constantly equilibrated with Carbogen
to maintain a pH value of 7.4. 150 ul of the stock solution were added to this
container resulting in a final concentration of 75 M. 25 min incubation ensured
sufficient staining of the atrial preparation. Subsequently, the preparation was
washed with cooled KHL solution for 2 min and placed in the tissue bath of the
experimental setup containing heated KHL solution (tissue bath temperature
36.7°C+£0.5°C).
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Figure 10.15: Photographic image of an atrial preparation used for the later experiment.
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After 5 min, the excitation-contraction uncoupler blebbistatin was added to the
superfusate at 8 uM (InSolution blebbistatin, stock solution: 50 mM, Merck
Chemicals GmbH, Darmstadt, Germany). This dissolved uncoupler can be
stored in a freezer at —20°C for one month. Optical mapping was performed
after 10 min incubation time.

10.6.3 Electrophysiological Solution

The KHL solution used for superfusion consists of the following components
(in mM): NaCl 118.1, CsH 1,06 11.1, KCl 4.7, NaHCO3 25.0, K;HPO4 1.2,
MgSO4 1.2, and CaCl, 1.8. In order to maintain a pH value of 7.4 (£ 0.05), the
superfusate was constantly equilibrated with Carbogen (95% O,, 5% CO>) [20].
In the Langendorff setup, a cooled and gassed KHL solution without calcium
chloride (temperature around 10°C) was used for reducing metabolic activity.
During the hyperthermic experiments, 2,3-Butanedione-Monoxime (BDM)
(Carl Roth GmbH & Co. KG, Karlsruhe, Germany) with a concentration of
30 mmol/l was added to the KHL solution, which was used for perfusion during
atrial dissection [20].

10.6.4 Epicardial Stimulation of the Atrial Preparation

Because of the careful dissection of the right atrium described in Section 10.6.1,
the myocardial preparations comprised the intact sinus node and were beat-
ing autorhythmically. Therefore, cardiac preparations were stimulated at the
epicardial side in unipolar fashion with a tungsten electrode connected to an
A365 constant current stimulus isolator (World Precision Instruments, Sarasota,
Florida, USA). A stable pacing was achieved by using a stimulus amplitude 1.5
times larger than the stimulus threshold (typically ranging between 1.0 mA and
1.8 mA) [20].

10.6.5 Hyperthermic Protocols

The hyperthermic studies were performed by Matthias Keller and Robert Arnold.
During this study, a previous version of the experimental setup as well as another
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dye loading procedure were used (see also Section 4.3) [20]. This work focused
on the investigation of the electrical propagation in atrial myocardium during
hyperthermia from microscopic to macroscopic scale published as a conference
article [20, 211]. The following section briefly describes the protocol of the
hyperthermic experiments.

At the beginning, optical and electrical measurements were performed at base-
line temperature of 36.7°C. Subsequently, the temperature of the tissue bath was
increased between 36.7°C to 43.8°C to study the hyperthermic characteristics of
atrial myocardium. The temperature of the tissue bath was manually increased
in steps of approximately 2°C. The thermal circuit required 3—5 min to heat the
nutrient solution in the tissue bath to the desired temperature. After complet-
ing the temperature heating cycle at 43.8°C, the tissue bath temperature was
directly reduced to 36.7°C to determine the reversibility of the electrophysio-
logical changes. This cooling process required 10—12 min. During the complete
temperature cycle, pacing frequency was between 5.0 Hz and 5.5 Hz. At ele-
vated temperatures, a rising sinus rhythm frequency caused a loss in pacing
capture. If possible, the pacing frequency was increased and subsequently, the
measurement procedure was repeated. Both CNF sensor and pacing electrode
were stably positioned at the epicardial side of the atrial preparation during the
temperature protocol.

10.6.6 Ablation Protocols

During this experimental protocol, multiple RFA sequences were performed
for investigating the electrophysiological characteristics of myocardial tissue
with growing point-shaped ablation lesions. Here, the ablation times were set as
follows: 0.55s, 1.0s, 1.5s, 2.0s,2.5s, 3.0s, and 4.0s. This resulted in a total
ablation time of 14.5 s for the complete RFA procedure. All RFA sequences
were performed with a constant ablation power of 3 W. Optical and electrical
data were simultaneously recorded 6 s before and 6 s after the application of high
frequency currents. Optical mapping was also performed during the application
of RFA currents. At the end of a RFA sequence, the subsequent sequence was
started after a waiting time of 2 min.

Furthermore, the reversibility of the point-shaped ablation lesions was inves-
tigated. Therefore, optical and electrical measurements were performed for
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10 s subsequent to the complete RFA procedure at the following time intervals:
2 min, 4 min, 6 min, 8 min, 10 min, 15 min, and 20 min.

During this experimental protocol, the positions of the MEA as well as the
ablation electrode were kept constant.

10.6.7 Cardiac Near Field Measurements at
Ablation Lesions

RFA procedures with a maximum ablation time of 2s were performed for
creating single-point ablation lesions. Optical data were recorded during the
complete RFA procedure as previously described in Section 10.6.6. Afterwards,
the CNF sensor was gradually moved above the acute ablation lesion in order to
measure the extracellular potentials of the myocardium surrounding the point-
shaped lesion. At each position, electrical recordings were conducted for 10s.
The position of the CNF sensor was documented with the high-speed camera
and a consumer camera. Afterwards, an additional point-shaped ablation lesion
was created close to the first ablation lesion. The gap between both ablation
lesions varied between 0.5 mm and 1.0 mm. As previously, the miniaturized
sensor sequentially scanned the lesion area of the point-shaped ablation lesions.
Finally, the location of the pacing electrode was varied in order to investigate
the influence of the ablation lesions on different excitation patterns.

10.7 Structural Characterization of
Cardiac Tissue with Magnetic
Resonance Imaging

The goal of a further project was to reconstruct the 3D geometry of ablation
lesions using magnetic resonance imaging (MRI). Here, MRI measurements
were initially performed at Bruker BioSpin GmbH with Thomas Oerther (NMR
Microscopy Applications, Bruker BioSpin GmbH, Rheinstetten, Germany).
Follow-up studies were carried out in close collaboration with Gisela Guthausen
at the Institute for Mechanical Process Engineering and Mechanics (IMVM,
Engler-Bunte-Institute, Chair of Water Chemistry and Water Technology, KIT,
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Karlsruhe, Germany). This study was based on a supervised student’s thesis
[212] and has been published as a conference contribution [213].

10.7.1 Tissue Preparation

For establishing a suitable MRI sequence as well as an image processing proto-
col, a simplified RFA procedure was performed with freshly excised ventricular
myocardium. A piece of the right ventricle, having a thickness of approximately
1 mm, was pinned down on a silicone holder with thin plastic needles. After
positioning the ablation electrode on the endocardial surface, a single or multi-
ple lesions were created (ablation time: 3 s, ablation power: 3 W). Afterwards,
the preparation was fixed with paraformaldehyde for 24 h at room temperature
and stored in phosphate buffered saline (PBS). For imaging, the ventricular
preparation was fixed on a custom-made silicone holder having a diameter of
9.8 mm. This holder was placed in a glass tube with a diameter of 10 mm, which
was inserted into the MRI device.

10.7.2 MRI Sequences

Tissue samples were analyzed with a 4.7 T nuclear magnetic resonance device
equipped with microimaging, wide-bore probes (NMR, Bruker Avance 200),
which is situated at the IMVM. Paravision software was used for specifying the
acquisition parameters. The following imaging sequences were tested: diffusion
imaging, inversion recovery sequence, 7;- or T>-imaging, and 7;-weighted
imaging with gadolinium based contrast agents according to Hansen et al. [115].
However, image contrast was only sufficient for fast imaging with steady-
state precession (FISP) and rapid acquisition with relaxation enhancement
(RARE) sequences delivering dominantly 7;-weighted and 7>-weighted images,
respectively. Digital resolution of the acquired images was 256 x 128 pixels.
Each data set consisted of 20 slices with a slice thickness of 0.2 mm, a field of
view (FOV) of 10 mm x5 mm or 9 mmx4.5 mm (spatial resolution: 35-39 pm)
and a slice distance ranging between 0.3 mm and 0.35 mm.
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10.7.3 Processing of MRI Data

Data sets were saved in a proprietary format by Bruker and processed in Matlab.
The import algorithms for the raw data were developed by the IMVM. In a
first step, a median filter with a kernel size of 3x3 was applied on the raw
images to reduce impulse noise and outliers. A subsequent Gaussian filter
(standard deviation ranging between 0.5 and 1) additionally decreased white
noise. Afterwards, an automatic histogram based analysis was performed
to enhance the image contrast. In general, filtered image data showed two
prominent peaks in the histogram. The first peak represented the background
of the image, whereas the second peak consisted of the pixels comprising the
sample. For separating both regions, the local minimum between both peaks
was determined and annotated as lower limit (g,,;,). The upper limit (g,,,x) Was
set to the bin where the gray value dropped to 10% of the frequency value of the
second prominent peak. A linear normalization was performed between g,
and g4y resulting in new gray values y(g) as follows:

0, 8 < &min
’}/(g) = %a 8min < & < &max (10.8)
L, & > 8max

Automatic segmentation algorithms, i.e. region growing, active contours mod-
els, or model based segmentation, were applied to automatically annotate the
ablation lesions in the individual slices of the recorded data set. However,
all approaches failed to deliver adequate as well as robust results because of
fold-over artifacts or no clear differentiation between different tissue regions.
Therefore and due to the limited amount of slices, the ROI representing the
lesion tissue was manually segmented and a binary mask was created for each
slice. Subsequently, a boundary had to be formed from the annotated region of
each slice in order to reconstruct the 3D volume. The boundary points of the
binary segmentation masks were defined as point coordinates in a plane parallel
to the xy-plane (spatial resolution: 35-39 um). The slice numbers represented
the coordinates in z-direction (spatial resolution: 300-350 um). Finally, the
al phaShape function of Matlab (o =15) determined a polyhedron hull of the
given lesion perimeter points [214]. The numerical value of the parameter o
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was empirically chosen to preserve lesion morphology and concavity without
generating holes in the lesion hull.

10.8 Histological Examinations of
Cardiac Tissue

The histological investigations were performed in close collaboration with
Franco Weth (Department of Cell and Neurobiology, Zoological Institute, KIT,
Karlsruhe, Germany). A sensitive fluorescence-based method, the LIVE/DEAD®
Viability/Cytotoxicity Kit from Thermo Fisher Scientific (Waltham, Massachu-
setts, USA), was used to distinguish between live and dead cells. Briefly, this kit
consists of two dyes, calcein AM and ethidium homodimer (EthD-1) emitting
fluorescence in the range of 515 nm and 635 nm, respectively. The latter one is
excluded by intact cell membranes and can only enter cells with damaged mem-
branes. A binding of this dye to nuclei acids produces a bright red fluorescence,
whereas calcein AM causes green fluorescence [215].

The following final histological protocol was developed after several iterations:
After the ex vivo RFA procedure, the atrial preparation was superfused with
heated and oxygenated KHL solution for 2.5 hours. The myocardium was
stained with calcein AM (4 uM) and EthD-1 (0.2 uM) for 20 min. The prepara-
tion was washed three times for 5 minutes with PBS. Finally, the myocardium
was fixed with 4% paraformaldehyde for 24 hours.

Prior to sectioning, the preparation having a typical size of 10 mmx 10 mm
was cut in smaller samples and subsequently embedded in Tissue-Tek® O.C.T.
compound (Science Services GmbH, Miinchen, Germany). Each frozen tissue
sample contained a zone of healthy as well as ablated myocardium. A Leica
cryostat CM3050 S (Leica Mikrosysteme Vertrieb GmbH, Wetzlar, Germany)
was used to manually excise sections with a tissue thickness of 20 um. Here,
sections were cut parallel to the myocardial cross section in order to analyze
depth as well as width of the lesion. Every sixth cut was positioned on micro-
scope slides for additional imaging. The microscope slides were heated for 2 h
at 56°C, washed two times for 5 min with PBS and preserved with Mowiol®
(Sigma Aldrich, St. Louis, Missouri, USA).
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The mounted sections having a gap distance of 100 um were sequentially
imaged with the epifluorescence microcope Axio Imager Z1 including an Apo-
Tome (Carl-Zeiss, Jena, Germany). Using a Fluar 5x/0.25 objective, image
size was around 1.79 mmx 1.35 mm with a spatial resolution of approximately
1.29 um. Therefore, multiple, overlapping subsections had to be scanned for
sections larger than the given FOV. In order to analyze fluorescent changes
caused by EthD-1, an emission filter ranging from 562 nm to 640 nm as well as
a constant exposure time of 100 ms (excitation filter: 538-570 nm) were used for
all images. The images were stored in a proprietary format by Carl-Zeiss and
latterly imported in Fiji for further processing (Imagel, Laboratory for Optical
and Computational Instrumentation (LOCI), University of Wisconsin-Madison,
Madison, Wisconsin, USA).

10.9 Evaluation of a Multidimensional
Gaussian Filter

The AdSTGaFilt is explained in detail in Section 10.2.3. For comparing the
multidimensional Gaussian filter with standard filter methods from literature,
synthetic OAP signals were generated, which are mimicking recorded OAPs
from thin rat atrial myocardium [216, 217]. Subsequently, artificial noise
with varying SNR was added to the synthetic OAPs. The performance of the
AdSTGaFilt was quantitatively compared with two other filtering methods at
different noise levels.

10.9.1 Synthetic Data

It has to be kept in mind that OAPs, which are acquired with the experi-
mental setup described in Section 10.2.1, have an inverted morphology com-
pared to electrically recorded action potentials (APs). A single OAP sig-
nal was modeled by multiplying two inverted sigmoid functions a,(¢) and
a,(t): a4(t) represents the steep downstroke of the depolarization phase and
a,(t) represents the subsequent repolarization phase without a strong plateau
phase (see Figure 10.16):

130



10.9. Evaluation of a Multidimensional Gaussian Filter

1

aq(t) = Rl t € [0;253 ms] (10.9)
1

ay(t) = —————.1 € [0;253 ms] (10.10)

a 1+ e~ W (23ms—1)”’

The parameter w adjusts the width of the OAP. According to electrically
recorded APs from experimental studies [216, 217], an APDy of approximately
33ms (w = 0.117) was choosen for the synthetic OAPs. Due to incomplete
effect or low concentration of blebbistatin, a moderate motion artifact was added
to the modeled OAP. This artifact is characterized by a Gaussian bell g,,, with
an amplitude A,,, ten times smaller than the maximal, negative amplitude of
the OAP and a standard deviation o,,,, of 6 ms. The latent period between the
electrical excitation and the following mechanical contraction from rat atrial
myocardium depends on several parameters and therefore differs between 11 ms
and 30 ms [216]. In this study, the latent period of the synthetic OAP was set to
20 ms:

(1—20 ms)2
8ma (t) =Apa-e 2071 (10.11)

The resulting morphology of the synthetic OAP is shown in Figure 10.16. Based
on the generated single OAP, a sequence of repetitive, synthetic OAPs with a
total signal length of 0.85 s was created by assuming an external pacing stimulus
triggering the electrical activities with a frequency of 5.5 Hz. The complete OAP
signal was normalized between —1 (minimum fluorescence) and 0 (maximum
fluorescence).

Finally, spatio-temporal signals s(x,y,#) were created from the synthetic 1D
OAP signal. Here, an artificial myocardial patch with an image size of 82x82
pixels was created. This patch was virtually stimulated at the left upper cor-
ner resulting in a radially propagating excitation wavefront with an assumed
conduction velocity cv of 0.4 m/s. A continuous propagation of the wavefront
over time was achieved by separately shifting the signal from each pixel in time
for every time step Az(x,y) = As(x,y)/cv, with As(x,y) being the Euclidean
distance of each pixel (x,y) from the origin of the wavefront.
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10.9.2 Modeling Noise

Optical mapping data is always deteriorated with noise. For comparing the
performance of different filter methods, an additive noise model inspired by
the noise visible in experimental data was used. Here, the noise model mainly
consisted of baseline wander and (quasi-)random noise. Baseline wander b(r)
was modeled by a linear combination of sinusodial waves with both uniformly
distributed random amplitudes a; € [0;1] and uniformly distributed random
phases ¢ € [0;27). This model can be described as follows [200]:

K
b(t)=C- Y ag-cos(2m-k-Af -1+ ) (10.12)
k=0
An OAP signal recorded with a sampling rate f; = 868 Hz and a length of 0.85's
(N =0.85s- f; = 738) leads to a poor spectral resolution of Af ~ 1.18 Hz. More
single OAPs were added to the original signal in order to increase signal length
to N» = 739000. Therefore, the used frequency increment of the cosine waves
were Af = f;/N (around 1.17 mHz). The maximum baseline wander frequency
Jpi of synthetic OAPs was set to 0.5 Hz. This leads to a number of cosine waves
K= fhl/Af ~ 425.

0.2

Resulting synthetic OAP
ay(t)- a () +g,,()

El

8

g - -a,) ]
s - -a,(l)

© -
E 34003,

el

.“u’ ..... I

L

£

o

z -

0.1 0.15

Time (s)

Figure 10.16: Two sigmoid functions a, and a; as well as a Gaussian bell g,,, were super-
imposed to generate a synthetic OAP. This figure has been published in [191].
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The scaling parameter C was used to parameterize the SNR of the baseline
wander to varying noise levels. After the determination of the baseline wander,
the extended OAP signal was shortened from N, to N.

White noise signals n(7) with normally distributed random amplitudes were
used to model (quasi-)random noise. Varying SNR can be realized by setting
the standard deviation of the noise signal. Based on the assumption that ran-
dom noise varies independently for each pixel, the noise-free synthetic OAP of
each pixel in the image I was superimposed with n(r) (n(x,y,7) with(x,y) € I).
An extensive baseline wander can be caused by photobleaching of the fluo-
rescent dye, smaller motion artifacts of the cardiac tissue, or variations in the
intensity of the illumination source induced by small wavelength shifts due
to temperature increase. These effects affect all pixels equivalently. That is
why, it was assumed that the baseline wander b(¢) was constant for all pixels
(b(x,y,t) = b(t) with (x,y) € I). Finally, the noisy signal s, (x,y,?) is defined as
follows: s, (x,y,1) = s(x,y,t) +n(x,y,t) + b(¢) (see Figure 10.17).

10.9.3 Evaluation of Filter Performance

The performance of the developed AdSTGaFilt was investigated for synthetic ex-
citation wavefronts with differing SNRs. The SNR of white noise, defined as the
ratio of the variances of the noise-free synthetic signal and the (quasi-)random
noise signal, was varied for the following discrete noise levels: —10dB, —6dB,
—3dB, 0dB, 3dB, 6dB, 10dB. The baseline wander remained at a constant
value of 10dB, defined as the ratio of variances of the ideal synthetic OAP
and the synthetic baseline signal. For each SNR level, 500 realizations of
the synthetic excitation wavefronts with different random noise signals were
modeled. Subsequently, the filtered OAPs were compared with the noise-free
OAPs assumed as ground truth, since ideally, the filter should mainly eliminate
interferences as well as preserve the signal morphology. The following three
parameters were used to compare the filtered and the noise-free signals from
each pixel: First, the correlation coefficients between the filtered and the ideal
OAPs were calculated. Second, time differences between the LATs of filtered
OAPs and the LATSs of noise-free OAPs were determined. The “true” LAT is
defined as the time point of maximal downslope of the OAP. And finally, the
time differences between the minimum of filtered OAPs and ideal OAPs were
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estimated. Both mean value and standard deviation of the three parameters
were determined and evaluated for all pixels (except a five pixel border zone
at the margin of the image) over all realizations at each noise level. The pixel
border was introduced to avoid spatial filtering artifacts caused by the filter
mask, which may influence the overall results. In order to ensure a steady state
of digital filters, the middle activation of the OAP signal (Iength of 0.85 s) was
analyzed for all realizations.

