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Abstract

In the Netherlands, 362.000 people suffered from atrial fibrillation in 2019. During a catheter in-
tervention, the tissue that causes atrial fibrillation is destroyed by heat generated by an alternating
current exerted from an ablation catheter. Two problems of this treatment are over-ablation of the
heart tissue and the non-contingent surrounding of scar tissue around the pulmonary veins. Better
surgical outcomes can be obtained if an extra imaging technique is added to prevent these problems
from occurring. Impedance spectroscopy has potential, it is already widely used for measurements
and food characterization and it enables the measurement of the distinct dielectric properties and
impedance of different tissue types. Based on the dielectric properties and impedance, different tis-
sue types can be distinguished from each other and the surgeon can adapt his procedure according
to this information.

The goal of this Master Thesis is to distinguish different tissue types in the radiofrequency range
with impedance spectroscopy during a cardiac ablation procedure. Impedance data for this Master
Thesis are gathered via impedance measurements on three porcine hearts with two-needle elec-
trodes over a frequency range from 100 Hz to 1 MHz. Ablated lesions are created with an elec-
trosurgical knife in fulguration and pure cut mode. To distinguish between different tissue types
with impedance spectroscopy there is a need for a parametric model that can parameterize the
impedance spectra. This enables the comparison of different tissue types based on a couple of pa-
rameters instead of a complete spectrum. A parametric model is fitted to the measured impedance
spectra and the resulting best-fit parameters are evaluated. The parametric model that is used is a
series combination of a CPE model and a two-pole Cole impedance model. The CPE model models
the electrode polarization contribution to the impedance spectrum. This way no a-priory knowl-
edge regarding the electrode polarization is needed. The two-pole Cole impedance model models
the tissue contribution to the impedance spectrum.

In the measurements that are performed in this Master Thesis, an increase in impedance is seen
after ablation. The differences between the healthy and ablated measurements are mostly described
by (significant) differences in the parameters of the CPE model (K and m) and the second Cole term
(R,, t» and ay). The mean values of R, and a, increased after ablation, while the values of f,, K and
m decreased after ablation for most measurements. Classification of healthy and ablated tissue is
performed based on a formula consisting of a combination of these model parameters. The sensi-
tivity and specificity are both around the 80%. This classification serves as a first impression, with
the results indicating that discrimination of healthy from ablated tissue is possible with parametric
modeling.
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Introduction

Atrial fibrillation (AF) is the most common type of arrhythmia. An AF results in a very fast and
irregular heartbeat. 362.700 people suffered from an AF in the Netherlands in 2019 alone and in
2020 81 people a day were hospitalized as a result of AF [1]. In the United States, this number is even
higher, in 2010 there were 5.1 million cases and this number is estimated to be twice as high by 2030
[2]. If an AF is left untreated it can lead to heart failure, stroke or even death [3].

Often, AF can be treated with radiofrequency ablation. During this medical intervention, the heart
structure that is causing the irregular and fast heartbeat is destroyed by an ablation catheter exerting
radiofrequency energy. The ablation catheter is guided to the heart via the femoral veins [4]. It is of
great importance that all heart tissue with abnormal electrical activity is destroyed, to prevent the
arrhythmia from returning. At the same time, no excessive tissue must be destroyed since this can
damage surrounding structures such as the esophagus and the major nerves [4][5][6].

1.1. Problem statement

Currently, itis still a challenge to ablate the correct amount of heart tissue during the treatment of AF
[6]. Furthermore, the patient is exposed to radiation during the intervention for the tracking of the
catheter. To obtain better surgical outcomes, a real-time imaging technique that can follow the le-
sion formation and distinguish between different tissue types is required. Impedance spectroscopy
might be a promising technique. It is already widely used in other fields and it enables the measure-
ment of tissue’s distinct dielectric properties [7][8]. Changes in tissue’s condition lead to changes in
the impedance and dielectric properties of the tissue [8][9]. To distinguish between different tissue
types with impedance spectroscopy there is a need for parametric models that can parameterize the
impedance spectra. This enables the comparison of the different tissue types based on a couple of
parameters instead of the complete spectrum [10]. According to a literature study by Mulder (2021),
there is currently no model that is directly suited for the application in a cardiac ablation procedure
[11]. Therefore, a parametric model is needed for the description of the impedance spectra of heart
tissue.

1.2. Objective

As a first step of the implementation of impedance spectroscopy, for the distinction between dif-
ferent tissue types during a cardiac ablation procedure, the main research question of this Master
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Thesis is:

‘How can different tissue types be distinguished in the radiofrequency range with impedance
spectroscopy during a cardiac ablation procedure?’

To obtain an answer to this main question, three sub-questions will be answered:

1. How can the impedance of heart tissue be modelled?
2. Can different parts of the heart be distinguished from each other with modelling?
3. How can healthy and ablated heart tissue be distinguished with modelling?

1.3. Thesis outline

To obtain an answer to the main and sub-questions, this master thesis has been separated into seven
chapters.

Chapter 2. Theory

The second chapter contains the background information that is required for this Master Thesis.
This information is gathered during a previously performed literature study. The theory is divided
into four sections: the clinical picture and intervention of atrial fibrillation, an introduction to
impedance and the dielectric properties of tissue, an overview of parametric impedance models
and background information on fitting techniques.

Chapter 3. Methodology
Chapter three elaborates on the methods that are used in this Master Thesis. It is divided into the
measurement methodology, the fitting methodology and the classification methodology.

Chapter 4. Parametric description of heart tissue

In this chapter, parametric models for the description of tissue regarding the ablation procedure for
the treatment of atrial fibrillation are evaluated. In the end, the optimal model combination for the
description of heart tissue is determined.

Chapter 5. Measurements and results

In this chapter, the measurements of porcine hearts for the collection of impedance data are dis-
cussed. The parametric model that is found to be most promising according to chapter four will be
used for the modelling of the measured impedance spectra. The best-fit parameters are evaluated
and a classification is performed to conclude about the discrimination between healthy and ablated
tissue.

Chapter 6. Discussion and recommendations
This chapter contains the discussion and recommendations for future research.

Chapter 7. Conclusions
This final chapter includes the most important conclusions of this Master Thesis.
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Theory

Previous to this Master Thesis a literature study has been performed [11]. The conclusions of this
literature study together with important theoretical background information are given in this chap-
ter 1. Firstly, an in-depth explanation is given about the disease and the corresponding intervention
that are the reason for this research. Then, the concept of impedance (spectroscopy) and dielectric
properties is discussed, as these form the basis on which different tissue types will be distinguished.
Furthermore, the parametric models that can be used for the description of these properties are
discussed. Lastly, background information on fitting techniques is given.

2.1. Clinical picture and intervention

A cardiac arrhythmia is an abnormality or perturbation of the heart rhythm [3]. There are many
types of cardiac arrhythmias ranging from benign to very serious. One of the most common types
is atrial fibrillation (AF). AF can be treated with a cardiac ablation intervention. However, this inter-
vention has some shortcomings. This section consists of three parts. First, the anatomy of the heart
is briefly explained. Then a detailed explanation of atrial fibrillation is given. This is followed by an
explanation of the cardiac ablation intervention and its shortcomings.