The previously described analysis was equivalently performed with the digital
filters by Laughner et al. and by Wang et al., which are typically used for pro-
cessing cardiac optical mapping data [52, 142]. Both research groups proposed
a 2D spatial mean filter with a size of 3 x3. Laughner et al. applied a 50th-order
finite impulse response (FIR) filter (pass band between 0 Hz and 100 Hz) in
temporal domain [52]. In contrast, Wang et al. utilized a Butterworth low-pass
filter (pass band at 60 Hz, stop band at 75 Hz) for temporal filtering [142].
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Figure 10.17: A: Ideal synthetic signal consisting of five OAPs from one pixel of s(x,y,t). B:
Ideal OAP with baseline wander. C: Signal from B superimposed with white noise at a SNR
of 10dB. D: Signal from B superimposed with white noise at a SNR of —10dB. This figure
has been published in [191].
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Results

11.1 Adaptive Spatio-Temporal
Gaussian Filtering

11.1.1 Synthetic Data

The filter study was performed with 500 synthetic excitation wavefronts at
varying noise levels as described in Section 10.9. Figure 11.1 shows the filtered
optical action potentials (OAPs) using all examined filter methods. The ideal
OAP representing the ground truth in this pixel and noise configuration is
illustrated in Figure 11.1A. In each subfigure, a dashed blue signal shows the
time course of a synthetic OAP with a duration of 100 ms and a signal-to-noise
ratio (SNR) of —6 dB exemplary for one pixel of the noisy signal s,(x,y,?).
OAPs are hardly recognizable at this SNR. The OAPs can be determined after
applying the adaptive spatio-temporal Gaussian filter (AdSTGaFilt) (solid line
in Figure 11.1B) and the filter methods by Wang et al. and by Laughner et al.
(solid line in Figure 11.1C and D). However, processed OAPs from the last two
methods are showing ringing effects (Figure 11.1C and D).

In the following, the performances of all filters were quantitatively evaluated
with the parameters described in Section 10.9.3. Table 11.1 summarizes the
mean and standard deviation values of correlation coefficients between the ideal
and filtered OAPs at each SNR level.
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Figure 11.1: Dashed blue signals are showing a synthetic OAP, which was recorded by a
pixel in the center of an image at an SNR of —6 dB. This signal was used as input signal for
all filter methods. Anideal signal without noise is highlighted in black in A. The filtered OAP
from AdSTGaFilt shows a clear morphology (B). Estimated OAPs by Wang et al. as well as
Laughner et al. are showing ringing effects, which may influence the determination of LAT
and APD (C and D). This figure has been published in [191].

Regarding the filter methods by Wang et al. and by Laughner et al., mean
correlation coefficients decreased from 0.99 to 0.92 and 0.99 to 0.89 as the SNR
decreased from 10dB to —10dB, respectively. In contrast, the AdSTGaFilt
maintained a mean correlation coefficient of 0.98 for all noise levels. The filter
approach by Laughner et al. was more suitable for OAPs with an SNR of
0dB and above. However, at lower SNRs, the AdSTGaFilt outperformed the
other filtering methods. Regarding standard deviation of the correlation coef-
ficients, these values were strongly rising at reduced SNR when applying the
filter methods by Wang et al. and Laughner et al. In contrast, the AdSTGaFilt
guaranteed low standard deviation values for all SNRs. Considering the overall
performance, the adaptive filtering method provided the best mean and standard
deviation.
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Table 11.1: Ideal OAPs and filtered OAPs of each filter method were correlated over
all pixels (except for five pixels at the margin of the image) for 500 repetitions per SNR
(mean = standard deviation). For each SNR, the best mean value is marked in green color.
Furthermore, the last line gives mean and standard deviation values containing all samples

over all SNR levels. This table has been published in [191].

SNR AdSTGaFilt Wang et al. Laughner et al.
(dB)
10 0.9814 +0.0006 0.9928 + 0.0007 0.9979 + 0.0008
6 0.9814 +0.0007 0.9917 +0.0011 0.9960 + 0.0012
3 0.9813 £ 0.0009 0.9899 +0.0015 0.9930 4 0.0019
0 0.9812 +0.0010 0.9865 + 0.0027 0.9871 + 0.0035
-3 0.9811 £0.0012 0.9796 +0.0050 0.9754 + 0.0066
-6 0.9806 +£0.0019 0.9662 +0.0097 0.9533 +0.0127
-10 0.9797 +£0.0033  0.9285 + 0.0229  0.8942 + 0.0289
Overall  0.9810 4+0.0018 0.9764 4+-0.0235 0.9710 4 0.0366

Table 11.2 shows the estimated time shifts between the filtered and ideal excita-
tion wavefronts. For each SNR, the AdSTGaFilt delivered a mean time lag of
—1.17 ms between the LAT of a filtered OAP and its respective noise-free signal.
The negative signs indicated that the LATs of filtered OAPs were determined
earlier than the LATs of ideal OAPs. The filter methods by Wang et al. and
by Laughner et al. delivered mean time differences of up to —1.10ms and
—0.85 ms, respectively. However, at lowest SNR, standard deviation value of
time difference by Wang et al. was three times higher than for the adaptive
filtering method. For Laughner et al., standard deviation increased to 3.44 ms
at —10dB. The AdSTGaFilt delivered the smallest standard deviation values
for all SNRs smaller than 10 dB. Equivalently to the correlation coefficients,
the adaptive filtering method showed the lowest standard deviation values over
all SNRs.

The mean and standard deviation values of the time differences between the
minimal peak of ideal and filtered OAPs for the given SNRs are presented in
Table 11.3. For AdSTGaFilt, the mean time difference was around 2.43 ms
at each SNR. The filter method by Laughner et al. delivered a maximal time
difference of 1.03 ms at an SNR of —10dB. The mean time difference for Wang
et al. varied between 2.20 ms and 2.05 ms when reducing the SNR from 10 dB to
—10dB. Compared to the time differences of ideal and filtered LATS, absolute
mean values of the minimal peak differences increased for all filter methods
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as well as all SNRs. Additionally, minimal peaks of filtered OAPs were found
after the ones of the ideal OAPs. For decreasing SNRs, the standard deviation
of the time lag did not exceed 0.46 ms for AdSTGaFilt. In contrast, standard
deviation values were 1.06 ms and 1.61 ms for the filtering methods by Wang et
al. and by Laughner et al. at an SNR of —10dB. Only for SNR values higher
than 3 dB, the filter method by Wang et al. showed smaller standard deviation
values than AdSTGaFilt. Regarding the overall performance, the AdSTGaFilt
showed the lowest standard deviation values, but the highest mean difference.
In a final step, the LAT maps of a synthetic excitation wavefront at an SNR of
—6dB were determined. Figure 11.2 illustrates three LAT maps based on the fil-
tered OAPs from the analyzed methods and for qualitative comparison, the LAT
map from the ideal, noise-free signal. In contrast to the filter methods by Wang
et al. and by Laughner et al., the LAT map determined from the filtered OAPs
of AdSTGaFilt was very similar to the ideal LAT map (Figure 11.2A-B). At
this low SNR, the filter methods from literature caused more spatially fraction-
ated activation times, which were inadequate for further data analysis (Figure
11.2C-D).

Table 11.2: Overview about the time difference between determined LATs of filtered OAPs
and ideal OAPs for all filter methods. For each SNR, the best mean value is marked in green
color. Furthermore, the last line gives mean and standard deviation values containing all
samples over all SNR levels. This table has been published in [191].

SNR AdSTGaFilt Wang et al. Laughner et al.

(dB) (ms) (ms) (ms)

10 —-1.17+025 -1.10+0.24 —-0.15+0.38
6 -1.174+0.26 —-1.104+0.28 —-0.21+0.45
3 —-1.17+0.27 -1.084+0.34 —-0.27 £ 0.50
0 —-1.17+0.29 —-1.05+045 —-0.32 +0.58
-3 —-1.17+0.31 —-1.03 4+ 0.60 -0.34 +0.72
-6 -1.18+0.35 —-1.03+0.78 —-0.38 + 1.04

-10 -1.18+042 -1.06+126 —0.85+3.44
Overall —-1.17+031 -1.06+0.66 —0.36+ 145
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Table 11.3: Overview about the time differences between determined minimum peaks of
filtered OAPs and ideal OAPs for all filter methods. For each SNR, the best mean value is
marked in green color. Furthermore, the last line gives mean and standard deviation values
containing all samples over all SNR levels. This table has been published in [191].

SNR AdSTGaFilt Wangetal. Laughneretal.
(dB) (ms) (ms) (ms)

10 243+040 220+0.34 0.95+044
6 243+040 218+0.36 0.88 +£0.49
3 243+040 213+0.42 0.82 £0.53
0 244+041 2.08 £0.49 0.79 £0.58
-3 243+041 204+0.58 0.78 £ 0.69
-6 244+043 2.03+0.72 0.83 £0.94
-10 243 +046 205+ 1.06 1.03 +1.61

Overall 243+042 210+0.62 0.87 £0.85

11.1.2 Experimental Data

In a further step, the multidimensional Gaussian low-pass filter was tested with
experimental data typically recorded with the ex vivo setup described in 10.2.1.
Figure 11.3 shows a transmitted light image of the atrial myocardium as well
as raw fluorescence-optical recordings of two pixels. For reasons of clarity,
only a signal section with a length of 0.5 s of the complete data set is presented
(the total recording time was 9s). The single OAPs cannot be identified in the
raw data having a low SNR. The inverted morphology of the OAPs was visible
after applying the adaptive filtering method. Furthermore, the LAT map of one
excitation wavefront was estimated from the filtered OAPs (see Figure 11.6).
For comparison, the standard filter methods from literature were used to process
raw OAPs (see Figure 11.4). Equivalently to the results from the previous study
with synthetic signals, the filtered OAPs using the method by Wang et al. as
well as by Laughner et al. showed pronounced ringing effects, which strongly
influenced further data analysis. The corrupted LAT maps from these OAPs are
shown in Figure 11.6C and D.

The power spectra of experimental optical mapping data and filtered OAPs are
shown in Figure 11.5. The adaptive filtering method removed baseline wander
as well as the majority of the frequency components above 50 Hz. Additionally,
this filter monotonically attenuated frequency components above 20 Hz.
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Figure 11.2: LAT map estimated from an ideal, noise-free excitation wavefront radially prop-
agating over the artificial patch (A). The origin of the electrical propagation is located at the
upper left corner. Afterwards, the OAPs were superimposed with noise resulting in an SNR
of —6dB. Determined LAT maps after applying the AdSTGaFilt (B) and the filter methods
by Wang et al. (C) as well as by Laughner et al. (D). Pixels outside the time scale were ex-
cluded and marked in white in the LAT maps of C and D. This figure has been published in
[191].

The standard filtering methods from Wang et al. and Laughner et al. uniformly
preserved all frequencies below 65 Hz and 100 Hz. Nevertheless, this led to
more interferences in the filtered OAPs.
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Figure 11.3: Left: Photographic image from the endocardial side of the atrial preparation.
Right: Raw OAPs from two pixels in the time range from 0.5s to 1s. This figure has been
published in [191].
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Figure 11.6: LAT maps estimated from real measured signals (time window: 0.5-0.7 s) il-
lustrated in Figure 11.4 using A: AdSTGaFilt, B: Wang et al., C: Laughner et al. For each
LAT map, the median LAT was calculated and LATs exceeding (75 %) or falling below (25 %)
quartiles were excluded leading to white spots. This figure has been published in [191].
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11.2. Cardiac Conduction Velocity during Hyperthermia

11.2 Cardiac Conduction Velocity
during Hyperthermia

The hyperthermic experiments were performed with the experimental setup (see
Section 4.3) by Matthias Keller and Robert Arnold. Experimental data were
analyzed in close collaboration with Robert Arnold and subsequently published
as conference contribution [211].

Figure 11.7 exemplary shows the transmitted light image of one atrial prepara-
tion and the estimated LAT map at 36.9°C. In this preparation, a possible scar
area characterized by a higher dye intensity was identified causing a splitting
of the propagating wavefront. Figure 11.8 shows the determined LAT maps
during each temperature cycle. The macroscopic excitation pattern was almost
identical for each temperature cycle. However, the spread of the excitation
wavefront was globally reduced at the maximum tissue bath temperature of
43.8°C.

At 36.7°C (baseline temperature), conduction velocity (CV) was optically deter-
mined for five atrial preparations. The number of analyzed myocardial prepa-
rations was decreasing with rising tissue bath temperatures due to increased
autorhythmicity. This caused stimulation problems, which prevented optical
recordings, or occurrence of conduction blocks. For this reason, fluorescence-
optical measurements at 43.8°C were only successful in two atrial preparations.
Regarding the measurements from the cardiac near field (CNF) sensor, the elec-
trical activity of three atrial preparations was measured at baseline temperature.
Recorded data were excluded because the contraction of the myocardium caused
sensor motion and implausible CVs above 3 m/s.

At baseline temperature, a median CV of 0.66 m/s (interquartile range (IQR):
0.28 m/s) was determined across all atrial regions from optical measurements
(see Figure 11.9). At this temperature, electrical measurements resulted in a
median CV of 0.67 m/s (IQR: 1.17 m/s). Between 36.7°C and 42.0°C, opti-
cally determined median CV showed a significant monotonic increase to 121%
of baseline CV (p-value <0.05). However, median CV did not significantly
increase further, when the temperature was increased to 43.8°C. In the temper-
ature range between 36.7°C and 42.0°C, electrical recordings also showed a
similar trend of median CV. Median CV was 126% of baseline CV at 40.3°C
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and showed a large IQR. At maximum tissue bath temperature, the estimation
of CV from electrical measurements was only possible in one preparation. A
significant increase of median CV between 42.0°C and 43.8°C was not seen
(p-value > 0.05). When restoring the tissue bath temperature to 36.7°C, optical
measurements showed that median CV reversibly decreased to 102% of the
baseline value. In contrast, electrical measurements demonstrated that median
CV significantly decreased compared to baseline value: median CV after the
last temperature cycle was 98.6% of baseline CV. Both temperature profiles
showed a larger IQR after returning to baseline temperature.
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Figure 11.7: a): Exemplary, transmitted light image of one atrial preparation. The location
of the stimulus electrode is indicated with an asterisk. The terminal crest is encircled by a
dashed, yellow oval. A possible scar area labeled with a solid, yellow line caused a splitting
of the excitation wavefront. A yellow point marks the position of the CNF sensor. b): De-
termined LAT map at 36.9°C. c) Processed OAP determined at the yellow point. d) Filtered,
unipolar EGM recorded with the CNF sensor. Insert illustrates signal noise. This figure was
reprinted with permission from [211].
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Figure 11.8: Estimated LAT maps of one preparation at each tissue bath temperature. Dur-
ing the hyperthermic protocol, the global excitation pattern remained stable. However, the
velocity of the wavefront was dependent on the tissue bath temperature.

11.3 Point-shaped Ablation Lesions

The experimental protocol was successfully performed for four atrial prepara-
tions (see Section 10.6.6).

The optical and electrical results from one myocardial preparation are exemplary
shown in Figure 11.10. The results from the other experiments are shown in
Appendix B.1. The growth of the point-shaped ablation lesion was visualized
by retrospective analysis of optical mapping data (see Figure 11.10(b)). Con-
sidering the mean LAT map, no significant changes of LATs were identified in
the border zone of the ablation lesion. Above healthy myocardium, unipolar
EGMs showed a clear biphasic morphology. Unipolar EGMs directly recorded
above lesion area or in close proximity to the lesion (distance smaller than
0.4 mm) had a monophasic morphology without a negative deflection (see Fig-
ure 11.10(d)-(e)).
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Figure 11.9: Normalized CVs of right atrial preparations estimated from optical measure-
ments (a) and from electrical measurements (b) during the hyperthermic protocol (a indi-
cates the number of successful atrial preparations per temperature cycle). Data normalized
to baseline CV at tissue bath temperature of 36.7°C. Outliers are represented with +. The
number of estimated CVs (ROIs) and evaluated extracellular electrograms (beats) per tem-
perature cycle are indicated with n.* Significant difference of median CV with p-value < 0.05
(one-tailed).** Significant difference of median CV with p-value < 0.05 (two-sided). This fig-
ure was reprinted with permission from [211].

For quantitative analysis of the data set, the signal characteristics of all unipolar
EGMs recorded above healthy and ablated tissue were determined. Here, me-
dian negative peak amplitude (Aneg) was substantially reduced from —0.63 mV
(0.28mV) to —0.02mV (0.24 mV), whereas median peak-to-peak amplitude
(Vpp) was decreased from 0.97 mV (0.61 mV) to 0.26 mV (0.60 mV). In con-
trast, only a reduction was measured for the median positive peak amplitude
(Apos) from 0.42mV (0.55mV) to 0.23 mV (0.58 mV) (normalized values are
given in Figure 11.10(f)). Figure 11.11 and Figure 11.12 summarize the relative
changes of Aneg, Vpp, Apos, Symmetry and F95 with respect to the position of
the stimulus electrodes as well as the distance to the border of the lesion area for
all atrial preparations (n=4). Table 11.4 lists the absolute values of Apos, Aneg,
and Vpp before and after the complete RFA procedure. The above-mentioned
parameters were also determined for distances between 2.0 mm and 2.8 mm
beside the border of the ablation lesion (see Figure 11.11). Due to the strong
deviation of the estimated values, these groups were excluded from further data
analysis.
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Figure 11.10: Optical and electrical results from one atrial preparation. (a): Photographic
image of the myocardial preparation. The electrodes of the MEA are highlighted by red
dots. The yellow asterisk marks the location of the pacing electrode. The ablation lesion,
which is not visible in the image, is surrounded by a yellow dashed oval. (b): This map
shows the optically determined ablation area with a specific color after each RFA sequence
(the lesion is situated in the centre of the MEA). After the complete RFA procedure (total
ablation time: 14.5 s), four electrodes (2-5), which are highlighted by a black diamond, have
a distance smaller than 0.4 mm to the lesion boundary. The outer contour lines are labeling
the analyzed region from the preparation. (c): Mean LAT map after the RFA sequence
with an ablation time of 2.0s. The ablated area is shown in grey and non-evaluable areas
in white. (d)-(e): Templates of unipolar EGMs of channel 3 as well as channel 7 before
the complete RFA procedure and after subsequent RFA sequence with an ablation time of
1.0s,2.0s,3.0s,and 4.0s. (f)-(h): Absolute values of Vpp, Apos, and Aneg of both channels
after the above-mentioned RFA sequences. (i): Normalized values of all three parameters
above lesion area after the complete RFA procedure. Normalization was performed with
respect to unipolar EGM parameters recorded before the RFA procedure. n indicates the
number of analyzed electrical activities after selected RFA sequences and the complete
RFA procedure. Statistical significance (p-value < 0.05) is indicated with an asterisk.
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Table 11.4: Absolute values of unipolar EGM parameters Vpp, Apos, and Aneg (given as
median (IQR)) before and after the complete RFA procedure (14.5s total ablation time).
Additionally, absolute values are given with respect to the position of the measurement
electrodes: in front of the lesion (In Front), behind the lesion (Behind), and beside the lesion
(Beside).

Vpp Apos Aneg
Before After Before After Before After
(mV) (mV) (mV) (mV) (mV) (mV)
InFront 0.89(0.47) 0.48(0.07) 0.29(0.21) 0.50(0.08) -0.53(0.25) —0.01(0.21)
Behind  1.61(1.06) 0.23(0.26) 0.71(0.79) 0.23(0.28) -0.91(0.62) —0.02(0.25)
Beside 0.91(1.82) 0.19(0.40) 0.35(0.68) 0.27(0.31) -0.73(0.69)  0.05(0.22)
Total 1.03(0.99) 0.36(0.36) 0.36(0.68) 0.31(0.31) -0.69(0.63) 0.00 (0.26)

In general, Vpp of all unipolar EGMs were found to monotonically decrease
with reducing distance between the electrodes and the lesion area. Considering
the electrodes located in front of the lesions, median Vpp was reduced by ap-
proximately 40% for distances smaller than 0.4 mm. In contrast, median Vpp
values from the electrodes situated behind or beside the lesion were 20% of
baseline values. At all distances of the last two positions, a higher variation
was visible for Vpp. In contrast, the Apos parameter did not decrease neither
beside nor in front of the lesion. In the latter case, median Apos recorded in
front of the lesion was increased by 90% for distances smaller than 0.4 mm.
Beside the lesion, the influence of the growing lesion on Apos was negligible.
A significant reduction of median Apos around 70% was measured behind the
ablation lesion, however, a monotonic reduction was also not determined. For
all recording positions, Aneg was monotonically decreasing with reduced dis-
tances. Median Aneg was eliminated in all unipolar EGMs, when the distance
between the electrode and lesion boundary was smaller than 0.4 mm. Regarding
the positions of the individual electrodes, both median Aneg and median Vpp
were stronger affected beside and behind the ablation lesion than in front of the
determined lesion area. In the latter case, median Aneg and median Vpp were
already reduced by 50% and 37% in a distance ranging from 1.2 mm to 1.6 mm,
respectively. In general, median Symmetry was monotonically increased when
the distance between the lesion boundary and the electrodes decreased. How-
ever, a large IQR of this parameter was visible for distances smaller than 1.6 mm.
Considering F95, median values generally decreased with reduced distances for
all unipolar EGMs.
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Figure 11.11: Relative changes of Vpp (upper row), Apos (middle row), and Aneg (bottom
row) with respect to the distance between the measurement electrode and the boundary
of the lesion area. The location of each electrode as well as the position of the stimulus
electrode were additionally considered: in front of the lesion (left column), behind the lesion
(middle column), and beside the lesion (right column). The median value of each electrode
recorded before the RFA procedure was applied to normalize all features. After determining
the Euclidean distances between the electrodes and the boundary zone of the lesion area,
the features were classified in sections with a length of 0.4 mm. Furthermore, the temporal
development of all features was investigated after the RFA sequence (Abl.) and after a
waiting time of 2 min (Abl.&wt). Total number of analyzed unipolar EGMs is indicated by
n. An asterisk marks statistical significance between subsequent sections (p-value < 0.05).
Two asterisks represent statistical significance between values recorded directly after an
RFA sequence and after a waiting time of 2 min (p-value < 0.05).

However, F95 initially increased from the electrodes in front of the lesion. At
each distance range, a large variance of F95 existed (see Figure 11.12). The
relative changes of Apos, Aneg, Vpp, Symmetry, and F95 of unipolar EGMs
recorded above healthy and lesion area (distance smaller than 0.4 mm) are
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shown in Figure 11.13. After the complete RFA procedure, median Aneg was
effectively zero. In contrast, median Apos slightly reduced around 78% com-
pared to baseline, whereas the IQR strongly increased. The Vpp parameter was
reduced by 75%. Before the RFA procedure, unipolar EGMs showed a biphasic
morphology with a slightly pronounced S-Peak (median value around —0.26
(0.46)). Unipolar EGMs recorded above lesion had a monophasic morphology
with a neglectably small Aneg (median value of Symmetry around 0.45 (0.50)).
Furthermore, median value of F95 decreased from 407 Hz (167 Hz) to 182 Hz
(202 Hz) after the complete RFA procedure.

The receiver operating characteristic (ROC) curves for all unipolar EGM param-
eters are shown in Appendix B.2 (see Figure B.4). The estimated area under
the ROC curves (AUCSs) of Vpp, Aneg, Apos, Symmetry, and F95 were 1.000,
0.998, 0.612, 0.875, and 0.860, respectively. Additionally, the optimal cut-off
values were determined, which were defined as the point with the minimal
distance to the (0,1)-corner in the ROC plane. Due to its poor AUC, Apos was
not a robust parameter for discriminating healthy and ablated myocardium. The
AUCs from normalized Anegs and Vpps of unipolar EGMs delivered excellent
values to distinguish between both regions. Here, cut-off values of Aneg and
Vpp were 0.70 (sensitivity: 99.7%, specificity: 99.0%) and 0.73 (sensitivity:
100%, specificity: 100%), respectively. Regarding Symmetry and F95, good
AUCs were calculated with absolute cut-off values of 0.13 (sensitivity: 80.8%,
specificity: 86.0%) and 289 Hz (sensitivity: 83.1%, specificity: 77.7%).

11.4 Reversibility of Point-Shaped
Ablation Lesions

Short-term reversibility The short-term reversibility of unipolar EGMs was
evaluated after subsequent RFA sequences with a waiting time of 2 min (see
Figures 11.11 and 11.12). Significant changes were determined for each param-
eter at varying distances from the lesion boundary, however no clear tendency
of electrical reversibility, e.g. a monotonic increasing or decreasing median,
was observable in this period. Moderate temporal changes of median Vpp and
Aneg (varying between 2—12%) were measured in front of the lesion, directly
above the lesion and for the distances between 1.6 mm and 2.4 mm.
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Figure 11.12: Relative changes of Symmetry (upper row) and F95 (bottom row) with respect
to the position of the electrodes and the stimulus location: i) in front of the lesion (left col-
umn), i) behind the lesion (middle row), and iii) beside the lesion (right column). These pa-
rameters were not normalized. Additionally, the temporal development of non-normalized
values were investigated directly after the RFA sequence (Abl.) and after a waiting time of
2 min before the next RFA sequence (Abl.& wt.). n marks the number of analyzed unipo-
lar EGMs for each section. An asterisk marks statistical significance between subsequent
sections (p-value < 0.05). Two asterisks represent statistical significance between values
recorded directly after an RFA sequence and after a waiting time of 2 min (p-value < 0.05).

Only in front of the lesion, F95 was reversible for all distances, whereas Sym-
metry significantly only changed for distances smaller than 0.8 mm.
Considering the electrodes beside and behind the lesion, significant alterations
of all parameters were also determined (see Figures 11.11 and 11.12). Despite
the statistical results, median values of Vpp and Aneg showed only temporal
changes smaller than 10%.
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Figure 11.13: Comparison of relative changes of Vpp, Apos, Aneg, Symmetry and F95 be-
fore and after the complete RFA procedure (14.5 s total ablation time). In total, 708 unipolar
EGMs and 1174 unipolar EGMs were analyzed before and after the complete RFA proce-
dure, respectively. In the latter case, this group only contained electrodes above lesion
tissue or having a distance smaller than 0.4 mm to the boundary of the lesion area. After
the RFA procedure, all features changed significantly. However, a large IQR is visible for
Apos, Symmetry, and F95. An asterisk marks statistical significance between subsequent
sections (p-value < 0.05).

Medium-termreversibility After the complete RFA procedure, the temporal
development of unipolar EGMs recorded above myocardium surrounding the
ablation lesion was determined for two atrial preparations in a time period of
20 min.

Figure 11.15 summarizes the results for the myocardial preparation, which was
already shown in Figure 11.10. The optically determined lesion area did neither
increase nor decrease in the investigated time period (see Figure 11.15(b)). A
notable change in signal morphology of unipolar EGMs was also not determined
(see Figure 11.15(d)-(f)). Median values of Vpp, Apos, and Aneg significantly
changed within the investigation period, however a clear trend of medium-term
reversibility was not recognizable in the analyzed unipolar EGMs (see Figure
11.15(g)-(1)). Absolute changes of unipolar EGM parameters were less than
0.1 mV after a maximum waiting time of 20 min.
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11.4. Reversibility of Point-Shaped Ablation Lesions

Figure 11.14 summarizes the normalized values of Apos, Aneg, and Vpp of all
unipolar EGMs having a distance larger than 0.4 mm to the lesion boundary for
both atrial preparations. All parameters were normalized to the median values,
which were determined after the last RFA sequence (here described as baseline
value). A larger change of all median values was only recognizable 2 min
after the complete RFA procedure. After a maximum waiting time of 20 min,
median Apos was increased by 22%, whereas median Aneg was reduced to
89% compared to baseline value. However, Apos as well as Aneg showed large
variances for each measurement sequence. Considering Vpp, median value was
raised by approximately 12% compared to baseline value (IQR ~ 16%) after a
waiting time of 2 min. Subsequently, only minor changes of median Vpp values
around 3% were determined in the following measurement period (4-20 min).
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Figure 11.14: Comparison of relative changes of Vpp, Apos, Aneg after waiting times of
Omin (immediately after the complete RFA procedure), 2 min, 4 min, 8 min, 15 min, and
20 min. All unipolar EGMs with a distance larger than 0.4 mm to the lesion boundary were
summarized for each waiting time from two atrial preparations. n indicates the number of
analyzed electrical activities after each waiting time. A horizontal dashed line marks the
extreme data limits. Statistical significance (p-value < 0.05) is indicated with an asterisk.
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Figure 11.15: Optical and electrical results from the atrial preparation shown in Figure
11.10. (a): Photographic image of the myocardial preparation. The electrodes of the MEA
are highlighted by red dots. The yellow asterisk marks the location of the pacing electrode.
The ablation lesion, which is not visible in the photographic image, is surrounded by a yellow
dashed oval. (b): Optically determined ablation area with a specific color after each waiting
time (the lesion is situated in the center of the MEA). The outer contour lines are labeling
the analyzed region from the preparation. Four electrodes (2-5), which are highlighted
by a black diamond, have a distance smaller than 0.4 mm to the lesion boundary. During
the investigation period, the distance between electrode 1 and lesion boundary fell below
0.4mm. (c): Mean LAT map after a waiting time of 20 min. The ablated area is shown in
grey and the corrupted area in white. (d)-(f): Templates of unipolar EGMs of channel 3,
channel 5 as well as channel 7 after the following waiting times: 0 min (immediately after
the complete RFA procedure), 4 min, 8 min, 15 min, and 20 min. (f)-(i): Absolute values of
Vpp, Apos, and Aneg of the three channels after the above-mentioned waiting times. n
indicates the number of analyzed electrical activities after the waiting times. Statistical
significance (p-value < 0.05) is indicated with an asterisk.
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11.5 Complex Ablation Lesions

A second RFA procedure was performed after the first RFA procedure in order
to investigate the electrical activity of myocardium surrounding a linear lesion.
To create an ablation lesion consisting of two overlapping ablation points, the
ablation electrode as well as the MEA were positioned in close proximity to the
first lesion area. The follow-up RFA procedure was successful for two atrial
preparations whose optical and electrical results are presented here.

Atrial Preparation 1 Figure 11.16 shows the LAT maps determined after
different RFA times as well as the corresponding lesion areas for this atrial
preparation. At the beginning of the second RFA procedure, the split activation
wavefront was colliding behind the point-shaped first ablation lesion. Step
by step, a linear block was created in northwestern direction. After an RFA
time of 1 s, the myocardium located in the future block line showed a slowed
conduction and prolonged APDg( around 45 ms (see Figure 11.17(b)). APDgq
was reduced by 10ms after a waiting time of 2 min (see Figure 11.17(c)).
Finally, the linear lesion was completely closed after an ablation time of 1.5s.
Therefore, the triggered activation wavefront had to encircle the ablation lesion
in counterclockwise direction. Figure 11.18 shows the morphology of unipolar
EGMs from the electrodes 2,7, and 8, which were recorded either above or
in proximity to the linear lesion. Initially, unipolar EGMs from electrode 2
and electrode 7 showed a typical RS-morphology. However, unipolar signals
from electrode 7 were partially fractionated, which may be caused by colliding
microscopic wavefronts in the vicinity of the ablation lesion. After an ablation
time of 1.5s, a double potential was measured at electrode 2. At the same
time, the morphology of unipolar EGM from electrode 7 changed to a clear
positive peak with a strongly reduced negative peak. The LATs determined from
the electrical measurements were highly concordant with the estimated LAT
map from optical data analysis. The time difference between electrode 2 and 7
was around 8 ms after an ablation time of 0.5 s. The linear block was clearly
recognizable in the electrical LAT pattern after an ablation time of 1.5s. This
increased the time difference of approximately 16 ms between electrode 2 and
electrode 7 and caused a reverse LAT between electrode 1 and 8. Comparing the
LAT of each electrode before and after an RFA sequence, it can be noted that
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the RFA sequences with an ablation time of 0.5 and 1.0 s strongly influenced the
conductivity of myocardium, which was located in the area between electrode 1

and 8.
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Figure 11.16: Summarized optical results from atrial preparation 1. (a): Photographic image
of the myocardial preparation after the last RFA sequence. A yellow asterisk marks the
position of the pacing electrode. (b): Optically estimated lesion areas after different ablation
times. The boundary of the lesion area is plotted after each RFA sequence with a specific
color (colorbar indicates the RFA time). After the first ablation procedure, electrode 3-6
were situated above lesion tissue or in a distance smaller than 0.4 mm from ablated area
(highlighted with a black diamond). After the second RFA procedure (3 s total ablation time),
electrode 2 was also situated above lesion tissue. The contour lines in the outer regions of
this image are labeling the evaluable regions of the atrial preparation. (c): Mean LAT map of
all detected OAPs before the second RFA procedure. (d)-(f): Mean LAT map of all detected
OAPs after an RFA time of 0.5 s(d), 1.0s (e), 1.5 s (f). The ablation lesion and corrupted areas
are illustrated in gray and white, respectively. The upper lesion (northwestern direction)
was initially caused by mechanical damage and not by an RFA sequence.
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Figure 11.17: Estimated APDgg maps before the RFA sequence with an ablation time of
1.0s (a), after the RFA sequence with an ablation time of 1.0's (b), and after a waiting time
of 2min before the next RFA sequence with an ablation time of 1.5s (c). A red asterisk
marks the position of the pacing electrode.
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Figure 11.18: Summarized electrical results from atrial preparation 1. (a)-(c): Templates of
unipolar EGMs of electrode 2 (a), electrode 8 (b), and electrode 7 (c) before the second
RFA procedure (here labeled as Before Ablation) and after the RFA sequences with an ab-
lation time of 0.5, 1.0s, and 1.5s. (d)-(f): LATs of electrodes 1, 2, 7, and 8 after the RFA
sequences.
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Atrial Preparation 2 In contrast to the first experimental data set, triggered
excitation wavefronts of this atrial preparation were already rotating in coun-
terclockwise direction around the first ablation lesion. When performing the
second RFA procedure, an ablation line was gradually growing in the western
direction. As in the previous case, the reduced distances between the isochrones
of the LAT map indicated a slowed conduction in the region of the growing ab-
lation lesion (see Figure 11.20). This was also confirmed by prolonged APDsg
around 37 ms in this area (maps are not shown here). After an ablation time of
1.5's, the activation wavefront surrounded the linear lesion outside the ROI and
terminated in the southern part.

After the positioning of the MEA, the electrodes 1, 2, 3, and 8 were located
above healthy tissue. The templates of unipolar EGMs from electrode 1, 2,
and 3 after each RFA sequence are shown in Figure 11.19. Unipolar EGMs
from electrode 2 were already fractionated at the beginning of the second RFA
procedure. After an ablation time of 1.5s, double potentials were identified
at this electrode, which may indicate that the electrode was located above the
optically determined block. Considering the LAT of each electrode, the change
of the activation wavefront can be investigated (see Figure 11.19(d)-(f)). At
the beginning of the RFA procedure, the time difference between the LATs of
electrode 3 and electrode 8 was around 7 ms. After an ablation time of 0.5 s and
1.5's, the time differences between both electrodes increased to 16 ms and 33 ms,
respectively. In contrast to atrial preparation 1, unipolar EGMs from electrode 1
and 8 were not strongly influenced by the acute lesion.
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Figure 11.19: Summarized electrical results from atrial preparation 2. (a)-(c): Templates of
unipolar EGMs of electrode 1 (a), electrode 2 (b), and electrode 3 (c) before the second
RFA procedure (here labeled as Before Ablation) and after the RFA sequences with an ab-
lation time of 0.5, 1.0, and 1.55s. (d)-(f): LATs of electrodes 6, 7, 8, and 1 after the RFA
sequences.

159



Chapter 11. Results

.

15

0
8
o
6 b
=4
2
05 0
0 2 4 6 8 10

x-axis (mm)

y-axis (mm)
=
Ablation time (s)
y-axis (mm)
Activation time (ms)

y-axis (mm)
Activation time (ms)

X-axis (mm) x-axis (mm) x-axis (mm)

(d) () ®

Figure 11.20: Summarized optical results from atrial preparation 2. (a): Photographic image
of the myocardial preparation after the last RFA sequence. A yellow asterisk marks the
position of the pacing electrode. (b): Optically estimated lesion areas after different ablation
times. The boundary of the lesion area is plotted after each RFA sequence with a specific
color (colorbar indicates the RFA time). After the first ablation procedure, electrode 5-7
were situated above lesion tissue or in a distance smaller than 0.4 mm to the ablated area
(highlighted with a black diamond). After the second RFA procedure (3 s total ablation time),
electrode 2 was also situated above lesion tissue. The contour lines in the outer regions of
this image are labeling the evaluable regions of the atrial preparation. (c): Mean LAT map of
all detected OAPs before the second RFA procedure. (d)-(f): Mean LAT map of all detected
OAPs after an RFA time of 0.5s (d), 1.0s (e), 1.5s (f). The ablation lesion and corrupted
areas are illustrated in gray and white, respectively.
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11.6 Complex Ablation Lesions with Gaps

The experimental protocol described in Section 10.6.7 was successfully carried
out with three atrial preparations. In all experiments, the electrical activity of
myocardium surrounding two point-shaped ablation lesions with a gap size
between 0.5 mm and 1.0 mm was investigated. Representative electrical record-
ings of the CNF sensor and optical mapping data from one atrial preparation are
illustrated in this section. The presented signal characteristics were similarly
observed in the other experiments. Figure 11.21 shows two photographic images
from the myocardial preparation with two point-shaped ablation lesions. The
miniaturized sensor was sequentially moved above the upper ablation point
in northeastern direction. Figure 11.22 illustrates the estimated LAT map, the
recorded extracellular potentials and calculated vector loops (VLs) at different
sensor positions. The lesion area was determined from optical mapping data as
described in Section 10.2.4. Optical as well as electrical analysis did not reveal
a gap between both ablation lesions. The created lesion area caused a splitting
of the main excitation wavefront in two smaller wavefronts spreading around the
eastern and western side of the lesion heading to the north. No electrical activity
was measured when the CNF sensor was directly placed above the lesion (see
Figure 11.22(b)). In the transition zone between ablated and healthy tissue,
extracellular potentials showed a strongly reduced S-peak and a second broader
positive peak following the S-peak. Extracellular recordings above healthy
tissue showed an almost symmetrical shape (see Figure 11.22(d) and (e)). The
Vpps of extracellular recordings were increasing with rising distance between
lesion area and sensor position. Furthermore, narrow VLs indicated planar
excitation wavefronts without pronounced curvature at the different positions.
Afterwards, the CNF senor was rotated about 90° in counterclockwise direction
and moved again above the ablation lesion (see Figure 11.23). At position 4
(see Figure 11.23(e)), the right part of the excitation wavefront spread around
the lesion and subsequently collided with the approaching slower left excitation
wavefront. The estimated direction of the resulting wavefront pointed towards
the lesion area (see VL in ablated area between both ablation lesions (see Figure
11.23(d)).
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(a) (b)

Figure 11.21: (a): Photographic image of the atrial preparation acquired with the high-speed
camera. The tip of the miniaturized sensor (1; solid yellow line) is located on the upper
point-shaped lesion. The lesion area is surrounded by a dashed red oval. The yellow aster-
isk marks the position of the stimulus electrode (2). (b): Photographic image of the same
preparation from the epicardial side. The ablation electrode (3) is positioned at the edge of
the opening.

In a last step, the stimulus electrode was positioned in the southeast of the
atrial preparation (see Figure 11.24). As in the previous case, the radially
propagating excitation wavefront was splitted by the lesion. At each position,
the estimated directions of the wavefronts corresponded at macroscopic as
well as microscopic scale. The splitted activation wavefronts were colliding
behind the ablation lesion at position 2 (see Figure 11.24(c)). Here, measured
extracellular potentials were fractionated and two VLs could be identified, which
represented the approaching wavefronts.
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Figure 11.22: Optical and electrical results from different measurement positions. Both
measurements were temporally referenced to the pacing stimulus. (a): Estimated mean
LAT map with lesion area (gray color) and positions of the CNF sensor. Corrupted LAT area
is presented in white color. (b)-(e): Filtered unipolar EGMs, d®/dt, and VL for approximately
60 beats and their associated mean signals (blue) at the different measurement positions.
An arrow indicates the direction of the microscopic electrical propagation at the determined
LAT of the mean EGM.
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Figure 11.23: Optical and electrical results from different measurement positions when
changing the direction of the sensor around 90°. Both measurements were temporally
referenced to the pacing stimulus. (a): Estimated mean LAT map with lesion area (gray
color) and positions of the CNF sensor. Corrupted LAT area is presented in white color.
(b)-(e): Filtered unipolar EGMs, d®/dt, and VL for approximately 60 beats and their asso-
ciated mean signals (blue) at the different measurement positions. An arrow indicates the
direction of the microscopic electrical propagation at the determined LAT of the mean EGM.
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Figure 11.24: Optical and electrical results from different measurement positions when
changing the location of the stimulus electrode in the eastern direction. Both measure-
ments were temporally referenced to the pacing stimulus. (a): Estimated mean LAT map
with lesion area (gray color) and positions of the CNF sensor. Corrupted LAT area is pre-
sented in white color. (b)-(e): Filtered unipolar EGMs, d®/dt, and VL for approximately 60
beats and their associated mean signals (blue) at the different measurement positions. An
arrow indicates the direction of the microscopic electrical propagation at the determined
LAT of the mean EGM.
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11.7 Structural Characterization of
Ablation Lesions

11.7.1 3D Reconstruction of Ablation Lesions with
Magnetic Resonance Imaging

For reasons of clarity, the acquired data sets from one preparation with two point-
shaped ablation lesions (here called Sample 2) with comparatively good quality
are presented in this section (see Figure 11.25). In a first step, the ablation
lesions were manually segmented ten times in both fast imaging with steady-
state precession (FISP) and rapid acquisition with relaxation enhancement
(RARE) data sets (see Figure 11.26). The resulting segmentation masks and the
reconstructed three-dimensional (3D) lesion models (see Figure 11.27), which
were composed of the segmented masks, were analyzed in order to estimate
the robustness of the manual segmentation approach and the deviation of the
lesion volumes. Subsequently, the mean volumes and its standard deviations
of both lesions were determined (see Table 11.5). Considering the RARE
data sets, higher mean volumes as well as standard deviations were estimated
for both lesions. For the first lesion, mean FISP volume and mean RARE
volume were highly concordant. However, standard deviation of RARE lesion
volume was more than twice than the standard deviation of FISP lesion volume.
Regarding the second lesion, mean RARE volume was larger than the mean
FISP volume, whereas standard deviations from both lesion volumes showed a
good agreement.