2.1.1. Anatomy of the heart

The locations of the left ventricle (V) and left atrium (LA) are displayed in figure 2.1. The left ventri-
cle consists of a thick myocardial wall that consists of branches of myocytes resulting in a complex
three-dimensional fibrous network with an anisotropic structure. The inside of the ventricle con-
sists of irregular trabeculae. These trabeculae are muscular ridges of myocytes. The mitral valve is a
fibro collagenous surface that separates the left ventricle from the left atrium. It is connected to the
papillary muscle by chordae tendineae. The papillary muscles are bulges from the ventricular wall,
while the chordae tendineae are cords of fibrous inelastic tissue [12]. The inside of the ventricle is
thus a nonflat surface.

The left atrium is muscular consisting of myocardial fibers with alternating thickness. The inner
layer of the myocardium (endocardium) is smooth. The outer layer of the myocardium (epicardium)
is covered with fatty tissue [13]. The left atrium has a left atrial appendage that consists of muscle
bundles. The pulmonary veins are connected to the left atrium and this area contains fibro-fatty
tissue [14]. The left and right atrium are separated by the atrial septum.

1 This chapter has been (partly) graded before
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2.1.2. Atrial fibrillation

In a healthy heart, the blood flow is regulated by the contraction of the four heart chambers. These
contractions are regulated by a circuit of electrical impulses that are sent out by the sinus node at
the start of every heartbeat. An electrical impulse from the sinus node leads to contraction of the
atria (upper chambers of the heart). Resulting in blood flow to the ventricles (lower chambers of the
heart). Meanwhile, the electrical impulse reaches the atrioventricular node that delays the signal
to give the ventricles time to fill with blood. Later the signal is sent to the ventricles resulting in
contraction and a blood flow leaving the heart [15]. See figure 2.1a for a visualization of this circuit
of impulses.

During atrial fibrillation (AF), parts of the heart with abnormal conductivity disturb the heart rhythm
by chaotic circuits of impulses. This leads to fast and uncoordinated contractions of the atrium [16].
These chaotic circuits can have three main causes: cells with enhanced automaticity, triggered ac-
tivity or re-entry circuits [3]. The groups of cells in the heart with enhanced automaticity are called
ectopic foci. These sites can send up to 600 impulses per minute. The AV-node filters out most of
these signals and the heartbeat does not transcend 150 beats per minute. Ectopic foci are often lo-
cated in the atrial muscle and around the pulmonary veins. Re-entry circuits, for example, lead to
an impulse not leaving the right atrium. The normal and disturbed circuits of electrical impulses
are shown in figure 2.1b.

—AV node
LV

Vo,
Ventricles
Figure 2.1: Impulses during a normal (a) and a disturbed (b) heart rhythm [17]

2.1.3. Cardiac ablation intervention

Atrial fibrillation can be treated with a cardiac ablation intervention. There are other treatment
options as well, but advantages of cardiac ablation over these treatments are: no need for exercise
restrictions after the intervention, no chronic drugs use and fewer break-through episodes resulting
in fewer hospital visits [18].

Radiofrequency ablation is a common procedure for the treatment of AE During this intervention,
an ablation catheter is placed in the heart via the femoral veins. It is brought in direct contact with
the parts of the heart that disturb the electrical circuit of impulses. Radiofrequency energy, with a
frequency ranging from 1 kHz to 1 MHz, is exerted by electrodes on the catheter [6]. The exerted
radiofrequency energy increases the tissue temperature to approximately 100 degrees, resulting in
permanent tissue damage [19]. This is called ablation. There are different ablation patterns as can
be seen in figure 2.2. Such as pulmonary vein ablation (i), where the pulmonary veins are isolated

4
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as these are areas with a high amount of enhanced automaticity. Compartmentalization of the left
and right atrium (ii) can be used to suppress reentry circuits. Specific cells responsible for reentry
circuits or with enhanced automaticity can be ablated separately as well (iii).

LLat AP
J '

Figure 2.2: Ablation patterns in the heart for the treatment of atrial fibrillation [6]

To map the location of the ablation catheter during the intervention, mapping catheters are in-
serted into the heart to track the location of the ablation catheter. Current methods that are used for
this tracking are: fluoroscopic imaging [20], intracardiac echocardiography [21], electroanatomical
mapping systems, dielectric imaging, sometimes in combination with an MRI or CT scan previous
to the intervention [22].

It is important that the correct tissue area is destroyed but several problems can occur. Firstly, not
all abnormal heart tissue may be ablated, for example by the non-contiguous surrounding of the
pulmonary veins. This can lead to a recurrence of the AE Secondly, ablation of excessive heart tis-
sue is undesired as this results in damage to the normal electrical system of the heart. Lastly, critical
structures such as the esophagus can be damaged during the intervention. For better surgical out-
comes there is a need for a real-time imaging technique to prevent these problems from occurring.
Impedance spectroscopy might have potential as it enables the measurement of dielectric proper-
ties of tissue. Based on the dielectric properties, different tissue types can be distinguished from
each other. This can be used for the recognition of critical structures and to follow the lesion forma-
tion during the intervention.

2.2. Impedance and dielectric properties

This section gives background information about impedance and the dielectric properties of tissue,
the application in electrical impedance spectroscopy and the occurrence of electrode polarization.

2.2.1. Impedance and dielectric properties of tissue

On the macroscopic level, tissue consists of conductors and capacitors. This is a result of the struc-
ture of the tissue. It consists of combinations of cells that have a similar function. These cells have
an intracellular fluid (ICF), sometimes including cell organelles and are surrounded by a cell mem-
brane (CM). All cells are located within the extracellular fluid (ECF) [23]. Both the ICF and the ECF
are composed of electrically conducting materials and therefore act as conductors. The CM consists
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of two layers of conducting proteins that are separated by an insulating layer. It is not conducting
as it is impermeable to ions but it contains proteins that can transport particles across the mem-
brane [24]. The CM causes charge separation and acts as a capacitor. Besides cells, tissue consists
of free charges and dipole molecules. In the presence of an electric field, the free charges move un-
til they are blocked or until the interior electric field is zero. Dipoles cannot move freely but they
rotate under the presence of an electric field to align their charge centers. The rotation of dipoles
creates a polarization of the material and results in an opposing electric field [8]. The net electric
field reduces due to this opposing electric field and this reduction is characterized by the relative
permittivity (€,).

Tissue can be described with its dielectric properties (including conductivity and permittivity). These
properties determine the response of a tissue to an applied electric field and can change due to
pathological conditions. Conductivity is the ability to transport charges and permittivity is the abil-
ity to store charges or to rotate dipole molecules. They can both be measured in terms of changes
in the impedance. The complex impedance is the frequency-dependent resistance to an AC current
flow. When a DC current is used, only the resistance is taken into account. This gives a distorted
vision as tissue is not purely resistive. The complex impedance consists of a real and an imaginary
part, as can be seen in equation 2.1. According to Naranjo-Herndndez (2019) [25]: ‘R is described
as the opposition of the medium to the flow of electric current and is inversely proportional to the
conductance and X can be defined as the opposition of the medium to a change in electric current’.

1

Z=R;+jX;, Cs=-
st JA&s s X,

(2.1)

The reciprocal of the impedance is the admittance (Y), see equation 2.2. The admittance consists of
the conductance (G) and susceptance (B) that can be rewritten into the capacitance (C). These terms
can be rewritten into the conductivity and relative permittivity with the electrode configuration.

B
Y=Gp+jBy, Cp= f 2.2)

Both conductivity and permittivity are complex values and these are written as 0* and €* respec-
tively. The equations for the complex conductivity and permittivity are given in equations 2.3 and
2.4. € (also €,) is called the relative permittivity or dielectric constant and this represents the ability
of a tissue to store energy. €¢" indicates the dielectric losses, i.e. the dissipation of energy into heat
by frictional motion of the charge carrying elements [26].

0" = (0 + jwe) = jwe” (2.3)
e =¢ - je" =€r—£ (2.4)
wWEQ

2.2.2. Application in electrical impedance spectroscopy

Electrical impedance spectroscopy is a technique that can be used to gain knowledge about cells
and tissues by measuring the complex impedance over a range of frequencies, resulting in an impedance
spectrum. This is relevant as the impedance and dielectric properties are frequency-dependent.
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During impedance spectroscopy, a small amplitude AC current is applied and the voltage over the
electrodes is measured. The impedance, Z(f), can then be calculated by dividing the measured volt-
age, V(f), by the applied current, I(f) [11].

Frequency dependence

The frequency dependence of the relative permittivity is called a dispersion [8]. Depending on the
tissue type multiple dispersion regions can be distinguished. A dispersion region is characterized as
a gradual decrease in permittivity as the frequency increases and is caused by a polarization mecha-
nism with a single time constant (the relaxation time). However, dispersion regions can be extended
due to the contributions of multiple relaxation mechanisms. The relaxation time represents the de-
layed polarization because polarization does not always occur instantaneously [24]. For electrons
and small dipoles, it happens faster than for interfacial polarization. In figure 2.3, the frequency
dependence of the conductivity and permittivity is shown. The conductivity increases as the fre-
quency increases. Because charge carriers travel smaller distances at higher frequencies resulting
in a lower chance to get trapped at interfaces and the cell membrane becomes conductive for high
frequencies. The permittivity decreases as the frequency increases, due to the inability of tissues to
react to the quick changes of the electric field [8].

By measuring the impedance over a wide frequency range, phenomena that are dominating in cer-
tain frequency ranges can be characterized with impedance spectroscopy [7]. Three main disper-
sion regions can be distinguished for biological tissues. Firstly, the a-dispersion is present from Hz
till kHz and is caused by the counterion polarization that surrounds the cell membranes. Secondly,
the B-dispersion occurs in the frequency range from 10 kHz to 100 MHz and is caused by the polar-
ization of the cell membranes and the formation of electric double layers at the membrane surfaces.
Thirdly, the y-dispersion occurs in the GHz range and is due to the polarization of water molecules.
Each of these dispersion regions is indicated in figure 2.3. The y-dispersion is sometimes followed
by a smaller §-dispersion because of bound water molecules and cell organelles [27].

107 - 10
108 1 @
0
w 5 i g
= 10 1 =
2 4o 8
£ 4108
2 103 1 £
2 1T £
& 102 - a
e @
10 4 32

1 0.1

10 103 10° 107 109 10M

frequency (Hz)

Figure 2.3: Frequency dependence of the dielectric properties and impedance, three dispersion regions are visible: a-, 8-
and y-dispersion [8]
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Rewriting impedance data

The impedance can be represented by a series or parallel equivalent circuit. Both representations
can be measured with an impedance analyzer. The series impedance parameters are the resistance
(Rs) and reactance (X;) as given in equation 2.1. The parallel impedance parameters are the ca-
pacitance (C), susceptance (B) and conductance (G) as given in equation 2.2. It does not matter
which parameters are measured because they can be rewritten into each other. In this Master The-
sis, the series mode is used. The output of the series mode is the complex impedance. In this mode,
the modulus and angle of the impedance are measured. These values are rewritten into the real and
imaginary part of the impedance according to the rules for a complex number. These rules are given
in equations 2.5, 2.6 and 2.7.

Z=a+b-j (2.5)
a=Re(Z)=cos(LZ)-|Z| (2.6)
b=Im(Z)=sin(L2Z)-|Z| 2.7

2.2.3. Electrode polarization

Electrode polarization (EP) is a phenomenon that occurs in the low-frequency range. It is caused
by the accumulation of free charges from the sample around the measuring electrodes. This leads
to the formation of ionic double layers on the electrode surface that act as capacitors. These capac-
itors result in an electrode impedance. This electrode impedance can be 10° times larger than the
tissue impedance and can therefore mask the latter completely in the low-frequency range. Both
impedances interfere with each other and this is undesired. The frequency range that is affected by
EP and the amount of EP that is present depend on several factors. These factors are among oth-
ers: the measured sample, the electrode properties such as material, radius, structure, surface and
shape, the electrode distance, the temperature and the current density [28][29][30][31][32]. Sam-
ples with high conductivity have more pronounced electrode polarization, this is also the case for
electrodes with a smaller radius [28].

2.2.4. Frequency range affected by electrode polarization

The electrode polarization must be removed from the impedance spectrum completely without in-
fluencing the impedance of the tissue itself. Therefore, it is necessary to know the frequency range
in which the electrode polarization is present.

Electrode polarization range according to literature

Electrode polarization is present up to higher frequencies in measurements on (high conductive)
cell suspensions than it is in samples with a lower conductivity such as tissue. Muscle is a tissue
with an intermediate conductivity in comparison to other tissue types [8].

According to Sanchez et al. (2011), electrode polarization influences the measurements of cardiac
tissue below 1 kHz, when measuring in a four-electrode configuration with platinum-iridium elec-
trodes [33]. Miklavcic et al. (2006) mention the same influence for the measurement of in vivo
tissue when measuring in a two-electrode configuration with platinum electrodes [8]. Gabriel et al.
(1996) mention that the effects of electrode polarization are present up to 1 kHz and are significant
below 100 Hz when the data is measured with a coaxial probe [34]. Teixeira et al. (2020) mention
that a four-electrode configuration circumvents electrode polarization at frequencies below 1 kHz
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in impedance spectra of tissue [35]. According to Stoneman et al. (2007), electrode polarization
influences the measurements of tissue from 1 Hz up to 1 MHz when measuring with two coaxial
platinum electrodes [36]. For cell suspensions, the frequency range for electrode polarization is
assumed to be higher. According to Miklavcic et al. (2006), the spectrum of a cell suspension is
affected by electrode polarization up to 100 kHz [8]. Bordi et al. (2001) mention slightly higher af-
fected frequencies of 100 kHz till 1 MHz [30]. According to Wolf et al. (2011), the affected frequencies
range up to the MHz range for biological matter and up to 1 MHz for blood plasma [31]. According
to Zhuang et al. (2011), the spectra of the relative permittivity and the conductivity of conductive
cell suspensions are affected by electrode polarization up to 1 MHz and 100 kHz, respectively [32].
Chassagne et al. (2016) assume that electrode polarization is typically present up to 100 kHz for
electrolyte solutions [37]. There can be concluded that there is a wide frequency range up to which
the electrode polarization might be present in a measured spectrum. For tissue, the limit ranges
from 1 kHz up to 1 MHz.