Furthermore, the transmurality of the larger lesion of Sample 2 was investigated
by analyzing the slice of the FISP data set with the largest lesion cross section
(see Figure 11.26 and Figure 11.25(c)). Here, it was assumed that a ten times
segmented region securely represented lesion tissue. However, this region did
not completely reach through the myocardial wall. Considering the RARE slice,
the segmented lesion was also not transmural (data not shown here).
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(a)

epi- endo-
cardium - cardium

(b) ()

Figure 11.25: The rat ventricular preparation with two ablation lesions was positioned on
a silicone holder in the glass tube (a). Raw MRI image of the FISP data set showing a slice
along the red line (b). A contrast difference between ablated and healthy tissue was visible
after image processing (c). Subsequently, the ablation lesion, which was manually annotated
in all segmentations, is marked by a red line. This figure was reprinted with permission

from [213].

Table 11.5: Mean lesion volumes and standard deviations from both lesions of Sample 2.

The data sets were segmented ten times.

from [213].

Mean lesion volume

FISP RARE

Vi (mm3) 1945 1.989
Vypo (mm3)  0.569 0.771
Standard deviation of lesion volume

FISP RARE

o1 (mm3)  0.086 0.190
o (mm3)  0.041 0.051

This table was reprinted with permission
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Figure 11.26: FISP (a) and RARE (b) data sets of Sample 2 were segmented ten times and
overlapped for each slice. Here, slice 6 of both imaging sequences is shown. The region
occurring in all segmentations of this FISP slice (a) is plotted in Figure 11.25(c). This figure
was reprinted with permission from [213].
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Figure 11.27: The lesion perimeter points of each slice are extended in z-direction accord-
ing to the given slice distance (a). Reconstructed 3D lesion model of the processed FISP
data set of Sample 2 (b). The endocardial side of the lesion is situated at the left side. This
figure was reprinted with permission from [213].
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11.7.2 Histological Examination

Figure 11.28 shows the histological images of five subsequent sections of an
atrial preparation. The sections were extracted from the center of the preparation,
which also contained an ablation lesion. The exposure time was set to 100 ms
in order to identify an ablation area with a higher signal intensity caused by
EthD-1. The outer contours of the preparation were recognizable in each
section. The fluorescent dye had nonuniformly dissipated in the individual
sections. A slightly higher contrast was partially observable at the outer areas
of the sections (see Figure 11.28(a)-(e), left and right). However, it was not
possible to precisely distinguish an ablation zone with specific dimensions due
to the minimal contrast difference.
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(a) 1mm

(e)

Figure 11.28: Histological sections stained with EthD-1 (thickness: 20 um). Digital images
are ordered from (a) to (e) with a slice distance of 100 um. No heterogeneous areas with
a higher intensity, which indicate the presence of an ablation lesion, are observable along
subsequent sections.
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Discussion

12.1 Adaptive 3D Gaussian Filter

Up to the present time, processing cardiac optical mapping data from thin atrial
myocardium with low signal-to-noise ratio (SNR) remains a challenging task.
Therefore, an adaptive multidimensional Gaussian low-pass filter was developed
and systematically compared with standard filtering methods using synthetic
data. Finally, all filters were tested with real experimental data.

Synthetic Data 1In general, the computational scenario showed that the adap-
tive spatio-temporal Gaussian filter (AdSTGaFilt) and the methods by Wang et
al. as well as by Laughner et al. were appropriate for filtering synthetic optical
action potentials (OAPs) with an SNR higher than 3 dB. However, at SNRs
smaller than 3 dB the AdSTGaFilt outperformed the other filtering approaches,
which strongly distorted the signal characteristics of OAPs after filtering. A typ-
ical approach for improving the SNR of raw signals is the usage of larger spatial
filter kernels. However, this step is inappropriate when investigating smaller
myocardial preparations with a thin wall thickness. A larger spatial filter mask
may cause: i) a blurring of the fast upstroke of the OAP, ii) stronger variations
in signal characteristics, and iii) reduce spatial resolution. According to the
normalized power spectra of analyzed OAPs (see Section 11.1.1), the major
frequency components of these spectra were below 100 Hz. Despite the selected
cut-off frequencies of the filter methods from literature, the temporally filtered
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OAPs were superimposed with noise and could not be used for further data
analysis. The AdSTGaPFilt effectively reduced noise and preserved morphology
of filtered OAPs, which offers the opportunity to generate electrophysiological
maps. A further point concerns the mean time shift of the local activation time
(LAT) between ideal and filtered OAPs: an almost constant value indicates
that the automatic adaption of the temporal filtering parameters is not ideal at
higher SNRs. However, this error is not important, because LAT and conduction
velocity (CV) are relatively determined parameters.

For the adaptive configuration of the filter, empirical thresholds were set to de-
termine both spatial and temporal cut-off frequencies: 95% for o; and 90% for
O,,y- These conservative thresholds will preserve signal morphology of OAPs.
However, no further tests were performed to optimize the initially selected pa-
rameters. Whereas, the performance of the AdSTGaFilt was slightly worse than
the standard filtering methods at higher SNRs, at SNRs smaller than —6 dB, the
adaptive filtering method outperformed the other filter approaches (see Tables
11.2 and 11.3). This demonstrates the applicability of the AdSTGaFilt for low
SNRs, which are expected for measurements from thin cardiac tissue. After
a possible tuning of the filter methods by Wang et al. and by Laughner et al.,
it cannot be excluded that these filtering approaches achieve a performance
level as good as the AdSTGaFilt. However, the standard filters need this extra
preparation step for each experimental scenario whereas the AdSTGaFilt is
fully automatic.

Experimental Data After assessing the AASTGaPFilt with synthetic data, this
filter was used to process experimental data from thin atrial myocardium. In
this case, the optical mapping data are mainly characterized by a low SNR due
to the following reasons: i) unequal distribution of the fluorescent dye, ii) less
effective accumulation of dye via superfusion, iii) varying wall thickness of
atrial myocardium ranging from 0.2-0.5 mm causing low fluorescence intensity,
iv) small fluorescent changes due to both high temporal and spatial resolution.
Despite the low SNR, the AdSTGaFilt successfully extracted the OAPs from
the experimental data. The morphology of filtered OAPs corresponds with the
electrical recorded action potentials (APs) from other ex vivo studies [216, 217]
and can be used to generate electrophysiological maps, e.g. LAT maps, repo-
larization maps or local CV maps. When applying the methods by Wang et
al. as well as by Laughner et al. filtered OAPs were strongly distorted due to
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unsufficient filtering. These signals did not reflect the relative changes of trans-
membrane voltage and led to incorrect LAT maps. According to [190], manual
filter adaption may be necessary to improve processing of optical mapping
data in the specific experimental scenario. However, suitable spatio-temporal
filter kernels have to be selected under well-defined criteria, which guarantee
reproducible processing of optical mapping data and subsequent interpretability
of electrophysiological parameters. The proposed methodical approach offered
the opportunity to automatically determine the spatio-temporal filter dimensions
of the AdSTGaFilt without a priori knowledge from the experimental scenario,
manual user configuration, or an extensive filter study.

Several research groups used ensemble averaging before digital filtering to
improve SNR [124, 218, 219]. However, this technique cannot be applied for
autorhythmical preparations or for myocardial preparations with provoked atrial
or ventricular fibrillation [220]. For these cases, the AdSTGaFilt may be an
optimal tool for data processing. Furthermore, this filter has to be analyzed with
optical mapping data from guinea or rabbit hearts, which are showing a more
pronounced AP duration and plateau phase.

Limitations The AdSTGaFilt was evaluated with synthetic OAPs, which are
mimicking signals recorded with the experimental setup described in Section
10.2.1. Here, morphological variations of the synthetic OAPs were not con-
sidered, i.e. latency between electrical excitation and mechanical contraction
or varying signal amplitudes. The proposed noise model was composed of
baseline wander and additive white noise with normally distributed amplitudes.
Poisson noise, which is also a typical noise source when performing optical
mapping, was not considered due to its dependency on the signal intensity of
OAPs in a given experimental scenario [221]. Furthermore, the applicability
of the AdSTGaFilt needs to be evaluated for OAPs recorded under autorhyth-
mical or pathophysiological conditions, i.e. chaotic excitation wavefronts or
ischemia. The adaptive filtering method was developed for optical mapping
experiments using blebbistatin. It has to be kept in mind that motion artifacts
could strongly influence the adaptive filtering method. Finally, the thresholds for
the determination of the spatial-temporal filter kernels are empirically chosen.
Regarding the temporal component, the sampling rate of the recording device
needs to be considered. A higher sampling rate will result in a higher noise
bandwidth outside the signal band of the OAP and thus, it may be required to
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adapt the threshold for determining 6;. However, the power spectrum of the
averaged signal s, (7) with markedly reduced noise was analyzed to determine
o;. Therefore, it has to be investigated in detail whether a higher sampling rate
will significantly affect the estimation of ¢;. The threshold for determining oy,
from the one-dimensional (1D) radial frequency signal must be also analyzed
for optical mapping setups having a higher spatial resolution.

Main Findings A multidimensional Gaussian low-pass filter was developed
for automatically processing cardiac optical mapping data. Here, spatio-temporal
filter kernels are adaptively set according to the signal characteristics of recorded
OAPs. Compared to standard filtering methods from literature, the presented
filter effectively reduced noise and simultaneously preserved morphology of
fluorescence-optical signals for SNRs smaller than 3 dB. The AdSTGaFilt is
optimized for the analysis of optical mapping data from thin atrial myocardium
with very low SNRs. Neither manual filter adaption nor a priori knowledge is
required by the experimenter.

12.2 Hyperthermic Experiments

The combination of fluorescence-optical mapping and electrical recordings
with a miniaturized electrode array offered the opportunity to investigate the
electrophysiological properties of rat myocardium during hyperthermia [211].

Macroscopic Electrical Propagation A median CV of 0.66 m/s (interquar-
tile range (IQR): 0.28 m/s) was optically determined at the endocardial side
of the right atrium, which agrees with the determined CVs from canine myo-
cardium in the studies from Ding et al. [222]. At each temperature cycle, the
variations of IQR of normalized CVs may be explained by the following rea-
sons: i) interindividual differences between the atrial preparations, ii) specific
anatomical structures within the right atrium characterized by heterogeneous
conductivity and anisotropy, iii) differing gap junction density, iv) heteroge-
neous dVy, /dtnay, and v) local differences in the temperature behavior of the
selected region of interests (ROIs). Median CVs increased up to 121% of
baseline value at 42.0°C and did not increase further at larger temperatures.
Estimation of CV was influenced by the altering autorhythmicity of the atrial
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myocardium, which may be strongly affected at tissue bath temperatures above
45.0°C [92]. In this experimental study, it was not possible to overdrive the
sinus rhythm for tissue bath temperatures larger than 44.0°C. Simmers et al.
assessed the hyperthermic characteristics of canine ventricular myocardium
until 55.0°C. However, the researchers did not experience problems with the
autorhythm because of the missing sinus node [93]. For all atrial preparations,
median CV was reversible because tissue bath temperatures were always be-
low 50.0°C and did not lead to irreversible injuries. Furthermore, the global
excitation patterns remained stable at each temperature cycle. The identified
scar area in one atrial preparation did not severely affect the global electrical
propagation in the investigated temperature range. It can be expected that tissue
bath temperatures above 50.0°C will lead to local conduction blocks in atrial
myocardium as described in Simmers et al. [93].

Microscopic CV By positioning a cardiac near field (CNF) sensor at the
epicardial side of the preparation, a median CV of 0.67 m/s (IQR: 1.17 m/s) was
obtained. In one preparation, a CV of around 1.8 m/s was measured yielding
a high IQR of baseline CV. The following reasons may explain this high
CV: i) close vicinity of the CNF sensor and the stimulus electrode leading to
an inhomogeneous wavefront propagation, ii) transmural propagation of the
wavefront, iii) microscopic, discontinuous propagation, and iv) measurement
position with a strong anisotropy, i.e. terminal crest consisting of well-coupled
myocytes in longitudinal direction [223, 224]. At a tissue bath temperature
of 40.3°C, median CV increased by 26%. Estimated CVs from electrical
measurements were often implausible or CV estimation failed for temperatures
larger than 40.3°C. Therefore, it can be concluded that changes in the local
excitation pattern (within 100 umx 100 um) will lead to changes of electrogram
morphology, i.e. fractionation of unipolar electrograms (EGMs) and/or changes
of waveform symmetry. In summary, this hyperthermic study demonstrated
that the electrical propagation is more influenced at microscopic scale than at
macroscopic scale for temperatures smaller than 45.0°C.

Limitations Several aspects have to be considered when comparing macro-
scopic optical mapping and microscopic electrical measurements: i) analyzed
cell volume, ii) dependence of signal amplitude (optical and electrical) from
depth, iii) different temporal and spatial resolution, iv) low intensity of OAP,
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v) the determination of CV based on the electrical field strength or the maximum
downstroke velocity of the OAP. Due to these reasons, determined LATSs as
well as CVs from both measurement techniques are slightly varying.

Main Findings Optical and electrical measurements revealed a biphasic
behavior of CV with a maximum CV at a temperature of 42.0°C. Furthermore,
estimated median CVs from optical (endocardial side) and electrical (epicardial
side) measurements were highly concordant at baseline temperature, which is
explainable by the small thickness of the rat atrium and a dominant myocyte
orientation parallel to the tissue. At the end of the temperature protocol, IQR of
median CV showed larger variations and median CV significantly differed from
baseline value for electrical measurements. The larger variations in CV after
such heating periods may be caused by the temporal irregularity of the atrial
myocardium. This indicates that the regression of temperature related effects
may not be completed after a waiting time of approximately 15 min.

12.3 Point-Shaped Ablation Lesions

The main focus of this animal series was to investigate the electrical activity of
atrial myocardium surrounding an acute point-shaped ablation lesion. Therefore,
radiofrequency ablation (RFA) sequences with varying ablation times were
performed to gradually create point-shaped ablation lesions and to study the
changes of unipolar EGMs under well-defined conditions.

Optical Data Analysis For detecting the lateral dimensions of a growing,
transmural ablation lesion, a new post-processing method was implemented.
Here, filtered OAPs from each pixel were analyzed with respect to the signal
intensity of the mean OAP. By using an empirically chosen threshold, which
was set as the 25% quantile of the total number of all annotated LATs, it was
possible to define an adequate lesion boundary. This offers the opportunity
to study both the geometric dimensions of the ablation area and its temporal
formation after several RFA sequences. For studying the temporal changes of
unipolar EGM parameters, the Euclidean distances between the lesion boundary
and the measurement electrodes were determined and subsequently divided in
steps of 0.4 mm. This way inaccuracies in optically estimated lesion boundaries
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or distances were partly compensated. Each electrode had a diameter of 0.2 mm,
which excludes a smaller step size for the distances.

Relation to Previous Work 1In the performed experiments, an ablation lesion
with a reversible border zone characterized by microscopic changes in conductiv-
ity was not observed in optical mapping data. In contrast, Pop et al. determined
in their ex vivo study with porcine ventricular myocardium acute RFA scars sur-
rounded by a thin border zone. Nevertheless, this border zone was not integrated
in their computational follow-up study due to its minor electrophysiological
impact [185]. The different results between the two studies may be explained
by varying AP characteristics, which are differing between the species as well
as between atrial and ventricular myocardium. Therefore, a slim border zone
may not be detectable in rat atrial myocardium. Further reasons can be listed,
which additionally restrict the detection of a border zone: i) low fluorescence
changes in the border zone, ii) blurring of optical signals between the healthy
myocardium and the ablated area, and iii) smoothing of fluorescence-optical
signals due to post-processing methods. After subsequent RFA sequences, a
growing ablation lesion was determined and successfully separated from healthy
tissue without histological examinations or using optical coherence tomography
(OCT). Therefore, these optical results were used as ground truth to characterize
unipolar EGM parameters. To the best of my knowledge, this has not been
shown in literature.

Unipolar EGM Parameters Analysis of unipolar EGM parameters was per-
formed with respect to both the location of the stimulus electrode and the
distance to the lesion boundary. Due to the growing ablation lesion in the center
of the multielectrode array (MEA) and the reduced volume of active myocardial
cells, unipolar EGM parameters monotonically decreased. In the distance from
0.4 mm to 2.0 mm, electrical signals recorded in front of the ablated area were
less influenced than beside or behind the lesion. An ablation lesion provokes
the splitting of an excitation wavefront in multiple wavefronts, which were
especially merging and colliding beside and behind the ablated area [225]. This
effect led to stronger variations of unipolar EGMs, when the lesion increased
during the RFA sequences. Above lesion tissue (distances smaller than 0.4 mm),
monophasic signal morphology of unipolar EGMs may be explained by far-field
signals of multiple excitation wavefronts spreading around the ablation lesion.
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Additionally, these far-field sources superimpose the local electrical recordings
above irreversibly destroyed myocardium.

After the complete RFA procedure, all determined EGM parameters in close
proximity to the lesion area (distance smaller than 0.4 mm) showed significant
changes. Further analysis of receiver operating characteristic (ROC) curves
demonstrated that both peak-to-peak amplitude (Vpp) and negative peak am-
plitude (Aneg) are excellent parameters to distinguish ablation zones from
healthy myocardium. Here, optimal cut-off values of normalized values of Vpp
and Aneg were 0.73 (sensitivity: 100%, specificity: 100%) and 0.7 (sensitiv-
ity: 99.7%, specificity: 99.0%), respectively (see Figure B.4). In contrast, the
positive peak amplitude (Apos) is not a robust parameter to discriminate both
groups due to its poor area under the ROC curve (AUC) value. At a first sight,
F95 may be used as an additional parameter, however the filter settings for
recording unipolar EGMs have to considered. In clinical applications, filter
settings are typically ranging between 0.5 Hz and 500 Hz. In the experimen-
tal scenario, the cut-off frequency of the low-pass filter was set to 1000 Hz.
Therefore, the filtered unipolar EGMs may be superimposed with electrical
interferences, which contain frequency components between the biosignal spec-
trum and 1000 Hz, influencing the correct determination of F95. Regarding
Symmetry, the ratio of Apos and Aneg of unipolar EGMs strongly depends
on the local anisotropy of the cardiac tissue [226]. Therefore, this parameter
may be misinterpreted for varying ablation areas. Considering unipolar EGMs
recorded above lesion tissue or in a distance smaller than 0.4 mm after the last
RFA sequence (total ablation time: 14.5 s), median Vpp and median Aneg were
reduced around 75% and 100%, respectively. The median values are clearly
smaller than the determined cut-off values. This hints at the fact that many
EGMs were recorded in lesion areas, which completely spread underneath the
measurement electrodes. This additionally reduced unipolar EGM parameters.
To conclude, the relative change of median Vpp and the complete reduction of
Aneg offer the opportunity to clearly identify lesion tissue in the local measure-
ment field of the recording electrode.

The finding that both unipolar EGM parameters allow the discrimination of
healthy and ablated myocardium corresponds with the results from the ex vivo
study from Otomo et al. There, the authors showed the complete elimination
of the negative deflection of unipolar EGMs recorded above transmural lesions
with a 7F catheter [17]. However, the distal electrode of this catheter averaged
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the electrical activity in a large area and therefore reduced spatial resolution. The
detection of large, transmural ablation lesions will not cause problems, whereas
this catheter may not be suitable for the identification of a possible border zone
or the assessment of the spatial extensions of an ablation lesion. Miniaturized
electrodes will offer a great diagnostic benefit for these investigations.