Impedance plateau of heart tissue

Measured spectra of porcine heart tissue in a two-electrode configuration are investigated and com-
pared to data in the literature to investigate the influence of electrode polarization. In the data, there
are steep increases and decreases visible in the low-frequency range before the data reaches an ap-
proximately stable value. These increases and decreases are not visible in the data from literature
where the electrode polarization is partly removed. The large peaks in the low-frequency range of
the measured data are present up to approximately 1 to 50 kHz. The real part of the impedance is
affected up to lower frequencies than the imaginary part of the impedance.

Conclusion frequency range influenced by electrode polarization

The frequency range in which there must be accounted for electrode polarization ranges from 100
Hz to approximately 50 kHz. This is the range where the data show large peaks in comparison to
the literature. These peaks in impedance, permittivity and conductivity values can be assigned to
electrode polarization. After this frequency range, a plateau with the tissue impedance is assumed
to be left. It is complex to compare the exact values of these plateaus because the amount of EP
shows a large difference between locations. Also, the influence of the electrode polarization is not
equal for all variables.

2.3. Parametric models for the description of impedance

During impedance spectroscopy, the impedance or dielectric properties are measured over a range
of frequencies resulting in a measured spectrum. Instead of this spectrum, it is desired to describe
the tissue according to a couple of parameters. This way all information of the impedance spectrum
is summarized by a couple of parameters. The spectrum can be parameterized by the fitting of a
parametric model to the measurement data.

In this section, an overview of the most promising parametric models according to the literature
study by Mulder (2021) is given [11]. The parametric models are separated into the general para-
metric models and the approaches for the elimination of electrode polarization.

2.3.1. Overview of general parametric models
General parametric models are models that describe the impedance or dielectric properties of tis-
sue. These models can be divided into different categories: the theoretical models, the cell models,
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the mixture equations, the equivalent circuits and others. An extended overview of these models is
given in a literature study by Mulder (2021) [11]. In this section, only the parametric models that are
of most interest for the application in a cardiac ablation procedure are discussed. However, none of
these models is directly suited for the implementation in an ablation catheter.

Cole-Cole model The Cole-Cole model is a widely known theoretical model that describes the di-
electric relaxations in tissue and other media. A distribution parameter a accounts for distri-
bution of relaxation times and thus a broadening of the dispersion curve. The model describes
the relative permittivity, as can be seen in equation 2.8. The parameters have the following
meaning: € is the permittivity of free space, € is the permittivity at a low-frequency (w1 « 1),
€co 18 the permittivity at a very high frequency (w1 > 1), w is the angular frequency, 7 is the
relaxation time and o; is the static ionic conductivity. The Cole-Cole model is a very promis-
ing theoretical model. According to Gabriel et al. (1996) the (four-pole) Cole-Cole model can
describe a wide variety of tissues and blood in the frequency range from 10 Hz - 100 GHz [10].
The data by Gabriel et al. (1996) are often used as a reference for the suitability of other mod-
els [10]. The measured frequency range has a great impact on the choice of a model because
this relates to the number of dispersion regions that will be present. Often tissue is more ap-
propriately described by a multi-pole Cole-Cole model.
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Debye model The Debye model is a simplification of the Cole-Cole model and is given by equation
2.9. Multiple papers state that the Debye model cannot describe blood in the frequency range
below 1 MHz [31][38]. However, Simicevic and Haynie (2005) contradict this by mentioning
that blood can be described with a Debye model in the frequency range from 100 kHz to 100
GHz [39]. Tissue types such as muscle and fat can be described with a multi-pole Debye model
in the frequency range from 10 Hz to 10 GHz [40].

€s—€ Oj
=Copt— 2 p —1 (2.9)
1+jwt  jweo

Raicu model The Raicu model is used to represent any polarization mechanism in the audio and
radiofrequency range. The proposed formula for the complex permittivity is shown in equa-
tion 2.10. A, i and v are real constants with a value between 0 and 1 [41]. For choosing spe-
cific values of these parameters, this model can be simplified to a Debye, Cole-Cole or Cole-
Davidson model [42]. According to Raicu (1999), this is the most general formula and it can
properly simulate the low and high frequencies of a frequency range [42]. The model can be
used with good accuracy over a wide frequency range (several kHz to 100 MHz) for different
tissue types.

Ae of
+— ; + =
(oD + (Jor)I7HY  jweg

(2.10)

€% = €

Cole impedance model The Cole impedance model is the impedance version of the Cole-Cole model.
It describes a single ideal dispersion by equation 2.11. Z is the impedance, R is the resis-
tance at a very high frequency, Ry is the resistance at a very low-frequency, w is the angular

10
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frequency, 7 is the characteristic time constant and « is a constant. As long as « is constant,
(jwT)® represents a CPE model [43]. The value for a varies between 0 and 1, the smaller the
value the wider the dispersion region [44]. The Cole impedance model is able to describe a
suspension of erythrocytes in the frequency range from 100 kHz to 1 MHz [45].

Z =Ro + ﬂ (2.11)
1+ (jowr)*

Shunting-C model This model is part of the equivalent circuits and it is made with a focus on the
modelling of blood. The basis of this model is the Fricke equivalent circuit. A shunting capac-
itor is added to this circuit to describe blood more accurately [46]. The shunting-C model is
shown in figure 2.4a. According to Zhbanov and Yan (2017), the circuit can describe blood in
the frequency range from 40 Hz to 110 MHz [46].

Zhbanov model This model is part of the equivalent circuits. It is an extension of the shunting-C
model as a parallel combination of a resistor and a capacitor is added to eliminate the stray
capacitance and electrode polarization effect. The circuit is shown in figure 2.4b. Zhbanov
and Yan (2017) mention that the model can accurately describe blood in the frequency range
from 40 Hz to 110 MHz [46]. In equivalent circuits, it is quite simple to add new elements
to describe the tissue more adequately. The Fricke and Lapicque equivalent circuits are ba-
sic equivalent circuits that are not able to model tissue on their own. However, an extended
version of these equivalent circuits might be able to describe tissue accurately. Both models
should therefore be considered and are shown in figure 2.4.

.

alls §Re
Ce

R

—»

Figure 2.4: Electrical equivalent circuits for the description of tissue: EEC of the shunting capacitor model (a), Zhbanov
model (b), Fricke model (c) and Lapicque model (d) [47][48]

2.3.2. Overview of electrode polarization approaches

Electrode polarization (EP) covers the tissue impedance in the low-frequency range as is explained
in subsection 2.2.3. It can be removed either via a hardware modification or a theoretical approach.
None of these methods completely removes the EP effect. In this section, only the approaches that

11
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are of most interest for the application in a cardiac ablation procedure are discussed. A more com-
plete overview of other approaches can be found in the literature study by Mulder (2021) [11].

Hardware modifications

Hardware modifications can be separated into comparison methods and self-correction methods.
For the application in a cardiac ablation procedure, self-correction methods are preferred over com-
parison methods. Comparison methods are undesired as they might need to be repeated between
all interventions due to alterations in the sample or changes in the electrode surface which makes
it time-consuming. Two self-correction methods of interest are the four-electrode configuration
and the choice of a specific electrode material. The EP effect is also limited when a large electrode
distance is used, although limited space might be available on a catheter. Moreover, an increase in
current density leads to a decrease in EP impedance but also to a decreased lifetime of the electrodes
due to enhanced corrosion [49]. However, in an ablation catheter often high current densities are
used so this should not be a problem.

Four-electrode configuration: the measurements are performed in a four-electrode configuration in-
stead of a two-electrode configuration. This way the electrodes that measure the voltage are differ-
ent than the electrodes that exert the current. Therefore, most EP will occur at the current applying
electrodes and the influence of EP on the measuring electrodes is limited. However, a disadvantage
is that the four-electrode configuration leads to additional electrical artifacts such as stray fields.

Electrode material: a good electrode material can limit the amount of EP. A material with a low
impedance and one that increases the surface area is desired as this reduces the electrode polariza-
tion impedance. Platinum black is a good example of such material. When using the probe in vivo
one must be careful that the material is not harmful to the patient.

Theoretical approaches

The ionic double layer that is formed during EP can be modelled such that the EP effect can be re-
moved from the tissue impedance. An equivalent circuit is an interesting method for the correction
of EP since these are self-correcting and can easily be added in series to the admittance of the tissue.
Two models have shown potential for the removal of EP. These are a CPE model and a distributed
RC circuit. It is however difficult to describe the formed microlayer completely and to be sure that
the EP effect is removed correctly.

A CPEmodelis a good and often mentioned model for the modeling of the EP contribution. Accord-
ing to Wolf et al. (2011) and Zhbanov and Yan (2017), it works for the correction of the spectrum of
blood [31][46]. Another equivalent circuit that provides a nearly perfect fit with the EP contribution
is the distributed RC circuit [31]. Wolf et al. (2011) prefer a distributed RC circuit over a CPE model
because the parameters of the first have more physical meaning than the latter while they are both
able to accurately model the EP contribution [31]. The CPE model however has a simpler formula
and is mentioned as a method for removing EP in many articles [29][30][31][46][50].

2.4. Fitting basics

A model can be fitted to measurement data with a fitting algorithm. This fitting algorithm changes
the parameters of the model until the best fit with the measurement data is found. The best fit
is defined by the minimization of an objective function, also called the merit function. The merit
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function measures the agreement between the data and the fitted model. Often the nonlinear least
squares method is used. This method calculates the error between the data points and the fitted
model according to equation 2.12 [25][51][52]. In this equation e stands for the error function that
has to be minimized, y 4, for the measured impedance data and y;,,04; for the impedance of the
model. The function is minimized until the gradient becomes zero. A disadvantage of the nonlinear
least squares method is that it is sensitive to outliers [53].

minzelg:minZ(J/datui_J/modeli)z (2.12)

The use of the nonlinear least squares method requires an iterative method for the change in pa-
rameters of the model function. Different algorithms are suitable for objective functions of the least
squares type. These are for example the Nelder-Mead simplex method, the trust-region-reflective
algorithm and the Levenberg-Marquardt algorithm.

* The Nelder-Mead simplex method is one of the most widely used direct search methods. It
does not use derivatives and is assumed to be robust, effective and computationally compact.
A geometric figure (simplex) is adapted to the shape of the function and contracts to find a
minimum [54]. A small number of function evaluations is used per iteration [55].

* The trust-region-reflective algorithm approximates the function through a simplification. This
simplification should reflect the function behaviour in the trust region (neighbourhood). It is
well suited for large-scale problems [56].

* The Levenberg-Marquardt algorithm uses the gradient descent and the Gauss-Newton method.
When the solution is far away from the desired solution the gradient descent method is used,
otherwise the Gauss-Newton method. The sum of least squares is reduced by calculating the
derivative and moving away from the direction of the steepest descent. This algorithm is well
suited for medium-scale problems [57].
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Methodology

To answer the research questions and achieve the goal of finding a parametric model for the de-
scription and differentiation of heart tissue, a methodology has been drafted. This methodology is
discussed in this chapter with the main goal to present and discuss the steps, tools and methods
used in this research to answer the main research question:

‘How can different tissue types be distinguished in the radiofrequency range with impedance spec-
troscopy during a cardiac ablation procedure?’

First, the measuring method is discussed because impedance measurements must be performed to
collect the data for this Master Thesis. Secondly, the fitting method is discussed. Multiple poten-
tially interesting parametric models are investigated based on their fits to the impedance spectra.
The best model is used for the parameterization of all measured spectra and the resulting best-fit
parameters will be evaluated. Lastly, the classification method is discussed as this is the final step in
the distinction between healthy and ablated heart tissue. All these steps are summarized in figure
3.1.

General tissue Electrode
models polarization models

I I
!

Data collection Parametric model

———

Model fit

A

Best-fit parameters

A

Classification

Figure 3.1: Methodology framework including all steps of this Master Thesis
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3.1. Measuring method

The impedance measurement setup (see figure 3.2) consists of a 4192A LF HP impedance ana-
lyzer connected to a measuring probe. The software LabVIEW is used to save the data from the
impedance analyzer to alaptop. In appendix A, the installation of Labview is explained. The impedance
is measured in terms of the angle and the absolute value of the impedance and is afterwards rewrit-
ten into the real and imaginary part of the impedance using the software Matlab. The measurement
probe that is used (see figure 3.2) consists of four electrodes. However, the probe is used in a two-
electrode configuration with electrodes two and three. Electrode two is connected to the low poten-
tial output of the impedance analyzer and electrode three to the high potential output. The lengths

of the electrodes are 5 mm, the diameters are 1mm and the inter-electrode distance is 5mm.

Please keep
the lab clean

after work

Figure 3.2: The measurement setup including 4192A LF HP impedance analyzer (a), measurement probe [58] (b) and
fixation in the heart tissue (c)

The impedance analyzer must be warmed up for 30 minutes before the measurements are per-
formed. The measurements are performed over a frequency range from 100 Hz to 1 MHz and 51
samples are taken. Each measurement is repeated five times. The electrodes are cleaned with soap
and 96 % alcohol before and between the measurements. The measurements are performed at room
temperature and the tissue temperature is measured with a cooking thermometer. To ensure com-
plete contact between the probe and the tissue, a weight of 35 grams is placed on the probe (see
figure 3.2) and the wires are supported during the measurements. For the setting up of this method,
experiments on saline and tofu are performed to gain an understanding of how a reliable impedance
measurement can be performed. More information on these experiments is given in appendices B
and C.
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All measurements are performed on porcine hearts as these hearts have similar properties to human
hearts and are easier to collect. All vessels are dissected from the hearts and the hearts are frozen
directly after excision from the thoracic content. Approximately 24 hours before the measurements,
the hearts are thawed by placing them in the fridge and later at room temperature.

Ablated lesions are created with an electrosurgical knife with a blade because an ablation catheter is
not available. The electrosurgical knife is used in combination with the ValleyLab Force FX electro-
surgical generator. Two different ablation settings are used. Setting one uses the fulguration mode
and the tissue is touched with the blade tip over a circle of approximately 6mm with a power of 35
Watt for 20 seconds. Setting two uses the pure cut mode with a power of 15 Watt for 25 seconds with
one-second rest after in total 10 and 15 seconds. The complete surface of the blade is kept in touch
with the tissue. During ablation, the tissue must be placed on a return electrode pad. To know the
coagulation depth, all ablation lesions must be investigated after the impedance measurements.