Clinical Interpretation A custom-made MEA with eight circularly arranged
mini electrodes (MEs) (diameter: 0.2 mm) offered the opportunity to acquire
unipolar EGMs with high spatial resolution. Due to the high sensitivity of the
MEs, the growing of asymmetric ablation lesions can be monitored by assessing
unipolar EGMs without repositioning the MEA. In several clinical studies, an
ablation catheter with integrated MEs allowed the precise monitoring of an
acute ablation lesion [166, 227]. Here, the 8F ablation catheter was equipped
with three MEs, which were integrated in the tip of the distal electrode. The
diagnostic benefit was particularly apparent when the catheter was placed paral-
lel to the endocardial surface. However, during orthogonal orientation of the
novel catheter, the MEs did not have direct contact with the myocardium or the
lesion and therefore, could not be used for further assessment. Furthermore,
the catheter has to be gradually moved over the myocardium in order to char-
acterize the ablation lesion. A quantitative comparison between clinical and
experimental unipolar EGMs is limited because of the size of the custom-made
MEA. However, this ex vivo study clearly demonstrated that an ablation catheter
with circularly arranged ME:s at the tip of the ablation electrode offers a great
diagnostic potential benefit. Firstly, an RFA procedure can be performed and
subsequently, the ablation lesion can be assessed with high spatial resolution.
Therefore, the RFA procedure can be repeated at a stable catheter position in
order to guarantee an acute ablation lesion with the required spatial dimensions.

Limitations The creation of a point-shaped ablation lesion depends on many
factors and is even demanding in an ex vivo RFA procedure. During this proce-
dure, partly unsymmetrical point-shaped ablation lesions were created because
of the strong heterogeneity of the atrial myocardium. Here, thicker muscle fibers
have a higher thermal conductivity, which provoked lesion formation along these
fibers. It can be assumed that this is also an important factor when performing
clinical RFA procedures in the human right atrium. Due to an average wall
thickness of the explanted myocardium of around 0.4 mm, it was not possible to
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investigate differing states of lesion transmurality. When the ablation electrode
was precisely positioned on the endocardial surface of the myocardium, each
RFA sequence created a transmural lesion in the thin atrial wall. In some cases,
smaller ablation lesions were not detected after analysis of optical mapping data
after an ablation time of 0.5 s. Considering the post-processing algorithms of
optical mapping data, empirical thresholds were chosen based on one data set
and applied for all experiments. This approach delivered comparable results
for all experiments without any prior knowledge of the ablation area. Histo-
logical examinations were not performed after the ex vivo experiment. When
performing experiments with more complex ablation lesions, it may be helpful
to reconstruct the three-dimensional (3D) structure of the lesion using histology
or other 3D imaging methods in order to precisely identify possible gaps in
a block line. However, it has to be noted that histological examinations only
represent the final state of an ablation lesion.

Main Findings In summary, a growing point-shaped ablation lesion did not
alter global excitation patterns. Optical mapping data showed that the activation
wavefront was divided in front of the ablation area. Afterwards, the two wave-
fronts were colliding behind the obstacle. Considering the electrical results,
unipolar EGMs were influenced by the growing ablation lesion in distances
smaller than 2 mm. Additionally, it was not possible to identify a reversible
border zone surrounding the ablated areas by evaluating unipolar EGMs. Unipo-
lar EGMs directly recorded above lesion tissue or within a distance smaller
than 0.4 mm to the lesion boundary had a monophasic signal morphology with
reduced Vpp and a neglectable Aneg.

12.4 Reversibility of Point-Shaped
Ablation Lesions

Short-term Reversibility Finally, the short-term reversibility of both abla-
tion lesions and myocardium in close proximity to these lesion was investigated
for a time period of 2 min representing the waiting time between sequential RFA
procedures. Analysis of optical mapping data did not reveal significant temporal
changes in the excitation pattern as well as in the lesion area. Electrical data
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showed significant changes of unipolar EGM parameters at varying distances.
However, no clear trend could be identified in unipolar EGMs. Additionally,
the ablation related changes in median unipolar EGM parameters were smaller
than 12%.

In conclusion, the estimated lesion area was irreversibly destroyed and the
surrounding myocardium did not show reversible changes of electrophysio-
logical characteristics in the period of investigation between subsequent RFA
sequences.

Medium-term Development For two atrial preparations, the temporal dy-
namics of an ablation lesion and its surrounding myocardium were analyzed
after the complete RFA procedure for a maximum time period of 20 min. Equiv-
alently to the results of the previous investigation, the optically determined
lesion area did neither increase nor decrease for the complete investigation
period. For all unipolar EGM parameters, a significant change of median values
was observed after a waiting time of 2 min after the last RFA sequence (ablation
time 4 s). This hints that the myocardium surrounding the ablation lesion was
apparently recovering in this time period. This suggests to be inconsistent
with the conclusions in the paragraph above and the results presented in Figure
11.11. However, the following aspects have to be kept in mind: the short-term
reversibility was analyzed between subsequent RFA sequences with increasing
ablation times ranging between 0.5s and 4 s as well as for distances ranging
between 0.4 mm and 2.4 mm. In this study, the temporal development of all
unipolar EGMs was uniformly analyzed after an RFA sequence with an ablation
time of 4 s causing a higher hyperbolic, radial temperature gradient [70] and for
distances between 0.4 mm and 1.6 mm. The longer ablation time caused more
pronounced transient electrophysiological effects in a limited area surrounding
the ablation lesion. For the follow-up waiting times, median values of Aneg
and Apos were decreasing or increasing, respectively, whereas median Vpp
values remained relatively stable. This may be explained by a baseline shift
of unipolar EGMs, which may be caused by injury currents between the acute
ablation lesion and healthy myocardium [228]. Additionally, the large variances
of Aneg and Apos indicate that both parameters should not be used to assess
the temporal dynamics of cardiac tissue. In contrast, only Vpp may offer the
opportunity to precisely evaluate the temporal characteristics of myocardium
surrounding the ablation lesion.
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Wittkampf et al. showed in their ex vivo RFA procedure with beagle myocardium
that the rise of myocardial tissue temperature was slower than the temperature
rise at the electrode tissue interface [229]. Using a 7F catheter and an ablation
power of 25 W, a myocardial temperature of approximately 50°C was achieved
in a distance of 3 mm from the ablation tip. Himel studied the influence of
hyperthermia on lesion gaps after an RFA procedure with Langendorff-perfused
rabbit hearts. In this study, it was shown that cellular processes, which influence
macroscopic conduction, change relatively slowly after the temperature decrease
in a time period from 15 min to 30 min [230]. However, these experimental
conditions, especially a high, local temperature gradient, were not achieved in
the ex vivo RFA procedure of this experiment. This suggests that pronounced
temperature related effects will neither occur in the proximity of the generated
ablation lesions nor after a longer waiting period than 20 min.

Limitations In this study, it was not feasible to reproduce local hyperthermic
conditions, which were existing in a human heart during a clinical RFA pro-
cedure due to the following reasons: i) short ablation times, ii) significantly
reduced ablation power, iii) differing geometry of ablation catheter, iv) no heat
storage in thin ex vivo myocardium, and vi) cooling of ablation electrode, ab-
lation lesion and myocardium surrounding the ablation zone due to the large
bath volume. Additionally, it is not possible to study the temporal formation of
edema, inflammatory response, and the long-term development of acute lesions
(scar remodeling) with explanted atrial myocardium. Therefore, acute ablation
lesions mainly consisting of coagulative necrosis were probably generated with
this ex vivo RFA procedure. However, it should be emphasized that temperature
related effects caused by an in vivo RFA procedure may have an important
contribution to the recovery of acute ablation lesions.

Main Findings In conclusion, relatively moderate ablation related effects
were occurring after RFA sequences with longer ablation times in this ex vivo
setup. However, the occurring reversible border zone surrounding the lesion
area was spatially limited and larger hyperthermic effects already vanished after
2 min.
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12.5 Complex Ablation Lesions

The main objective of this study was to characterize the linear lesion, which
comprises two overlapping ablation points, using unipolar EGMs acquired with
a custom-made MEA.

Optical Data For both atrial preparations, analysis of optical mapping data
revealed the formation of a continuous block line, which significantly influ-
enced the spreading activation wavefront. In the first case, the linear lesion
prevented the propagation of multiple excitation wavefronts. In the second
case, a rotating activation wavefront was moved outside the observed ROI of
the high-speed camera. In both data sets, a slowed conduction was observed
in the area of the later block line after the RFA sequence (see LAT maps of
both preparations in Section 11.5). On the one hand, this may arise from non-
transmural ablation lesions, which cannot be identified with fluorescence-optical
mapping. A non-transmural lesion could arise due to the following reasons,
which are also occurring during clinical RFA procedures: i) inappropriate po-
sitioning of the ablation electrode, ii) inadequate tissue contact of the ablation
electrode, iii) short ablation time, and iv) low ablation power. On the other hand,
action potential duration (APD) maps revealed reversible changes after a waiting
time of 2 min. This hints that temperature related effects may severely influence
the membrane potential, membrane fluidity, ion channel kinetics, and cellular
calcium metabolism of myocardial cells directly located under the ablation
electrode. Temporarily injured cardiomyocytes may cause a notable slowing of
the macroscopic depolarization wavefront.

Electrical Data Considering the electrical data, unipolar EGMs recorded
along the block line showed significant morphological changes. Double poten-
tials with low amplitudes were measured along the block line in both myocardial
preparations. The monophasic deflections may be caused by activation wave-
fronts at the two opposite sides of this block line having a time difference of
around 18 ms (for both atrial preparations) [231]. Unipolar EGMs recorded in
proximity to the growing ablation lesion showed reduced Vpps caused by the
reduced volume of active myocardial cells (see also Section 12.3). Additionally,
unipolar EGMs recorded behind the discontinuous lesion were more fractionated
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due to multiple, colliding activation wavefronts (see Figure 11.18(c)). However,
morphology of this electrical signal completely changed after the presence of
a continuous block line, which provoked a pivoting excitation wavefront. A
high concordance between LATs determined from optical and electrical data
was demonstrated in the experiments. An incomplete block line with slowed
conduction was also observed by analyzing LATs determined from unipolar
EGMs from the MEA. After the RFA sequence with an ablation time of 1.5,
the continuous linear lesion was identified by either a strong change in LAT
pattern or an increased time difference of LATs between adjacent electrodes.
The diagnostic benefit of the custom-made MEA for assessing point-shaped
ablation lesions was already explained in Section 12.3. The results from the
experiments with complex ablation lesions emphasize the advantages of the
MEA in a clinical scenario. Here, point-by-point maneuvers are performed
to generate linear lesions, e.g. continuous circumferential ablation of the pul-
monary veins (PVs) [232]. With the help of this device, it may be possible
to identify electrical gaps between non-overlapping ablation points by both
assessing the relative changes of unipolar EGMs and annotating the occurrence
of double potentials.

The findings of this study correspond with the results from other ex vivo studies
[225, 233]. In both studies, linear ablation lesions were created with a 4 mm
tip ablation catheter and subsequently mapped with an electrophysiological
mapping system which interpolated the geometry and electrical signals between
recorded sites. Here, double potentials were measured above the linear lesion
after the RFA procedure. In contrast to these studies, it was possible to char-
acterize the growing linear lesion using optical mapping data directly after
subsequent RFA sequences. Furthermore, the direct presence of a conduction
gap was immediately observed when analyzing unipolar EGMs.

Limitations The limitations described in Section 12.4 can also be listed here.
Due to the limited space of the atrial preparation, the repositioning of the MEA
was carefully performed. In the first case, the repositioning of the MEA caused
a mechanical injury at the cardiac tissue. However, the partial damage of the
tissue did not influence the optical and the electrical recordings around the block
line.
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Main Findings In summary, this study shows that a linear ablation lesion
provokes double potentials in unipolar EGMs recorded in close proximity to
the block line. Furthermore, the circular arrangement of the mini electrodes
provides the opportunity to precisely assess the presence of a continuous and
transmural conduction block.

12.6 Complex Ablation Lesions with Gaps

The main objective of this study was to characterize rat atrial myocardium with
ablation lesions using a miniaturized sensor array. Furthermore, it was examined
whether the CNF sensor provides the opportunity to detect existing lesion gaps.
Optical mapping was simultaneously performed to analyze the macroscopic
excitation wavefronts and to validate the electrical results.

Macroscopic and Microscopic Excitation Wavefronts In all experiments,
a high correspondence between the direction of the microscopic activation
wavefronts and the macroscopic excitation patterns was shown. The global
activation wavefronts were divided by the ablation lesion and rejoined behind
the lesion. At a microscopic scale, the electrical propagation was mainly
influenced by the local anisotropy and the presence of a continuous block
line. Fractionation of unipolar EGMs may be explained by colliding activation
wavefronts, slow conduction and a conduction block. At some measurement
positions, two vector loops (VLs) were identified with the CNF sensor, which
were caused by two activation wavefronts microscopically spreading towards
each other. However, these spatially limited collisions did not influence the
macroscopic excitation pattern. At the lesion boundary, unipolar EGMs from
the CNF sensor were characterized by reduced Vpps and complete elimination
of Aneg, which also corresponds with the experimental results described in the
Sections 12.3 and 12.5. The increasing second peak after the S-Peak may be
explained by injury currents influencing extracellular potentials [228]. However,
the CNF sensor did not reveal further microscopic signal characteristics, which
may be used to improve the assessment of the acute ablation lines.

Detection of Conduction Gap 1In each experiment, two transmural point-
shaped ablation lesions with a visual gap varying between 0.5 mm and 1 mm
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were created. However, a minor electrical actvity was detected in the area of the
gaps. This may be caused by: i) microscopic excitation wavefronts propagating
into the gap, ii) isolated myocardial cells, which were not destroyed by the RFA
procedure, or iii) far-field signals. The variation of the stimulus location also
proved the electrical isolation of the linear lesions. Pérez et al. investigated
discontinuous RFA lesions with different gap geometries in isolated rabbit
ventricular myocardium. There, straight, discontinuous lesions had an average
gap length of approximately 4.3 mm [234]. This hints that the gap between
both lesions was too small in the performed ex vivo experiments. Considering
the results from Section 12.5, a gap size around 2 mm caused a discontinuous
linear lesion in rat atrial myocardium. However, it was not possible to create
block lines with larger gaps due to the positioning of the CNF sensor in the
experimental setup as well as the limited size of the tissue sample.

Limitations In the experiments, the CNF sensor had to be repositioned at the
epicardial side of the myocardium after each RFA sequence. This prevented
the immediate investigation of the microscopic electrical characteristics of
myocardium surrounding the ablation lesion. Furthermore, it was not possible
to assess the relative changes of unipolar EGMs before and after the RFA
sequence at the same recording position. At the majority of the measurement
positions, it was not possible to determine the microscopic CV due to the
oblique angle between the CNF sensor and the epicardial surface. Furthermore,
the stimulus frequency was also not varied. It may be expected that the APD
of cardiac tissue from larger specimens, e.g. myocardium from a rabbit heart
showing a longer APD, will depend more on the pacing frequency than rat atrial
myocardium [235].

Main Findings To conclude, the miniaturized CNF sensor offers the opportu-
nity to determine the direction of microscopic activation wavefronts in proximity
of a linear lesion created by a point-by-point ablation technique. In all prepara-
tions, the block line did neither show a conductive gap nor a large border zone
with significant substrate changes at a microscopic scale. Future experiments
with larger gaps between point-shaped ablation lesions are required to analyze
the potential benefit of this sensor for detecting gaps in discontinuous linear
lesions.
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12.7 Structural Characterization of
Ablation Lesions

The aim of this project was to investigate the 3D structure of ablation lesions
from explanted rat atrial myocardium. Therefore, two different approaches
were investigated: magnetic resonance imaging (MRI) and histology. MRI was
performed in close collaboration with Thomas Oerther from Bruker BioSpin
GmbH and Gisela Guthausen from the Institute of Mechanical Process Engi-
neering and Mechanics of the KIT. A histological protocol was investigated in
close collaboration with Franco Weth from the Zoological Institute of the KIT.

MRI In the first case, different MRI sequences were examined to distinguish
ablation lesions from nonablated tissue, i.e. inversion recovery sequence or
diffusion tensor imaging. In summary, two imaging sequences were identified,
fast imaging with steady-state precession (FISP) (dominantly 7/-weighted im-
ages) as well as rapid acquisition with relaxation enhancement (RARE) imaging
sequences (dominantly 72-weighted images), which allowed the opportunity
to characterize ablated regions [213]. Recorded FISP and RARE images are
comparable with the results from the ex vivo gadolinium enhanced MRI studies
by Hansen et al. [115]. The usage of contrast based agents according to the pro-
tocol from the previous study did not improve image quality or lesion contrast in
the performed experiments. Both imaging sequences were in principal suitable
to reconstruct the 3D geometry of the ablation lesion. The segmentation and
volume estimation was manually performed due to moderate image contrast
as well as present image artifacts in the slices, which could not be eliminated
reliably. However, the manual slice segmentation led to high variations of lesion
volumes for both imaging sequences. For the analyzed ablation lesions, mean
RARE lesion volumes were higher and had larger standard deviations. This
hints the fact that both lesion volume and geometry may be overestimated with
a RARE sequence, however, further histological examinations are required for
validation. For investigating lesion transmurality, each slice was annotated ten
times in order to reduce inaccuracies of the manual segmentation. Although our
results showed that the lesion was not transmural (see Figure 11.25), further
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histological examinations must be performed to confirm the results from ex vivo
MRI and this manifold segmentation approach.

To conclude, this MRI study was initially carried out with rat ventricular myo-
cardium in order to proof the imaging concept and to develop an appropriate
image processing pipeline. Despite numerous approaches to optimize the
MRI imaging sequences, quality of recorded data was moderate and had to
be elaborately analyzed to successfully reconstruct the 3D ablation lesion in
these preparations. The acquisition time of the MRI device typically varied
between 10h and 17h. It has to kept in mind that longer acquisition times
(up to 24 hours) will not further increase the image contrast. In contrary, both
SNR and spatial resolution will be reduced due to inhomogeneities of the static
magnetic field or the gradient fields. Nevertheless, it is expected that atrial
myocardium (wall thickness ranging from 0.3-0.5 mm) will further reduce the
signal intensities to differentiate ablated and nonablated tissue. Despite the
high spatial resolution of the MRI in the xy-plane between 35 um and 39 um as
well as the non-destructive reconstruction of ablation lesions, a minimal slice
distance of 300 um to 350 um limits the estimation of the lesion width. Further
MRI sequences to minimize the slice distance were not successful. Assuming
a typical lesion diameter of 1.5 mm to 2 mm, only six cross sections of the ex
vivo ablation lesion could be investigated. Due to these limitations, further
histological investigations of the atrial myocardium are absolutely necessary.

Histological Investigation A histological protocol was developed to charac-
terize myocardium with ablation lesions using the fluorescent dyes calcein AM
and ethidium homodimer (EthD-1). This protocol contains the following steps:
pretreatment of the cardiac tissue, staining procedure, and slicing of the prepara-
tion. In general, it was possible to partially discriminate individual regions with
a higher fluorescence of EthD-1, e.g. in some outer areas of the myocardium,
from zones with lower signal intensity in each slice. However, further post-
processing algorithms need to be implemented to differentiate quantitatively
these regions from background fluorescence. Stronger fluorescent areas con-
tained more myocardial cells with a perforated cell membrane compared to
cardiomyocytes with intact cell membranes. Neither contiguous nor extended
regions with a higher intensity were identified along subsequent slices, which
could indicate an extensive scar region in the preparation. However, a larger ab-
lation lesion was set at the atrial preparation before the histological examination.

188



12.7. Structural Characterization of Ablation Lesions

Several reasons can be listed, which may explain either unspecfic or partly het-
erogeneous staining of the myocardial preparation with EthD-1: i) temperature
related effects, ii) hypoxia, iii) mechanical disruption during the ex vivo experi-
ments, or iv) structural damage of the preparation during the fixation, staining,
or slicing processes. Therefore, this fluorescent dye is inappropriate to specifi-
cally identify an acute ablation lesion in ex vivo preparations. Another approach
to assess cell viability is the trypan blue exclusion method [236, 237]. Here,
a nonviable cell having a non-intact cell membrane is stained blue. It may be
possible that this dye may be used to distinguish between healthy myocardium
and lesion areas.

A further important point has to be considered for the selection of an appropriate
staining technique: an acute ablation lesion in a human or an animal heart
mainly consists of a necrotic core, which is characterized by a disintegrated cell
structure (granulation, loss of nuclei, perforated cell membranes), edema, and
a surrounding zone of inflammatory response [67, 97, 98]. The acute ablation
lesion generated in the ex vivo RFA procedure also comprises a necrotic core.
However, an inflammatory response will definitely not occur in the excised myo-
cardium. Therefore, it has to be investigated, which biological processes are
arising in the border zone of an ex vivo ablation lesion. It may be possible that
biological processes, i.e. acidosis of the cell or disruption of the cell membrane
in the outer regions of the ablation lesion, will develop at a latter time point. In
this case, a more specific staining method is required to securely prove the acute
injuries of ex vivo preparations in a shorter examination time.

Main Findings Different MRI sequences and histological investigations were
performed to characterize the geometry of acute ablation lesions. FISP imaging
sequences with higher data quality may be an appropriate tool to reconstruct
the 3D geometry of ablation lesions. However, in a next step histological
examinations are required to confirm the results from the ex vivo MRI. The
fluorescent dye EthD-1 cannot be applied to characterize acute ablation lesions
from an ex vivo RFA procedure. Future histological investigations are necessary
to precisely discriminate these lesions from healthy myocardium.

189






PART IV

CLINICAL STUDIES WITH
ACUTE ABLATION LESIONS






Chapter ] 3

Motivation

Noncontiguous lesion lines, reversible ablation areas, or substrate changes may
diminish the success rate of the electrophysiological interventions [7]. Several
studies have shown that intracardiac electrogram (IEGM) criteria provide infor-
mation about the transmurality as well as the geometry of ablation lesions
[17, 21, 83]. Both in silico and ex vivo studies, which were previously presented
in this thesis, showed that the usage of multiple mini electrodes (MEs) in the
tip of the ablation catheters or arranged in a multielectrode array (MEA) may
improve the assessment of acute ablation lesions.

Recently, a 64-pole mini-basket mapping catheter (Orion™, Boston Scientific,
Malborough, MA, USA) and a modern electroanatomical mapping system
(EAMS) (Rhythmia HDx™ Mapping System, Boston Scientific), have been
released. Sohns et al. demonstrated that the combination of the Rhythmia
system and the Orion catheter markedly decreases the overall procedure time
while offering high-resolution voltage and propagation maps of the left atrium
(LA). Additionally, the authors showed that the Rhythmia system offered the
opportunity to safely and effectively perform the pulmonary vein isolation (PVI)
[238]. In another study from Latcu et al., Rhythmia was successfully used for
the detection of scar related atrial tachycardia. The study showed that regions
with both reduced conduction velocity (CV) and low signal amplitudes can be
identified precisely with the Orion catheter. The subsequent ablation of these
areas allowed to terminate the reentrant circuits of the tachycardia [239]. In none
of these and other studies, the Orion catheter was used to accurately scrutinize
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either the formation of single ablation points or the temporal development of
the acute lesions surrounding the pulmonary veins (PVs).

Therefore, the study presented in this thesis focused on the monitoring of acute
ablation lesions using the high-density electroanatomical data from the Orion
catheter. Based on the study from Matthias Keller [20], a novel clinical protocol
was developed to systematically assess three acute point-shaped ablation lesions,
which were sequentially created at the posterior wall of the LA. Furthermore,
a remap of the ablation lesions was performed after a waiting period varying
between 35 min and 50 min in order to investigate the temporal development of
the acute ablation lesions.
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Methods

14.1 Clinical Setup and Workflow

Clinical data were recorded during the electrophysiological (EP) study and sub-
sequent catheter ablation at the Stddtisches Klinikum Karlsruhe (Medizinische
Klinik IV, Claus Schmitt, Armin Luik). The study was performed in accordance
with the tenets of the Helsinki Declaration and was approved by the local ethic
committee. All patients signed an informed consent.

In this study, the Rhythmia™ mapping system and the Orion™ mini-basket
catheter (Boston Scientific, Malborough, MA, USA), here labelled as Orion
catheter, were used for the sequential mapping of the tachycardia (see also Sec-
tion 2.3). The radiofrequency ablation (RFA) procedures were performed with
a 4 mm-tip irrigated MiFi™ ablation catheter (Boston Scientific). A steerable
catheter from Boston Scientific was inserted into the coronary sinus (CS) as
timing reference and for pacing. Additionally, surface electrograms (EGMs)
were continuously recorded with a 12 lead body surface electrocardiogram
(ECQG). Preliminary studies were performed to finalize the clinical protocol and
to develop the necessary post-processing algorithms for analyzing the data sets
(not described in this thesis). The final clinical protocol will be explained in the
following lines, which was successfully applied to three patients.

At the beginning of the procedure, the three-dimensional (3D) endocardial
anatomy of the left atrium (LA) was acquired using the Orion catheter.
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These maps were either created during pacing, normal sinus rhythm, or stable
tachycardial rhythm. Afterwards or during stable tachycardia, three single point-
shaped ablation lesions were created in close proximity to the left pulmonary
veins (PVs) on the posterior wall of the LA. These points were on a future
ablation line, which was latterly set during the ipsilateral circumferential antral
pulmonary vein isolation (PVI) (see Figure 14.1). Therefore, the complete
clinical treatment was not jeopardized by this experimental protocol.

For each ablation point the following steps were performed: First, the ablation
catheter was accurately positioned at the desired location and intracardiac elec-
trograms (IEGMs) were recorded for 30 s. Afterwards, the RFA procedure was
performed for 30 s without changing the position of the catheter. The ablation
power ranged between 25 W and 40 W considering the specific anatomy of
the LA of each patient. Subsequently, [IEGMs were acquired for 30s and the
ablation procedure was restarted for another 30 s without any changes in catheter
position. In a last step, the electrical activity of the ablated area was mapped
with the ablation catheter and immediately after with the Orion catheter. After
completing all ablation points, the Orion catheter was again used to map the
endocardial surface of the three ablation points. Subsequently, the clinician
routinely performed the PVI on the right side. For the investigated data sets, the
procedural time, here defined as the time for performing the right PVI, varied
between 35 min and 50 min. Finally, the ablation areas on the left PVs were
extensively remapped with the Orion catheter. At this point, the protocol of
this study was completed. The clinician continued with the isolation of the left
PVIs.

The clinical data sets were continuously stored on the Rhythmia™ mapping sys-
tem during the EP study. Raw data from all patients were exported, anonymized,
and retrospectively analyzed at the IBT.

14.2 Signal Analysis of Clinical Electrograms

This section gives a brief overview on the data processing of the IEGMs recorded
with the Orion catheter, the CS catheter, and the ablation catheter. Clinical data
were partially analyzed with the algorithms developed by Tobias Oesterlein
[65]. Furthermore, additional post-processing methods were developed in three
supervised student theses [240-242] and published in [243].
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RSPV

RIPV

Figure 14.1: Exemplary triangulated endocardial surface mesh of the LA in posterior view.
The three ablation points (yellow dots) located in proximity to the left PVs were sequentially
created on a future ablation line at the posterior wall (blue dotted line). Furthermore, an
exemplary measurement position of the Orion catheter is shown in the LA. The eight splines
of the Orion catheter, which each contain eight electrodes, are shown in different colors.
LSPV: left superior pulmonary vein; LIPV: left inferior pulmonary vein; RSPV: right superior
pulmonary vein; RIPV: right inferior pulmonary vein.

14.2.1 Preprocessing of Electrograms

Raw IEGMs of the CS catheter, the Orion catheter, and the ablation catheter
were filtered with a third order Butterworth high-pass and low-pass filter char-
acterized by cut-off frequencies of 1 Hz and 300 Hz, respectively. Additionally,
multiple Notch filters were applied to remove specific harmonics originating
from the clinical setup and the supply frequency [65, 244]. Raw data from
the 12 lead body surface ECG were processed with a Butterworth bandpass
filter from 0.3 Hz to 30 Hz. Afterwards, the fiducial points of the ECG were
determined using the algorithms of Gustavo Lenis [245]. The annotated R-peak
time of the ECG, which describes the completed depolarization of the ventricles,
was used to blank the ventricular far-field (VFF) in the unipolar [EGMs of the
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CS catheter, the Orion catheter, and the ablation catheter with cubic splines.
This interpolation was performed with a time window of 300 ms.

14.2.2 Coronary Sinus Catheter

The filtered unipolar IEGMs of the CS catheter were used to detect the atrial
activities (AAs). Therefore, three bipolar [EGMs were determined from the first
six electrodes of the CS catheter. Electrode 7 of the CS catheter was referred to
as pacing electrode and omitted in the analysis. The non-linear energy operator
(NLEO) was applied to determine the local energy in all bipolar IEGMs [201].
Subsequently, the AAs in each bipolar IEGM were initially described by a
step function, which considered all values of the NLEO signal above a varying
threshold (¢/) considering the standard deviation of the NLEO signal (onxze0)
with k = 0.2 (a.u.):

th=k-onrEO (14.1)

A final step function was computed by overlapping all three step functions. The
maximum of the NLEO signal in this step function was annotated as AA, which
was used for further data processing [240]. With this algorithm, it was possible
to robustly detect every AA in all bipolar IEGMs of the CS catheter. The CS
catheter may also be used for pacing. In this case, the AAs were divided into
two categories: AAs detected during sinus rhythm and AAs detected during
paced excitation.

14.2.3 Orion Catheter

The determined AAs of the CS catheter were used as a timing reference for
analyzing both 64 unipolar and 56 bipolar IEGMs of the Orion catheter. For
each AA and its corresponding time point from the CS catheter, a signal with a
time window of 200 ms was extracted from each unipolar and bipolar signal of
the Orion catheter. This resulted in 64 unipolar or 56 bipolar signal windows
per AA, hereinafter referred to as unipolar and bipolar short-term IEGMs.

In a next step, the positions of both unipolar and bipolar short-term IEGMs
were analyzed for each AA. The Rhythmia mapping system stores the endocar-
dial surface of the LA as a high-density triangulated surface mesh comprising
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numerous vertices. Furthermore, the position of each electrode of the Orion
catheter within the LA was continuously tracked by the electroanatomical map-
ping system (EAMS) during the entire EP study. Therefore, it was possible
to project the position of each electrode onto the triangulated surface mesh.
Subsequently, the minimal distance between the projected coordinates and the
respective original electrode position was calculated. Matthias Keller demon-
strated that peak-to-peak amplitudes (Vpps) of unipolar or bipolar IEGMs were
already reduced by around 90% compared to baseline at a distance of 2.5 mm
to the endocardium [20]. Therefore, AAs from all electrodes having a distance
larger than 5 mm to the endocardial surface were excluded from further data
analysis [65, 241]. Preliminary studies showed that smaller distances, e.g. 1 mm,
led to an insufficient amount of data (not shown in this thesis) [240].

The position of the high-density mapping catheter or the ablation catheter
were continuously influenced by respiratory motion and heart contraction. The
EAMS automatically annotated the time points of acceptable measurement po-
sitions for internal data processing during the entire EP study. This information
must be included for the following analysis of the path-driven electrograms
(PDEGMs). Therefore, all AAs, which were not accepted by the EAMS, were
additionally excluded from further data analysis.

Subsequently, the local activation times (LATSs) of the bipolar short-term IEGMs
of each AA were computed from the NLEO signal with a varying threshold
considering the standard deviation of the NLEO signal (as described by Equa-
tion 14.1) [243]. Considering the unipolar short-term IEGMs, the LAT of each
AA was defined as the maximal negative derivative of the signal [178]. For all
unipolar and bipoar short-term IEGMs, the estimated LATs of each AA were
referenced to the corresponding reference LAT from the CS catheter.

In this thesis, the focus was on the analysis of the signal characteristics of
the unipolar short-term IEGMs. Due to markedly morphological changes of
the unipolar IEGMs after the RFA procedure, the Vpps were determined by
searching the following peaks: The positive peak amplitude of the signal was
searched in the signal section before the time index of the LAT. The negative
peak amplitude was determined in the signal section after the time index of the
LAT. Vpp was obviously determined by subtracting the negative peak voltage
from the positive peak voltage.
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14.3 Generation of Maps Representing
Electrical Activity

The processed AAs from all electrodes, which have a distance smaller than
5mm to the endocardium, were projected on the electroanatomical surface
mesh. If a vertex of the surface mesh contained multiple data points, the mean
from all values was calculated. The Nearest Neighbor algorithm was applied
to interpolate areas without information. The interpolation algorithm was only
applied for visualization purposes, the original data points were considered for
the PDEGMs (see Section 14.5). The resulting 3D maps show the Vpp or the
LAT of unipolar or bipolar IEGMs (see Figure 14.2).

LSPV RSPV

ks

-
N
Vpp (mV)

LIPV RIPV

Figure 14.2: The processed AAs from the Orion catheter were projected onto the triangu-
lated surface mesh and interpolated with the Nearest Neighbor algorithm (small transparent
dots). Here, an exemplary voltage map of the unipolar IEGMs is presented. LSPV: left su-
perior pulmonary vein; LIPV: left inferior pulmonary vein; RSPV: right superior pulmonary
vein; RIPV: right inferior pulmonary vein.
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14.4 Position and Orientation of the
Ablation Catheter

Catheter Position The position of the ablation catheter was continuously
tracked by the EAMS. According to the clinical protocol, the position of the
catheter should be kept stable during the RFA procedure. However, slight
movements of the ablation catheter inevitably occured in the clinical scenario
due to several reasons, e.g. heart contraction, blood flow, or respiratory motion.
Therefore, all 3D coordinates of the ablation catheter (P;(x,y,z), i € [I;N]
with N being the total number of tracked positions) during the application of
high-frequency currents (approximate time duration: 30 s) were considered to
calculate the midpoint of this point cloud [240]:

1 vN

N Lis1Xi

TIN v  with i=1,2,..,.N (14.2)
1 vN

N Liz1%i

o
Il

The point P was assumed to be the center of the ablation lesion, which should
show the strongest effects of the RFA procedure. Finally, this point was pro-
jected onto the endocardial triangulated surface mesh (see Figure 14.3).

Catheter Orientation To evaluate the signal characteristics of the [IEGMs
before and after the RFA procedure as well as the spatial extension of the
ablation lesion, the orientation of the ablation catheter must be regarded as
well. The angle between the ablation catheter and the endocardial surface was
determined for each tracked catheter position as follows (see also Figure 14.4).
First, a reference point R on the triangular surface mesh was computed, which
had the smallest distance to the tip of the ablation catheter. All neighboring
vertices N;. of R were considered to determine the normal vectors ng between
R and these vertices (a plane comprised R and two neighboring vertices of
Ny). Subsequently, the average normal vector nayy was calculated from all
existing n.
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RSPV

Figure 14.3: Exemplary triangulated endocardial surface mesh of the LA in posterior view.
The positions of the distal electrode and the most proximal electrode of the ablation
catheter, which were recorded by the EAMS during the RFA procedure, are shown as two
blue point clouds. The computed ablation center of the distal electrode is projected onto
the surface of the endocardial triangulated surface mesh (red dot). Furthermore, eight
points (grey dots) surrounding the ablation center are used for the determination of the
PDEGMs. In this exemplary case, the eight points are not equidistantly distributed due to
the strong curvature of the triangulated surface mesh in the region of the LSPV. LSPV: left
superior pulmonary vein; LIPV: left inferior pulmonary vein; RSPV: right superior pulmonary
vein; RIPV: right inferior pulmonary vein.

The angle a between ny,y, and the directional vector of the ablation catheter,
which was determined by the distal electrode and the most proximal electrode
(electrode four) Pq4, was calculated:

(14.3)

( Nayr - Prg )
o =arccosS| ————

|navr | |P14 |

Finally, the angle 8 (B = 90° — &) described the angle between the ablation
catheter and the endocardial surface. A mean angle Bcq, Was determined from
the angle of each catheter position during the RFA procedure [240, 242].
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Figure 14.4: Analysis of the angle between the ablation catheter and the endocardial sur-
face. The reference point R is used to determine nyy, from all n, between R and its sur-
rounding vertices (N;). The lateral view (right) illustrates the determined angles o and f3.
Figure was modified from [242].

14.5 Path-Driven EGMs

A new algorithm was developed to study the signal characteristics of IEGMs
from myocardium surrounding an ablation lesion in detail. In brief, this al-
gorithm automatically created a path along the endocardial surface based on
three given points of this path (start, middle, and end), which were manually
chosen by the user. This path comprised numerous intermediate points with a
predefined step size. A sphere with a radius of 2 mm was created around each
intermediate point and all data points of the Orion catheter within this sphere
were determined. Each data point or AA can be visualized with respect to the
corresponding distance to the start point and the total path length. Therefore,
the changes of the signal characteristics of unipolar or bipolar IEGMs, e.g. LAT
or Vpp, are visualized along the complete path. Multiple AAs assigned to a
specific path distance were individually analyzed and not interpolated. This
algorithm offered the opportunity to evaluate the horizontal path (orthogonal
to the future ablation line) or the vertical path (in parallel to the future ablation
line) [243].
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The previous approach, which considered one manually selected PDEGM, was
further developed in order to study the lateral extensions of an ablation lesion in
several directions. For that purpose, multiple paths covering the ablation region
were created automatically. From the center of the ablation lesion, determined
in Section 14.4, eight points were circularly arranged on the endocardial sur-
face with a predefined radius of 15 mm (see Figure 14.3). Subsequently, four
vectors were created between the ablation lesion and these points. Each vector
comprised various intermediate points, which were arranged in an intervall i of
i = Lyector/ 100, with ..o, being the total path length (in mm). Equivalently to
the previous algorithm, data points of the Orion catheter were annotated within
a sphere radius of 2 mm around each intermediate point of the path and plotted
with respect to the start point of the path [240]. This offered the opportunity to
study the electrophysiological characteristics of four different paths across the
ablation lesion (total length of approximately 30 mm).

In a final step, the morphological changes of unipolar IEGMs along the path
were analyzed. Therefore, the path was divided in consecutive steps of 3 mm
width. In each path section, a mean reference signal was created of all unipolar
IEGMs. A cross correlation was performed between each IEGM and the refer-
ence signal. After aligning all IEGMs according to the maximum correlation, a
mean template signal was computed.
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Results

15.1 High-Density Mapping of Acute
Ablation Lesions

The novel clinical protocol described in Section 14.1 was finally applied in three
subjects. Minor preliminary clinical studies were performed to develop both
this protocol as well as the post-processing algorithms and have been published
as a conference paper [243]. In this section, a clinical data set of one patient
is presented representative to demonstrate the potential diagnostic benefit of
high-density mapping.

During the analysis of the clinical data sets, the intracardiac electrograms
(IEGMs) from the ablation catheter could not be used to reconstruct the region
of the ablation lesions, as low number of recorded data points led to insufficient
interpolated voltage maps and large measurement electrodes notably reduced
spatial resolution. Therefore, unipolar IEGMs from the Orion catheter were
analyzed to characterize the lesion formation. Figure 15.1(a) shows the voltage
map, which was acquired before the complete radiofrequency ablation (RFA)
procedure during sinus rhythm. A relatively homogeneous distribution of peak-
to-peak amplitudes (Vpps) above 1.5 mV was observed at the posterior wall of
the left atrium (LA). Low Vpps (< 1 mV) were only measured in the region of
the pulmonary veins (PVs). The different voltage maps, which were acquired
after the creation of each ablation lesion, are illustrated in the Figure 15.1(b)-(d).
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The grey diamond in each voltage map illustrates the calculated center of the
ablation catheter during each RFA sequence. It is noticeable that the lesions
always developed on the left side of the center. Furthermore, the resulting
ablation lesions were partly overlapping and strongly asymmetric. Therefore, it
was not possible to separate the individual punctiform ablation lesions exactly
from each other. Star-path driven IEGMs with a total length of approximately
30 mm were determined for the third ablation lesion, which was situated at
the posterior wall of the LA between the left PVs. This low-voltage area was
markedly larger than the other ablation lesions, which were situated at the roof of
the LA or in proximity to the left inferior PV. During the third RFA sequence, a
stable position of the ablation catheter was achieved with a mean angle between
the ablation catheter and the endocardial surface around 45°. According to the
algorithms described in Section 14.5, eight points were determined around the
center of the ablation catheter. Subsequently, a horizontal and a vertical path
were created across the ablation lesion (see Figure 15.1(d)). Figure 15.2(a)
and (b) depict the Vpps determined along these paths. During sinus rhythm,
Vpps varied between 1.5mV and 8 mV along both paths. However, after the
third RFA sequence, median Vpps of the horizontal path reduced to 0.5 mV
to 0.75mV for the distances between 1 mm and 15 mm. A considerable drop
was also observed in the vertical path beyond a distance of 10 mm. To create
templates of the unipolar IEGMs along the horizontal and vertical paths, both
paths were divided in sections of 3 mm width (see Figure 15.2(c) and (d)).
In sinus rhyhtm, the majority of the mean unipolar IEGMs showed a clear
biphasic morphology. In the area of the ablation lesions, unipolar IEGMs were
either strongly fractionated or the negative peak amplitude (Aneg) vanished
completely. Finally, the horizontal path was selected to investigate the temporal
dynamics of the ablation lesion in the following section.
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RSPV

RIPV

Vpp (mV)

-

(c) (d)

Figure 15.1: Voltage maps in normal sinus rhythm (a) and after the sequential creation of the
point-shaped ablation lesions (b)-(d). After each RFA sequence, the LA was only mapped
around the respective ablation zone with the Orion catheter. The determined center of
the ablation catheter during each RFA sequence is marked with a grey diamond. The LA
is shown in posterior view. (d): Eight points (yellow dots) were automatically determined,
which may be used for the creation of the PDEGMSs. In this data set, a horizontal and a
vertical path were analyzed across the ablation lesion (highlighted with a dotted white line
and the arrows indicate the path direction). The analyzed unipolar IEGMs of each path are
illustrated with grey dots. LSPV: left superior pulmonary vein; LIPV: left inferior pulmonary
vein; RSPV: right superior pulmonary vein; RIPV: right inferior pulmonary vein.
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Figure 15.2: Absolute Vpps from unipolar IEGMs of the horizontal (a) and vertical (b) path.
Data prior (during sinus rhythm) and after ablation is shown in red and blue, respectively.
Templates of unipolar IEGMs were determined within consecutive sections of 3 mm widths
for both horizontal (c) and vertical (d) path. In some sections, no IEGMs were detected and
therefore, no template could be determined.
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15.2 Temporal Development of Acute
Ablation Lesions

This section focuses on the temporal dynamics of acute ablation lesions created
during an in vivo RFA procedure. Strong inter- and intraindividual differences
between the acute ablation lesions have been observed during the retrospective
analysis of the three clinical data sets. Therefore, no quantitative parameters
were identified to generally describe the relative changes of the ablation lesions
at different points in time. Due to this, the clinical data sets were investigated
on a case-by-case basis. For each patient, one representative ablation lesion was
manually chosen to demonstrate the reversible behavior of the acute injuries. In
all clinical data sets, the waiting period between the high-density mapping of
the ablation lesions after the last RFA sequence and the remap of these lesions
after performing a right pulmonary vein isolation (PVI) varied between 35 min
and 50 min.