3.2. Fitting method

A parametric model is to be fitted to the measured impedance spectra. The nonlinear least squares
method will be used in this Master Thesis as this is a commonly used method for fitting a model to
data. It is used in combination with the fiminsearchbnd function in Matlab. The function Isgcurvefit
is also considered, the tradeoff between these two methods is given in appendix D. Fminsearchbnd
iteratively changes the parameter values with the Nelder-Mead simplex (direct search) method un-
til a minimum is found according to the least squares method. The least squares are taken of the
complex impedance as in equation 3.1. Where Z;,;; 44:, is the measured imaginary part of the
impedance, Z;, 44, is the measured real part of the impedance, wis the sample number, Z;;,; 0de1
is the model fit to the imaginary part of the impedance and Z;, ,;,04.; is the model fit to the real part
of the impedance.

MSE = Z(Zim,data(w) - Zim,model(w))2 + Z(Zre,data(w) - Zre,model(w))2 3.1)

The accuracy of the model fit is determined based on the MSE of the real and imaginary part of
the impedance and the robustness of the parameters. Two sets of initial parameters are used and
the fit is repeated with the best-fit parameters until the lowest MSE for both the real and imaginary
part of the impedance are found. However, if the MSE improves with a value smaller than 5 at the
expense of a parameter, the fit is stopped. The parameter bounds are set at 0 (minimum) and infinity
(maximum) for all parameters except for the exponents. For the exponents, the upper bounds are
setat 1.

A model fit from literature is repeated. This is the fit from the widely known Cole-Cole model to
the data on heart tissue measured by Gabriel et al. (1996) and serves as a benchmark for the other
model fits that are performed in this Master Thesis [34]. This is discussed in appendix E.

Statistical analysis

Statistical analyses are performed using Matlab software. The data is presented in boxplots. These
give a clear indication of the spread of the parameters. They indicate the median, a box with the
25th and 75th percentile and the most extreme data that are not considered outliers are indicated
by the whiskers. T-tests are used for the assessment of the differences between two sample sets. A
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p-value smaller than 0.05 is considered to be statistically significant. Most t-tests assume that the
data comes from a population with a normal distribution. Whether this is the case or not is tested
with the Kolmogorov-Smirnov test. When the data comes from a normal distribution, the one-way
analysis of variance test (ANOVA) is used. When this is not the case the Wilcoxon rank-sum test is
used as this test is more robust to outliers and skew datasets. Therefore, the samples do not have
to come from a population with a normal distribution. For the comparison of the parameters of
healthy and ablated tissue from the same heart, a paired t-test must be used. When the data does
not come from a population with a normal distribution, the Wilcoxon signed-rank test is used. The
test is performed between corresponding measurement locations.

3.3. Classification method

As a final step in this Master Thesis, a classification is performed for the distinction between healthy
and ablated heart tissue. This classification serves as a first impression. Ideally, a training data set
and a validation data set are used. However, in this study, one data set is used.

A formula consisting of a combination of multiple parameters of the parametric model is used for
the classification. This formula is determined based on the results of the model fit and the (signif-
icant) differences between the parameters for healthy and ablated tissue. Based on this formula a
threshold value is set that divides the measurements into measurements of healthy tissue and mea-
surements of ablated tissue.

Statistical analysis

The performance of the classification is described with a confusion matrix. The confusion matrix
of this study is shown in figure 3.3. Ablated tissue is categorized as positive and healthy tissue as
negative. Based on the values of the confusion matrix (true positive (TP), true negative (TN), false
positive (FP) and false negative (FN)) other measures for the evaluation can be determined. The
measures that are used in this Master Thesis are the positive predictive value (PPV), the negative
predictive value (NPV), the specificity, the sensitivity, the accuracy and the Matthews correlation
coefficient (MCC). The explanations and formulas of these measures are summarized in appendix
F.

Actual
Ablated Healthy
Predicted Ablated True positive (TP) False positive (FP)
Healthy False negative (FN) True negative (TN)

Figure 3.3: Confusion matrix

The accuracy indicates the ratio between the number of correctly classified samples and the total
number of samples. When the number of samples per group (healthy and ablated) is not equal
this is not taken into account in the accuracy and it can give a skew indication [59]. However, the
MCQC is a reliable measure that gives a score based on all four segments of the confusion matrix.
The MCC is used as a measure for the quality of the classification with a value between 1 (excellent
classification) and -1 (worse classification indicating no agreement between actual and predicted
data) [59][60].

17



Parametric description of heart tissue

During impedance spectroscopy the impedance or dielectric properties of tissue are measured over
a certain frequency range, resulting in a spectrum. This spectrum contains all measured data points.
Instead of comparing the tissues based on a spectrum with many points, it is better to quantify
the spectrum by writing it in a couple of parameters. To do so, a dimension reduction must be
done. This results in a reduced parameter space. It is important to keep an understanding of these
parameters. Therefore, it is preferred to use a parametric model based on theories for the dimension
reduction of the spectrum. This way tissues can be distinguished based on parameters that are
understood and this can lead to useful insights. This is not the case for parameters that are found
using e.g. big data and machine learning as with these processes the understanding behind the
parameters is lost. The parametric models that are discussed in section 2.3 are investigated in this
chapter with as goal to answer the first sub-question of this master thesis:

‘How can the impedance of heart tissue be modelled?’

The goal of this chapter is to find a parametric model that provides a good fit with the impedance
spectra of heart tissue. The spectra consist of an electrode polarization contribution and a tissue
contribution. Because the exact amount of electrode polarization and the affected frequency range
are unknown, the electrode polarization impedance and tissue impedance are modeled in series.
This way no a-priory knowledge of the electrode polarization is needed. The two models together
represent the complete spectrum and insight into the contribution of electrode polarization will be
gained. Before modelling both contributions in series, the two contributions are fitted separately
to the impedance spectrum. Thereafter, the most promising models are modelled in series. Lastly,
conclusions are drawn based on these fits and the sub-question is answered.

4.1. Electrode polarization modelling

In the upcoming subsections, two models for the description of electrode polarization are evalu-
ated. These models are the CPE model and the distributed RC (dRC) circuit. The fitting is performed
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according to the fitting method described in chapter 3. To find the optimal fit some factors are var-
ied. These are: the initial parameter values, the merit function, the frequency range and the part
of the spectrum (real, imaginary or complex) that the least squares is taken of. The correctness of
the fit is determined based on the value of the MSE, the lower this error the better the model per-
forms 2. The heart data that is used is measured on the sidewall of an excised porcine heart with the
measuring setup described in chapter 3. The measured frequency ranges from 100 Hz to 1 MHz.

4.1.1. CPE model

The CPE model is mentioned in many articles for the modelling of electrode polarization with as
main application blood. A CPE model is a frequency-dependent component consisting of a combi-
nation of a resistor and a capacitor. Its impedance is given in equation 4.1. According to Sanabria
and Miller (2006) the parameter K represents the ion concentration at the electrode-tissue contact
and the parameter m is related to the surface roughness of the electrodes [61]. For specific values of
m the model acts as a pure resistor or capacitor [8].