Data Set 1 This data set was already presented in detail in Section 15.1.
Here, only the horizontal path across the third ablation lesion, which was
situated between the left PVs, was considered for data interpretation. After the
waiting period, the outer regions of the ablation lesion recovered and therefore,
higher Vpps were measured in these areas (see voltage maps in Figure 15.3 and
Figure 15.4). Especially in the first 12 mm of the horizontal path, the Vpps were
markedly raised compared to the Vpps recorded directly after the RFA sequence.
Median Vpps increased from 0.38 mV to 1.10mV in this section. Considering
the determined templates in this area, the monophasic morphology of the IEGMs
changed to a biphasic morphology after the waiting period. Only the inner zone
of the lesion (between 12 mm and 18 mm of the path), which is located on
the left side of the computed center of the ablation catheter (grey diamond in
Figure 15.3), was characterized by low median Vpps (around 0.55 mV). Here,
the morphology of unipolar IEGMs did not recover after the waiting period
(see fifth and sixth subplot in Figure 15.4(b)). Furthermore, the ablation lesions
located in proximity to the left inferior and superior PV partially revitalized.
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Figure 15.3: Voltage maps directly recorded after the last RFA sequence (a) and after a
waiting period of around 35 min (b). The LA is shown in posterior view. The start point
and the end point of the PDEGMs are illustrated in white and yellow, respectively. A grey
diamond highlights the position of the computed center of the ablation catheter during the
RFA sequence. The analyzed IEGMs of this path are illustrated with grey dots. LSPV: left
superior pulmonary vein; LIPV: left inferior pulmonary vein; RSPV: right superior pulmonary
vein; RIPV: right inferior pulmonary vein.

Data Set 2 In this data set, the ablation lesion located at the roof of the LA
was analyzed in detail. Compared to the first patient, the remap of the ablation
lesion was performed after approximately 50 min. Figure 15.5 shows both
the voltage maps at different times and the horiontal path at the endocardial
surface. The computed center of the ablation catheter was located superior
the low-voltage area. This deviation can be explained by a mean angle of 27°
between the ablation catheter and the endocardial surface during the RFA se-
quence. Considering the path section from approximately 8 mm to 15 mm, a
median Vpp of 0.90 mV was observed. In this area, the mean IEGM templates
were characterized by an almost completely reduced Aneg and an additional
broad shoulder behind Aneg. After the waiting period, a median Vpp of around
1.36 mV was recorded and the extent of the low-voltage area noticeably de-
creased. Furthermore, the second positive peak diminished, while a negative
deflection recovered in the unipolar templates of each path section (see Figure
15.6).
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Figure 15.4: (a): Absolute Vpps of unipolar IEGMs after the third RFA sequence (red dia-
monds) and after a waiting period of 35 min (blue dots). (b): Templates of unipolar IEGMs
along the horizontal path. Each subplot represents a 3 mm section of the horizontal path.
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RSPV

(b) )

Figure 15.5: Voltage maps recorded in paced rhythm before the RFA procedure (a), directly
recorded after the second RFA sequence (b), and after a waiting period of around 50 min (c).
The LA is shown in posterior view. The start point and the end point of the PDEGMs are
illustrated in white and yellow, respectively. A grey diamond highlights the position of the
computed center of the ablation catheter during the RFA sequence. The analyzed IEGMs of
this path are illustrated with grey dots. LSPV: left superior pulmonary vein; LIPV: left inferior
pulmonary vein; RSPV: right superior pulmonary vein; RIPV: right inferior pulmonary vein.
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Figure 15.6: (a): Absolute Vpps of unipolar IEGMs after the second RFA sequence (red dia-
monds) and after a waiting period of 50 min (blue dots). (b): Templates of unipolar IEGMs
along the horizontal path. Each subplot represents a 3 mm section of the horizontal path.
The last section (27-30 mm) is not presented in this subfigure because no IEGMs were
detected here. Furthermore, no unipolar IEGMs were identified in the second section
(3-6 mm) after the waiting period.
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Data Set 3 In this clinical data set, it was not possible to discriminate the
single ablation points in the reconstructed Vpp maps after the last RFA sequence
(see Figure 15.7(b)) due to the large area of contact between the ablation catheter
and the myocardium (angle of the ablation catheter ranging from 15° to 40°). A
linear lesion formed from the left superior PV in the direction of the left inferior
PV (see Figure 15.7). According to the voltage map presented in Figure 15.7(c),
the lower part of the ablation line completely recovered after the waiting time
(approximately 35 min). The horizontal path was directly located on the linear
lesion. In the center of the linear lesion (between 10 mm and 18 mm), median
Vpps were around 0.43 mV. After the waiting period, all Vpps along the path
were markedly increased. Especially in the central region of the previous linear
lesion, all Vpps were larger than 1.0mV. As in the previous cases, unipolar
IEGMs showed a monophasic morphology in the center of the ablation lesion.
Compared to data set 1, all unipolar IEGMs, which were characterized by only
a positive component after the RFA sequence, showed a clear Aneg after the
waiting period (see Figure 15.8(b) fourth to sixth subplot). This indicates a
recovery of the lesion zone.
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Figure 15.7: Voltage maps recorded in paced rhythm before the RFA procedure (a), directly
recorded after the last RFA sequence (b), and after a waiting period of around 35 min (c).
The LA is shown in posterior view. The start point and the end point of the PDEGMs are
illustrated in white and yellow, respectively. A grey diamond highlights the position of the
computed center of the ablation catheter during the RFA sequence. The analyzed IEGMs of
this path are illustrated with grey dots. LSPV: left superior pulmonary vein; LIPV: left inferior
pulmonary vein; RSPV: right superior pulmonary vein; RIPV: right inferior pulmonary vein.
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Figure 15.8: (a): Absolute Vpps of unipolar IEGMs after the third RFA sequence (red dia-
monds) and after a waiting period of 35 min (blue dots). (b): Templates of unipolar IEGMs
along the horizontal path. Each subplot represents a 3 mm section of the horizontal path.
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Discussion

In this study, a novel clinical protocol was established to study both the forma-
tion as well as the temporal dynamics of single point-shaped, acute ablation
lesions after a waiting period between 35 min and 50 min. A high-density map-
ping catheter was used to analyze the spatio-temporal characteristics of acute
ablation lesions. A preliminary study based on a supervised student’s project
was published in [243]. In this study, the ablation zones were characterized
by strongly reduced peak-to-peak amplitudes (Vpps) (62-96%) of bipolar in-
tracardiac electrograms (IEGMs), which coincides with the study results from
Matthias Keller and Thajudeen et al. [21, 246].

High-Density Mapping Compared to standard ablation catheters, the high-
density mapping catheter offered the opportunity to precisely discriminate low-
voltage areas from the healthy myocardium after the radiofrequency ablation
(RFA) sequences by analyzing the Vpps of unipolar IEGMs. In general, these
low-voltage areas were characterized by Vpps smaller than 0.75 mV. Due to the
difference in the voltage maps during sinus rhythm or paced excitation before
the RFA procedure and after the subsequent RFA sequences, these areas were
defined as acute ablation lesions. Several clinical studies were performed to
investigate an absolute voltage criterion, which ranges between 0.2 mV and
0.5 mV, for demarcating acute scars in the left atrium (LA) [239, 247, 248].
However, the authors often assessed quantitative parameters of bipolar [IEGMs
because of its improved signal quality. Additionally, the bipolar IEGMs were
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analyzed after either creating linear ablation lesions or a complete pulmonary
vein isolation (PVI) due to the greater extent of the phenomena. Heretofore, no
clinical study has analyzed the voltage threshold of unipolar [IEGMs from the
Orion catheter for assessing acute ablation lesions in detail.

Matthias Keller investigated the changes of IEGMs during the creation of a
transmural, point-shaped ablation lesion. Based on the clinical findings from
this study [21], it seemed obvious to analyze three single-point shaped ablation
lesions with a high-density electroanatomical mapping system (EAMS) in
detail. Despite close monitoring of the settings of the RFA procedure, extensive
ablation areas were detected after three sequential RFA applications. This
outcome is largely unexpected and demonstrates the challenge of precisely
creating single point-shaped ablation lesions at the posterior wall of the LA.
Furthermore, this suggests that a large area of the myocardium was immediately
affected after the first RFA sequence.

The formation of asymmetric or overlapping ablation lesions can be explained
by several factors: i) an obliquely oriented catheter, ii) smaller movements of
the ablation catheter, iii) discontinuous wall contact, iv) larger myocardial fibers
with higher thermal conductivity, v) inhomogeneous temperature distribution in
the myocardium, or vi) nonuniform convective cooling.

Despite continuous monitoring of the ablation catheter position during the
RFA sequence, several factors led to unavoidable, small movements of the
catheter: 1) respiratory motion, ii) contraction of the LA, iii) blood flow, iv) pa-
tient movement, and v) voluntary handling by the clinician. Therefore, it
remained challenging to estimate the center of the ablation lesion from the
recorded electroanatomical data. This will be even more difficult for asymmetric
ablation areas. As an initial approach, the center point of the ablation catheter
was determined from all catheter positions, which were tracked by the Rhythmia
mapping system during the RFA sequence. Considering the voltage maps of the
unipolar IEGMs, a spatial concordance between the determined center of the
ablation catheter and the low-voltage areas was not clearly visible in all cases.
The spatial discrepancies between these zones can be explained by the following
reasons: The ablation catheter is inserted into the LA through the interatrial
septum via a sheath. Therefore, it was not possible to precisely position the
catheter in perpendicular orientation at the endocardial surface in the left LA.
For all ablation lesions of the clinical data sets, the angle between the catheter
and the endocardial wall strongly varied between 10° and 50°. The best catheter
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position was the location between the left pulmonary veins (PVs) at the posterior
wall of the LA. Due to the varying catheter orientation, the tip of the ablation
catheter and the magnetic sensor, which is integrated in the distal electrode of
the ablation catheter, were projected at different positions onto the endocardial
surface.

The path-driven electrograms (PDEGMs) allowed to investigate the lateral
extension of an ablation lesion on a specific path or direction, i.e. lesion
width of the analyzed ablation lesions varied between 8 mm and 12 mm right
after ablation. Compared to the three-dimensional (3D) voltage maps showing
interpolated values of unipolar IEGMs, the PDEGM simultaneously considers
multiple IEGMs, which were acquired in the same region. This may help the
clinician to assess the lesion more precisely by evaluating all relevant IEGMs.
For example, the variance of the Vpps of the unipolar [IEGMs in the lesion center
and the outer lesion areas may be considered. In the center of the ablation region,
unipolar IEGMs showed a clear monophasic morphology and strongly reduced
Vpps, which coincides with the results from other clinical studies [21, 83] and
from the ex vivo experiment performed in this thesis. The monophasic shape
can be explained by the changed course of the excitation wavefronts. In one
case, the wavefronts were emerging around the lesion zone (see first to third
path section in Figure 15.6) and in the other case they were stopping at the
lesion (see first to fourth path section in Figure 15.8). Additionally, unipolar
IEGMs in the outer regions of the lesion zone were partially characterized by an
increased broad shoulder after the negative peak amplitude (Aneg) (see fourth
to seventh path section in Figure 15.6), which may be also caused by injury
currents between the ablated region and the healthy myocardium [228].

Temporal Reversibility of Ablation Lesions All ablation lesions were re-
mapped after performing a PVI at the right PVs. It turned out that the low-
voltage areas, which were previously determined as acute ablation areas at the
left PVs, markedly reduced after approximately 35 min to 50 min in all clinical
data sets. The ablation lesions shrank by around 50% compared to the lesion
area directly determined after the RFA sequence (visual comparison). In one
case, the previously determined ablation lesion, which was situated at the roof
of the LA, noticeably revitalized. Furthermore, the recovered unipolar IEGMs,
which originally had a monophasic morphology (see e.g. Figure 15.8), were
partly biphasic after the waiting period. This indicates that the myocardium
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in the ablated area, especially in the outer lesion zone, was not irreversibly
destroyed and recovered in the investigated time period. It may be assumed
that low-voltage areas appearing in both voltage maps represented irreversibly
destroyed myocardium. However, future studies are necessary to reveal a quan-
titative parameter for describing an irreversibly destroyed lesion zone or for
differentiating irreversible and reversible injuries.

Ceehma et al. also observed a recurrence of PV conduction after 30 min to
60 min. In their clinical studies, they postulated that a monitoring period rang-
ing between 30 min to 60 min is absolutely necessary to control the success
of the PVI during the RFA treatment [249], which generally agrees with the
findings in this clinical study. However, a major difference between both studies
was the determination or observation of the recovery of ablation areas. In the
study from Cheema et al., both a Lasso catheter and a pacing technique were
used to indirectly identify revitalization of the PV isolation. Compared to the
previous study, a high-density Orion mapping catheter precisely revealed areas
on the endocardial anatomy, which either completely recovered or were still
characterized by low Vpps. This is advantageous when smaller conduction gaps
must be identified after a PVI.

Pace-capture-guided or adenosine-guided ablation techniques are often applied
to reveal residual gaps after completing the PVI [250, 251]. Furthermore, the
positioning of the Orion mapping catheter in the region of the PV offers the
opportunity to detect an electrical activity propagating through the noncontingu-
ous lesion line. However, the typical waiting time between the PVI and these
control measurements is less than 10 min. Due to the novel findings from this
study, it can be concluded that longer waiting times, e.g. above 50 min, are
absolutely necessary after the RFA procedure to control the continuity of linear
lesions or to identify potential conduction gaps. Shorter monitoring periods may
insufficiently consider the temporal dynamics of acute ablation lesions. This
outcome coincides with the findings from Ninomiya et al. In this clinical study,
the observation time was longer than 60 min and adenosine triphosphate was
additionally applied in sinus rhythm or paced excitation to detect late reconduc-
tion of PVI [252].

Myocardial edema, which is characterized by the swelling of the atrial wall,
typically occurs during or immediately after the RFA procedure. According
to several studies, the temporal swelling of the myocardial wall completely re-
solves within one or two months after the treatment [98, 253]. Therefore, it can
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be excluded that the investigated temporal reversibility of ablation lesions was
primarily caused by the regression of the existing edema. Temperature related
effects, which transiently influence myocardial electrical activity, can also be
a possible explanation for the reversibility of the ablation lesions [67, 89, 93].
However, the temperature of the ablated areas was not continuously monitored
during this clinical study. Despite an extensive literature research, it remains an
open question, which factors majorly influenced the temporal reversibility of
the ablation lesions during the in vivo catheter ablation.

Due to intra- and interindividual differences of the acute ablation lesions, no
statistical parameter was identified from the unipolar [IEGMs, which may be
used to describe the temporal changes of the low-voltage areas or to discrimi-
nate different areas, e.g. coagulation necrosis, edema, and temporally damaged
lesion zones. However, it may be possible that the combination of several
parameters, e.g. impedance measurements and unipolar or bipolar IEGMs, can
improve tissue characterization. Therefore, further studies need to be performed
to investigate the changes of impedance of acute ablation lesions and to compare
the determined impedance and voltage maps.

Limitations In this clinical study, neither computed tomography (CT) nor
cardiac magnetic resonance imaging (MRI) were performed during the clinical
RFA procedure to validate the geometry of the ablation lesions, which were
reconstructed from the high-density electroanatomical mapping data. However,
the LA was completely mapped at the beginning of the RFA procedure and
no larger low-voltage areas were identified at the posterior wall of the LA.
Furthermore, no impedance measurements were performed within the lesion
zones. No histological investigations were carried out to precisely analyze
the macro- and microstructural changes of the ablated areas, e.g. edematous
changes. However, it remains questionable whether the reversible ablation zone
can be actually studied in detail in histological images. Due to ethical reasons,
it was not possible to study the temporal dynamics of the ablation lesion for
longer waiting periods, e.g. up to 80 min. It may be possible that the acute
ablation lesions will further recover in this time.

Main Findings High-density mapping offers a wide diagnostic range to char-
acterize acute ablation lesions during the RFA procedure. Compared to the
reduced sensitivity as well as the low spatial resolution of standard ablation
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catheters, the miniaturized electrodes of the Orion catheter are able to precisely
determine low-voltage areas in the atrium within a short measurement time.
Furthermore, the large number of acquired measurement points provides the
opportunity to consider multiple [IEGMs in the lesion zones, e.g. variance or
morphological changes of mean unipolar or bipolar IEGMs along a predefined
path. Extensive low-voltage areas occurred after the creation of three single
point-shaped ablation lesions in the LA. However, after a waiting period of
35-50 min the low-voltage areas had markedly recovered. Therefore, longer
monitoring periods are required both to assess the durability of acute ablation
lesions and to identify potential conduction gaps during the RFA procedure.
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In silico Characterization of
Acute Ablation Lesions

An in silico model of an acute point-shaped ablation lesion from Matthias Keller
was advanced to investigate the impact of complex ablation scars on simulated
intracardiac electrograms (IEGMs) recorded with an 8F nonirrigated ablation
catheter. To summarize, a necrotic scar, which was positioned in the near field
of an acute ablation lesion, had a minor influence on both signal characteristics
and signal morphology of IEGMs. Therefore, the exclusive use of this marker
does not allow an accurate assessment of complex ablation lesions in a clinical
radiofrequency ablation (RFA) scenario. These findings correspond with the
clinical practice, where several surrogate markers are used to control RFA effi-
cacy and safety, e.g. contact force, impedance measurements, ablation index, or
loss of bipolar pace capture. Novel ablation catheters as well as high-density
mapping catheters were developed to improve the assessment of complex ab-
lation lesions using electrogram (EGM) markers, e.g. identifying conduction
gaps in linear lesion.

To reproduce these scenarios in an in silico setup with novel ablation catheters,
an acute ablation lesion model was developed further and afterwards integrated
in a tetrahedral mesh with adaptive element sizes. Here, the discretized border
zone was replaced by a continuous border zone considering temperature-related
effects in each element. Due to these extensions, it was possible to repro-
duce clinical IEGMs recorded above acute point-shaped ablation lesions more
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accurate as well as with higher effective resolution while simultaneously mini-
mizing computational costs.

In a further study, the potential diagnostic benefit of an ablation catheter with
integrated mini electrodes (MEs) was investigated in detail for different abla-
tion scenarios. In orthogonal position, all electrodes offered the opportunity to
distinguish ablated and healthy myocardium. However, major differences in
the unipolar EGMs between the miniaturized electrodes and the distal electrode
were not detected. Considering parallel orientation, unipolar EGMs from MEs
touching the myocardium were strongly influenced by ablated or healthy tissue.
It was also shown that these MEs allowed to identify a small conduction gap in
a block line. Therefore, this novel ablation catheter will optimize the assessment
of lesion formation during the clinical RFA procedure.

The in silico experiments showed that miniaturized electrodes with a higher
sensitivity are required to improve the characterization of ablation lesions with
differing geometries. The fundamental changes of peak-to-peak amplitude
(Vpp) of unipolar EGMs are characteristic parameters to precisely distinguish
ablated and nonablated cardiac tissue as well as to reveal noncontiguous lin-
ear lesions. The diagnostic benefit of new ablation catheters or high-density
electrode arrays can be investigated in future studies with this computational
setup.
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Ex vivo Characterization of
Acute Ablation Lesions

In summary, an experimental setup was developed to study the electrophysio-
logical characteristics of explanted rat atrial myocardium with acute ablation
lesions. The optical mapping setup allowed the analysis of the electrical propa-
gation above a myocardial preparation as well as the detection of the ablation
lesions. A new three-dimensional (3D) multielectrode array (MEA) provides the
opportunity to analyze the changes of unipolar electrograms (EGMs) at varying
positions. Different ablation scenarios were performed with a semi-automatic
ex vivo radiofrequency ablation (RFA) procedure.

Assessment of Point-Shaped Ablation Lesions In a larger series of exper-
iments, the temporal growth of a point-shaped ablation lesion was investigated
during an ex vivo RFA procedure. Here, the analysis of optical mapping data
allowed to distinguish lesion areas from healthy myocardium during subsequent
RFA sequences. Additionally, the determined excitation patterns remained
stable during the complete RFA procedure. During the formation of the ablation
lesion, unipolar EGMs recorded with mini electrodes (MEs) were monoton-
ically declining when decreasing the distance between the lesion boundary
and the measurement electrodes. The relative changes of peak-to-peak ampli-
tudes (Vpps) and negative peak amplitudes (Anegs) are excellent parameters to
precisely identify the lateral extensions of a transmural point-shaped ablation
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lesion. Additionally, the arrangement of several MEs around the tip of an abla-
tion catheter offers an excellent opportunity to continuously assess the growing
ablation lesion during an RFA procedure with high sensitivity, e.g. asymmetric
or symmetric lesion formation.

Temperature Related Effects The experimental studies during global hy-
perthermia showed that the electrical propagation is more influenced at a mi-
croscopic than at a macroscopic scale. However, global hyperthermia does not
represent the prevailing conditions during a clinical RFA procedure, when large
temperature gradients are locally occuring in the cardiac tissue. Therefore, the
temporal development of point-shaped ablation lesions was also studied during
the ex vivo RFA procedure described above. In these experiments, analysis of
optical mapping data did not reveal a large reversible border zone surrounding
the lesion area. Considering the electrical data from the cardiac near field
(CNF) sensor, only minor temporal changes of unipolar EGMs were observed
after RFA sequences with longer ablation times. This may suggest that the
performed ex vivo RFA procedures did not cause a larger area with higher
tissue temperatures as observed in larger animal hearts. Therefore, reversible
temperature related effects at the border zone of acute ablation lesions, which
may temporally influence the morphology of unipolar EGMs, cannot be exam-
ined with rat atrial myocardium in the experimental setup. Longer temporal
changes of unipolar EGMs, which may be caused by the formation of edema or
inflammatory response, cannot be investigated with explanted cardiac tissue.

Complex Ablation Lesions In two experiments, optical and electrical data
demonstrated the development of a continuous block line, which consisted of
two overlapping ablation points. Analysis of recorded unipolar EGMs offered
the possibility to identify the completeness of the block: the presence of double
potentials in close proximity to the block line and the larger time difference of
local activation times (LATs) between adjacent electrodes. This emphasizes
the potential diagnostic benefit of the MEA for clinical RFA scenarios with
complex ablation geometries.

In further experiments, a CNF sensor was integrated to microscopically char-
acterize continuous block lines. As in the previous experiments, a border zone
showing either reversible behavior or significant changes in unipolar EGMs was
not identified. Microscopic colliding activation wavefronts did not influence the
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spreading of macroscopic excitation patterns. Furthermore, it was not possible
to create discontinuous block lines with varying gaps. The distance between
two smaller ablation lines would exceed the size of the tissue sample. Therefore,
it was not feasible to investigate the potential usage of the CNF sensor for
detecting gaps in the block line. The variation of the stimulus location mainly
influenced the global excitation pattern, whereas the ablation area did not show
significant characteristic changes.

Structual Characterization Ex vivo magnetic resonance imaging (MRI) may
be an appropriate tool to reconstruct the 3D geometry of acute ablation lesions.
However, the results need to be validated with histology. A more specific dye is
required to characterize the acute ablation lesions within a short period of time
after an ex vivo RFA procedure in the histological sections.

Final Remarks This novel ex vivo setup provides the opportunity to study the
basic effects of catheter ablation on cardiac electrophysiology at microscopic
and macroscopic scale. Acute point-shaped ablation lesions or overlapping
ablation points were sequentially created on rat atrial myocardium according to
the protocols commonly used in clinical RFA scenarios.

I showed that the signal morphology of unipolar EGMs recorded during an ex
vivo RFA procedure had a high correspondence with unipolar EGMs, which are
acquired during a clinical RFA procedure. The findings from this ex vivo study
confirm that the changes of unipolar EGMs may be used as a surrogate marker
to robustly identify irreversible, transmural ablation lesions, which are mainly
consisting of necrotic tissue.

New ablation catheters, which are equipped with sensitive MEs at the tip of
the catheter, offer a potential diagnostic benefit to improve the assessment of
complex ablation lesions. Compared to the in silico results, which investigated
the use of standard ablation catheters to assess complex ablation lesions, the
specific arrangement of the MEs in the ex vivo experiments allowed to reveal
lesion gaps as well as to prove the continuity of linear lesions. This confirms the
clinical trend towards the accurate assessment of ablation lesions using either
ablation catheters with integrated MEs or high-density mapping catheters.

A further important factor to increase the long-term success of an RFA procedure
is durability of the ablation lesions, e.g. for several months or years. This ex vivo
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setup does not offer the opportunity to examine the short-term or the medium-
term development of acute ablation lesions. Local hyperthermia, inflammatory
response, or edema will eventually lead to transient ablation lesions during the
RFA procedure, which may also promote recurrence of arrhythmias. As a first
step, the performed in vivo experiments within the scope of this thesis also
provide an indication that the formation of edema and the occurence of local
hyperthermia may be essential factors during the RFA procedure.

In conclusion, the amplitude features of unipolar EGMs arranged very near to
the ablation electrode allow the accurate assessment of the extent of irreversible,
transmural ablation lesions. Future studies are required to identify further
surrogate markers in order to improve the monitoring of possible reversible
lesion areas.
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Clinical Studies with Acute
Ablation Lesions

A novel clinical ablation protocol was successfully applied for three patients to
investigate the electrical characteristics of three point-shaped ablation lesions
with a high-density mapping catheter in detail. In all clinical data sets, the
single point-shaped ablation lesions were sequentially created and subsequently
remapped with a high-density electroanatomical mapping system (EAMS). The
reconstructed voltage maps precisely showed large low-voltage areas, which
were labeled as acute ablation lesions after the radiofrequency ablation (RFA)
sequences. It must be emphasized that three subsequent RFA sequences, which
were performed under well-controlled conditions with a 4F ablation catheter,
already caused extended ablation areas of more than 8 mm diameter in the left
atrium (LA). A novel algorithm was developed to analyze the absolute changes
of peak-to-peak amplitudes (Vpps) of an ensemble of unipolar intracardiac elec-
trograms (IEGMs) along predefined endocardial paths across the ablation lesion.
In comparison to interpolated voltage maps from the EAMS, this new method
gives the opportunity to delineate the lateral extensions of the lesions in detail
as well as to quantitatively assess signal characteristics of multiple IEGMs, e.g.
when analyzing the same path for different voltage maps. In future, additional
parameters from unipolar or bipolar IEGMs, e.g. fractionation, can also be in-
vestigated along this path in order to define new assessment criteria for durable
ablation lesions or discriminating reversible and irreversible ablation zones.
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After a waiting period varying between 35 min and 50 min the majority of the
investigated ablation lesions had markedly recovered to a large extent (but not
completely). The pronounced transient behavior of the acute ablation lesions
from the clinical study was not observed in the ex vivo experiments. Therefore,
a combination of hyperthermic and edematous changes may influence the pro-
nounced temporal dynamics of acute ablation lesions, which were created in the
in vivo heart.

To conclude, the monitoring period of acute ablation lesions should presum-
ably be prolonged during a clinical RFA procedure. Current clinical practice
considering short observation times, e.g. 10 min, was proven to be too short
for monitoring durable ablation lesions. Furthermore, pace-capture-guided or
adenosine-guided ablation techniques need to be repeated after several waiting
times after the RFA procedure. Only then it is guaranteed that these techniques
sufficiently consider the temporal reformation of these lesions. This way, non-
contiguous or reversible ablation lesions may be identified and immediately
treated during the RFA procedure without performing a follow-up study several
months later.
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Outlook

The major goal of this thesis was to improve the monitoring of acute ablation
lesions by assessing intracardiac electrograms (IEGMs) during a radiofrequency
ablation (RFA) procedure. The IEGMs may be used to evaluate the spatial
extensions of single-point and complex ablation lesions, the continuity of lin-
ear lesions, and revitalizing lesion areas. Pursuing the goal from different
perspectives, the thesis was divided into computational, wet-lab, and clinical
experiments.

The in silico experiments with complex ablation scenarios proved that standard
ablation catheters lack the ability to indirectly estimate the spatial dimensions
of two overlapping point-shaped ablation lesions and small conduction gaps
using signal characteristics of IEGMs due to their low sensitivity as well as
low spatial resolution. Furthermore, the computational studies confirmed the
current trend among catheter manufacturers that ablation catheters with multiple
mini electrodes (MEs) are increasingly being developed, which allow a more
detailed assessment of acute ablation lesions. In this thesis, the 8F MiFi ablation
catheter with integrated MEs from Boston Scientific was analyzed in detail for
different computational scenarios. In a next step, clinical data are required to
validate the results of the in silico study, which demonstrated marked changes in
peak-to-peak amplitude (Vpp) of unipolar [IEGMs from the MEs directly located
above lesion areas. A preliminary clinical protocol with this ablation catheter
was developed and tested in close collaboration with the University Hospital of
Munich (Ludwig-Maximilians-University, Munich, Germany, former clinical
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contact person: Reza Wakili) in December 2016. However, retrospective analy-
sis of clinical data was not successful for a variety of reasons, e.g. poor data
quality, strong electrical interference, unstable measurement positions, or strong
heterogeneity in the right atrium causing complex excitation patterns. At the end
of 2017, Boston Scientific released a 4F MiFi ablation catheter, which is capable
of performing local impedance measurements for improving lesion assessment
directly after the RFA procedure. This catheter offers the opportunity to re-
peat the clinical protocol from Munich in the left atrium (LA), which is more
homogeneous and allows a well-defined positioning of the ablation catheter,
during an electrophysiological (EP) study. This future clinical study, which is
envisaged at Stidtisches Klinikum Karlsruhe, can be initially performed with a
small number of patients, i.e. three to five patients. After the successful valida-
tion of the computational setup with the MiFi catheter, more complex ablation
scenarios can be modeled to improve the understanding of the recorded signals
and to study further the diagnostic benefit of this catheter. This also includes the
interpretability of the signal characteristics of the MEs, which are often ignored
by the clinician during the RFA procedure. Furthermore, this computational
framework of an acute ablation lesion also offers the opportunity to develop
new multielectrode arrays (MEAs) with different electrode arrangements and
subsequently, to effectively test their potential diagnostic benefit. Ablation
catheters, which may be equipped with these MEAs at their tip, allow to create
ablation lesions and to simultaneously monitor these injuries without changing
the original catheter position.

The ex vivo experiments demonstrated that the formation of irreversible, trans-
mural ablation lesions may be assessed using the signal characteristics of the
unipolar electrograms (EGMs) from a MEA. Future histological investiga-
tions are necessary to compare the electrophysiological changes of the ex vivo
preparation with the spatial dimensions of the acute ablation lesion, e.g three-
dimensional (3D) geometry and width to depth ratio. For this purpose, a
suitable histological protocol, including specific dyes and appropriate staining
techniques, needs to be developed in order to maintain the original macro-
and microstructure of the myocardium and to highlight structural differences
between healthy and ablated areas. These histological images may be also used
for the validation of the optically determined lesion boundary and for the recon-
struction of a 3D ablation lesion. Furthermore, a MEA with up to 32 electrodes
could be integrated in the experimental setup to study the electrophysiological
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characteristics of atrial myocardium surrounding the ablation lesion with a
higher spatial resolution. Hereby, the bipolar EGMs of neighboring and far
distant electrodes should be evaluated in detail. In future experiments, signal
characteristics of EGMs of noncontiguous ablation lesions need to be investi-
gated with a high-density MEA or the cardiac near field (CNF) sensor. However,
larger tissue preparations, e.g. right atrium from a rabbit heart, are necessary
to create linear lesions with adequate gaps, which have a width between 2 mm
and 4 mm. Furthermore, thicker myocardial preparations, e.g. right ventricle
from a rat or rabbit heart, are required to investigate the electrophysiological
changes of non-transmural ablation lesions. To guarantee tissue viability of the
inner myocardial layers for longer examination periods, a Langendorff setup
must be integrated in the experimental setup. The ex vivo model represents
the genesis of IEGMs in clinical ablation procedures, however the experiments
with excised atrial myocardium from a rat heart did not allow to investigate the
temporal dynamics of ablation lesions caused by strong hyperthermic gradients
occurring during a clinical RFA procedure, inflammatory effects, or edematous
changes. A more appropriate opportunity to study the temporal changes of acute
ablation lesions under well-established conditions may be an open chest animal
model. Moreover, it is also possible to reproduce more suitable the settings of
a clinical RFA procedure, e.g. ablation time and power, applied contact force
(CF), or catheter size, when using larger animal hearts. Thus, it may be possible
to study the reversible changes of the acute lesion in a longer period of time
(e.g. up to 60 min or 90 min) and finally to identify the mechanisms causing the
reversibility, which was observed in the clinical data sets.

In three clinical RFA procedures, a high-density Orion catheter and the Rhyth-
mia mapping system were used to investigate in detail acute ablation lesions and
their temporal development. It has been shown that low-voltage areas, which
were directly recorded after the RFA sequence, are not a reliable indicator to
quantify irreversibly destroyed myocardium. In a next step, it is absolutely
necessary to focus in detail on the characteristics between irreversible and re-
versible lesion areas within a longer observation period (e.g. up to 90 min)
after the RFA procedure. Therefore, impedance based measurements, which are
acquired by the 4F MiFi ablation catheter, should be compared with the voltage
maps from the Orion catheter. The combination of these surrogate parameters
may be used to precisely characterize the acute ablation lesion and subsequently
to discriminate between revitalizing and irreversibly damaged lesion zones.
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Then, the precise definition of a procedural endpoint or a minimally required
observation period may optimize the outcome of this treatment. A further im-
provement in the observational design of a future clinical study is the usage of
cardiac magnetic resonance imaging (MRI), which allows a comparison of the
annotated ablation areas from the MRI images and from the electroanatomical
data.

Based on the findings of this thesis, future studies may provide the oppor-
tunity to identify further IEGMs characteristics as well as a combination of new
surrogate markers to optimize the lesion assessment during the RFA procedure.
A precise description of durable and contiguous acute ablation lesions will
increase the long-term success rate of this minimally invasive treatment, reduce
the number of follow-up procedures, and, most importantly, improve quality of
patients’ life.
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Appendix A. Multidimensional Gaussian Low-pass Filter
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Figure A.1: A: Image showing the maximum spread of the depolarization wavefront at the
time instant 7,.. B: 2D ACF of the previous image. C: The 2D ACF was Fourier transformed.
Random noise was reduced during this transformation. Subsequently, the 2D spectrum
was transformed into polar coordinates. D: Based on C, a 1D radial frequency signal was
computed. This figure has been published in [191].
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Appendix B

Further Experimental Data of
Point-Shaped Ablation Lesions

B.1 Atrial Preparations

The experimental data from the other investigated myocardial preparations
(number 2—4) are shown in Figure B.1, B.2, and B.3.
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Figure B.1: Optical and electrical results from the atrial preparation (number 2). (a): Pho-
tographic image of the myocardial preparation. The electrodes of the MEA are highlighted
by red dots. The yellow asterisk marks the location of the pacing electrode. The ablation
lesion, which is not visible in the image, is surrounded by a yellow dashed oval. (b): This
map shows the optically determined ablation area with a specific color after each RFA se-
quence (the lesion is situated in the centre of the MEA). After the complete RFA procedure
(total ablation time: 14.5s), three electrodes (1-3), which are highlighted by a black dia-
mond, have a distance smaller than 0.4 mm to the lesion boundary. The outer contour lines
are labeling the analyzed region from the preparation. (c): Mean LAT map after the RFA
sequence with an ablation time of 2.0s. The ablated area is shown in grey and corrupted
areas in white. (d)-(e): Templates of unipolar EGMs of channel 3 as well as channel 7 before
the complete RFA procedure and after subsequent RFA sequence with an ablation time of
1.0s,2.0s,3.0s,and 4.0s. (f)-(h): Absolute values of Vpp, Apos, and Aneg of both channels
after the above-mentioned RFA sequences. (i): Normalized values of all three parameters
above lesion area after the complete RFA procedure. Normalization was performed with
respect to unipolar EGM parameters recorded before the RFA procedure. n indicates the
number of analyzed electrical activities after selected RFA sequences and the complete
RFA procedure. Statistical significance (p-value < 0.05) is indicated with an asterisk.
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Figure B.2: Optical and electrical results from one atrial preparation (number 3). (a): Pho-
tographic image of the myocardial preparation. The electrodes of the MEA are highlighted
by red dots. The yellow asterisk marks the location of the pacing electrode. The ablation
lesion, which is not visible in the image, is surrounded by a yellow dashed oval. (b): This
map shows the optically determined ablation area with a specific color after each RFA se-
quence (the lesion is situated in the centre of the MEA). After the complete RFA procedure
(total ablation time: 14.55), three electrodes (2,3,6), which are highlighted by a black dia-
mond, have a distance smaller than 0.4 mm to the lesion boundary. The outer contour lines
are labeling the analyzed region from the preparation. (c): Mean LAT map after the RFA
sequence with an ablation time of 2.0s. The ablated area is shown in grey and corrupted
areas in white. (d)-(e): Templates of unipolar EGMs of channel 2 as well as channel 7 before
the complete RFA procedure and after subsequent RFA sequence with an ablation time of
1.0s,2.0s,3.0s,and 4.0s. (f)-(h): Absolute values of Vpp, Apos, and Aneg of both channels
after the above-mentioned RFA sequences. (i): Normalized values of all three parameters
above lesion area after the complete RFA procedure. Normalization was performed with
respect to unipolar EGM parameters recorded before the RFA procedure. n indicates the
number of analyzed electrical activities after selected RFA sequences and the complete
RFA procedure. Statistical significance (p-value < 0.05) is indicated with an asterisk.
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Figure B.3: Optical and electrical results from one atrial preparation (number 4). (a): Pho-
tographic image of the myocardial preparation. The electrodes of the MEA are highlighted
by red dots. The yellow asterisk marks the location of the pacing electrode. The ablation
lesion, which is not visible in the image, is surrounded by a yellow dashed oval. (b): This
map shows the optically determined ablation area with a specific color after each RFA se-
quence (the lesion is situated in the centre of the MEA). After the complete RFA procedure
(total ablation time: 14.5s), all electrodes, which are highlighted by a black diamond, have
a distance smaller than 0.4 mm to the lesion boundary. The outer contour lines are labeling
the analyzed region from the preparation. (c): Mean LAT map after the RFA sequence with
an ablation time of 2.0s. The ablated area is shown in grey and corrupted areas in white.
(d)-(e): Templates of unipolar EGMs of channel 3 as well as channel 8 before the complete
RFA procedure and after subsequent RFA sequence with an ablation time of 1.0s, 2.05s,
3.0s, and 4.0s. (f)-(h): Absolute values of Vpp, Apos, and Aneg of both channels after the
above-mentioned RFA sequences. (i): Normalized values of all three parameters above le-
sion area after the complete RFA procedure. Normalization was performed with respect
to unipolar EGM parameters recorded before the RFA procedure. n indicates the number
of analyzed electrical activities after selected RFA sequences and the complete RFA proce-
dure. Statistical significance (p-value < 0.05) is indicated with an asterisk.
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B.2 Sensitivity Analysis of Point-Shaped
Ablation Lesions

Figure shows the ROC curves of all unipolar parameters:
Symmetry, and F95.
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Figure B.4: ROC curves and AUCs of all unipolar EGM parameters: Apos, Aneg, Vpp, Sym-
metry, and F95. The ROC curves are depicting the two classes “Healthy” and “Lesion”. The
optimal cut-off value, which indicate the point with the minimal distance to the (0,1)-corner
in the ROC plane, is highlighted by a red cross in each ROC curve.
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