Zepe=K(Gow)™ 4.1

The best fit was fitted to the imaginary part of the impedance and resulted in an MSE of 2.53e6
and 524 for the real part and imaginary part of the impedance respectively. This fit described the
imaginary part of the impedance spectrum quite accurately. The real part, however, has the correct
shape but there is an offset between the measured spectrum and the model fit. Due to this offset
and the fact that the MSE is not normalized, the MSE value is very large. The offset between the
model and data of the real part of the impedance is caused by the missing contribution of the tissue
impedance. When a resistor was added in series to the CPE model, the fit for the real part of the
impedance improved. Both fits are shown in figure 4.1 3.
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Figure 4.1: Optimal fits to heart tissue data for the description of electrode polarization by a CPE model (left) and by a
CPE model in series with a resistor (right)

4.1.2. Distributed RC circuit
The distributed RC (dRC) circuit can be used for the modelling of electrode polarization in the
impedance spectrum. It is a circuit consisting of a resistor and capacitor in parallel where there

2The MSE is not normalized because all the MSEs in this Master Thesis are taken over the same frequency range
3The imaginary part of the impedance is multiplied by -1 for better visualization together with the real part of the
impedance in this Master Thesis
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is accounted for a distribution of relaxation times. The impedance of a dRC circuit is given in equa-
tion 4.2.

R
(1+ (jwRC)1-9)b

Zdrc = 4.2)

The best fit was fitted to the imaginary part of the impedance and resulted in an MSE of 2.53e6 and
526 for the real part and imaginary part of the impedance respectively. The fit is similar to the fit of
the CPE model.

4.1.3. Conclusion EP model

The results of the previous subsections are summarized in table 4.1. The CPE model and the dis-
tributed RC circuit give similar results. The imaginary part of the spectrum can be modeled accu-
rately but the real part of the impedance cannot. The offset of the model from the real part of the
spectrum is caused by the contribution of the tissue impedance and should therefore not be de-
scribed with the EP model. The MSE values for both models are of the same order. A disadvantage
of the dRC circuit is that it consists of more parameters than the CPE model. Fewer parameters
are preferred to prevent overfitting. Physical meaning is mentioned for both models by Wolf et al.
(2011) and Sanabria et al. (2006) [31][61]. The CPE model is mentioned in many studies as a good
approach for the elimination of electrode polarization.

To conclude, the CPE model and the dRC circuit have similar performance for the description of
the impedance spectrum in the low-frequency range. However, the CPE model consists of fewer
parameters and is a widely used model for the description of electrode polarization. Therefore, the
CPE model will be used in the assessment in series with a general model.

Model MSERe(Z) MSEIm(Z) # parameters
CPE model 2.53e6 524 2
Distributed RC circuit 2.53e6 526 4

Table 4.1: Overview of MSEs per electrode polarization model

4.2. Tissue impedance modelling

In the upcoming subsections, the general parametric models that are discussed in chapter 2.3 are
examined to see which of these models is suitable for the description of the impedance of heart tis-
sue. These parametric models are the Cole-, Debye-, Raicu impedance models and the Shunting-C
and Zhbanov equivalent circuits. The fitting is performed according to the fitting method described
in chapter 3. To find the optimal fit some factors are varied. These are: the initial parameter values,
the merit function, the frequency range and the part of the spectrum (real, imaginary or complex)
that the least squares are taken of. The correctness of the fit is determined based on the value of the
MSE, the lower this error the better the model performs.

4.2.1. Cole impedance model

The Cole impedance model is part of the theoretical models and describes the tissue impedance.
It is similar to the Cole-Cole model, except for the fact that the Cole-Cole model describes the per-
mittivity. This type of model is mentioned in many articles and is widely used for the description of
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different tissue types. The impedance of the Cole impedance model is given in equation 4.3. The
distribution parameter a accounts for a distribution of relaxation times and allows a broadening
of the dispersion curve. The parameters of the model do not have a physical meaning, although
some articles have tried to assign it. There can be accounted for multiple relaxation mechanisms by
adding extra Cole terms. The measured spectrum ranges from 100 Hz to 1 MHz and is expected to
contain two dispersions (a and ). Therefore, an one-pole and a two-pole Cole impedance model
will be discussed.

Zote = Rog + —0 o0 (4.3)
Cole = floo 1+(jwr)“ .

The best fit that is performed with a two-pole Cole impedance model was fitted to the complex
part of the impedance. The model can quite accurately describe a complete impedance spectrum
of heart tissue and has an MSE of 311 and 316 for the real and imaginary part of the impedance
respectively. The MSE values for the high-frequency range (10 kHz - 1 MHz) are 99 and 33. One Cole
term describes the EP contribution, while the other Cole term describes the tissue contribution to
the spectrum. The fit of the two-pole Cole impedance model and the contributions of the two terms
are shown in figure 4.2.
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Figure 4.2: Optimal fit to heart tissue data for the description of the tissue impedance with a two-pole Cole impedance
model (left) with the contributions of the two Cole terms displayed (right)

To purely describe the tissue impedance, an one pole Cole model is fitted to the spectrum. This
resulted in a good fit for the high-frequency range. The MSE values are 1.7e3 and 777 for the real and
imaginary part of the impedance respectively. For the high-frequency range (10 kHz - 1 MHz) the
errors are 200 and 329. To improve the fit in the high-frequency range, the frequency range of the fit
is limited from 10 kHz to 1 MHz. The best results for a fit with the focus on the high-frequency range
results in an MSE of 44 and 76 for the real and imaginary part of the impedance respectively. For
a specific value of R, the fit results in a horizontal line for both the real and imaginary part of the
impedance. This is what is expected for the tissue impedance since the peak in the low-frequency
range is caused by the electrode polarization.

4.2.2. Debye model
The Debye model is part of the theoretical models and is a simplification of the Cole impedance
model. It does not account for a distribution of relaxation times and describes a medium with a
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Chapter 4. Parametric description of heart tissue

single relaxation mechanism that is characterized by one single time constant (the relaxation time).
The model assumes that the medium relaxes towards a new equilibrium as a first-order process.
Similar to the Cole impedance model, the parameters of the model do not have physical meaning
and there can be accounted for multiple relaxation mechanisms by adding extra Debye terms. The
impedance of the Debye model is given in equation 4.4. The measured spectrum ranges from 100
Hz to 1 MHz and is expected to contain two dispersions(a and ). Therefore, a two-pole Debye
model is used.

Ro— Reo

+— (4.4)
1+ (jwt)

ZDebye =R

Unlike the two-pole Cole impedance model, the two-pole Debye model cannot describe the com-
plete spectrum accurately. The MSE values are 2.3e3 and 2.2e3 for the real and imaginary part of the
impedance respectively. For the high-frequency range (10 kHz - 1 MHz) the errors are 285 and 603.
To improve the fit in the high-frequency range, the frequency range of the fit is limited from 10 kHz
to 1 MHz. The best fit with a focus on the high-frequency range results in a low MSE of 24 and 25 for
the real and imaginary part of the impedance respectively. Because the fit with a two-pole Debye
model is very accurate in this range, an one-pole Debye model is used for the fitting as well. This
results in MSE values of 128 and 197.

4.2.3. Raicu model

The Raicu model is also part of the theoretical models. The Cole impedance model and the Debye
model are simplifications of the Raicu model. The parameters of the model do not have physical
meaning and there can be accounted for multiple relaxation mechanisms by adding extra Raicu
terms. The impedance of the Raicu model is given in equation 4.5. The measured spectrum ranges
from 100 Hz to 1 MHz and is expected to contain two dispersions(« and f). Therefore, a two-pole
Raicu model is used as a start.

RO_Roo
+
[joT)* + (jor)1~H]Y

(4.5)

ZRaicu = Ro

The best fit that is performed with a two-pole Raicu model can accurately describe the complete
spectrum of the heart tissue and has an MSE of 128 and 198 for the real and imaginary part of the
impedance respectively. For the high-frequency range (10 kHz - 1 MHz) the MSEs are 55 and 32.
There can be concluded that a two-pole Raicu model might be too extended for the description of
purely heart tissue. To purely describe the tissue impedance, an one-pole Raicu model is fitted to
the spectrum. This still resulted in quite a good fit for the high-frequency range, the MSEs are 172
and 309. For the complete spectrum the errors were higher: 2.5e3 and 729 for the real and imaginary
part of the impedance respectively. To improve the fit in the high-frequency range, the frequency
range of the fit is limited from 10 kHz to 1 MHz. The best results for a fit with the focus on the high-
frequency range results in an MSE of 44 and 76 for the real and imaginary part of the impedance
respectively.

4.2.4. Shunting-C model
The shunting-C model is part of the equivalent circuits. It consists of a series and parallel combina-
tion of resistors, a capacitor and a CPE element. The impedance of the circuit is given in equation
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4.6. The circuit is used to model the impedance of blood in a measuring cell. Therefore, the param-
eters have a physical meaning that is focused on blood. Ry, is the plasma resistance in the presence
of erythrocytes, the CPE element represents the cell membrane capacitance and R; is the interior
resistance of the erythrocytes [46]. The capacitor C, is added for a more convenient fit.

1 -1

R, Ri+K(jw)

ZShunting—C = jwcp +

The Shunting-C circuit cannot model the complete spectrum of the heart tissue accurately. The
MSE values are 1.6e3 and 626 for the real and imaginary part of the impedance respectively. For
the high-frequency range (10 kHz - 1 MHz) the errors are slightly lower: 354 and 163. To purely
describe the tissue impedance, the fit should be accurate for the high-frequency range where the
electrode polarization impedance has disappeared. To improve the fit in the high-frequency range,
the frequency range of the fit is limited from 10 kHz to 1 MHz. The best fit with the focus on the
high-frequency range results in an MSE of 17 and 5 for the real and imaginary part of the impedance
respectively.

4.2.5. Zhbanov model

The Zhbanov model is part of the equivalent circuits. It consists of a series and parallel combination
of resistors, capacitors and a CPE element. It is an extension of the Shunting-C circuit as a par-
allel combination of a resistor and a capacitor is added to enable more accurate modelling of the
impedance of blood in a measuring cell. The extra resistor and capacitor represent the electrode
polarization. Therefore, the Zhbanov circuit should model the complete spectrum of heart tissue
from 100 Hz to 1 MHz. The impedance of the circuit is given in equation 4.7. An advantage of an
equivalent circuit is that it is easier to give physical meaning to the parameters.

1 1 1 -1
Z == +|joCp+ —+ ————
Zhbanov =1 T R, T Ri+ K(jw) @
R—+](1)Ce
e

4.7)

The circuit cannot describe the complete spectrum of the heart tissue and results in an MSE of
3.5e4 and 1.8e4 for the real and imaginary part of the impedance respectively. As this circuit already
includes elements for the description of electrode polarization it is not necessary to look at the high-
frequency fit.

4.2.6. Conclusion tissue modelling

The results of the previous subsections are summarized in table 4.2. First of all, the Zhbanov circuit
is eliminated because of the large errors of the fit with this circuit. Because the Zhbanov circuit
contains elements for the description of electrode polarization, it should be able to fit a complete
spectrum accurately and not just the high-frequency range. The Shunting-C circuit, on the other
hand, is used for the description of the tissue impedance and can model the spectrum accurately in
the high-frequency range. This is also the case for the one and two-pole Cole impedance model, the
two-pole Debye model and the one-pole Raicu model. The number of parameters of these models
is of the same order, ranging from four to six. The one-pole Debye model is eliminated because
it results in higher MSE values than the other models. The two-pole Raicu model is eliminated
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because it contains five more parameters than the one-pole Raicu model which also results in an
accurate fit.

Model MSE [Re(Z), Im(Z)] # parameters
Fit14 Fit2° Fit3 6
2-pole Cole model 311, 316 99, 33 8,10 7
1-pole Cole model 1.7e3, 777 200, 329 44,76 4
2-pole Debye model 2.3e3,2.2e3 285,603 25,25 5
1-pole Debye model X X 128, 197 3
2-pole Raicu model 128, 198 55, 32 X 11
1-pole Raicu model 2.5e3, 729 172, 309 44,76 6
Shunting-C circuit 1.6e3, 626 354, 163 17,5 5
Zhbanov circuit 3.5e3,1.8e4 x X 7

Table 4.2: Overview of MSEs per general model

To conclude, the one and two-pole Cole impedance model, the two-pole Debye model, the one-
pole Raicu model and the Shunting-C circuit will be examined in series with a CPE model to verify
whether the combination can accurately describe a complete impedance spectrum.

4.3. Combining electrode polarization and tissue impedance modelling

For a complete evaluation of the measured impedance spectrum, the spectrum is modeled as a
series combination of an EP model and a general model. This way, there is accounted for the (un-
desired) electrode polarization impedance and the tissue impedance without having to know the
exact amount of electrode polarization a-priory. Also, the two contributions can be separated be-
cause two different models are used.

The most promising models according to the conclusions in subsections 4.1.3 and 4.2.6 are used for
this evaluation. For the modelling of the EP contribution this is a CPE model and for the modelling
of the tissue impedance these are: the one and two-pole Cole impedance model, two-pole Debye
model, one-pole Raicu model and the Shunting-C circuit. The series combinations of these models
are investigated in this section. This is done by fitting the models to multiple impedance spectra
that resulted from measurements on the sidewall of a porcine heart, these spectra are displayed in
appendix G. The MSE values of the fits are evaluated, together with the number and robustness of
the parameters and the contribution of the electrode polarization and tissue model to the fit.

CPE model in series with an one-pole Cole impedance model

The model contains six parameters and is fitted to the complex part of the impedance over the
complete frequency range from 100 Hz to 1 MHz. A standard merit function containing the least
squares method is used and the upper and lower bounds are infinity and 0 for all parameters. This
results in an MSE of 24 and 217 for the real and imaginary part of the impedance respectively. The
CPE model describes the low-frequency range and especially the steep increase that is associated
with electrode polarization. The Cole model describes the high-frequency part of the fit, which

4Fit over the complete frequency range
5Fit over the complete frequency range, but the error is calculated over the frequency range from 10 kHz - 1 MHz
BFit over the high-frequency range from 10 kHz - 1 MHz
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is the tissue impedance. However, these contributions do change when the initial parameters are
changed. None of the parameters tends to go towards their bounds. The model is not able to model
a selection of other impedance spectra accurately. Some fits resulted in large errors, such as an MSE
of 487 and 651.

CPE model in series with a two-pole Cole impedance model

The model contains nine parameters and is fitted to the complex part of the impedance over the
complete frequency range from 100 Hz to 1 MHz. A standard merit function containing the least
squares method is used and the upper and lower bounds are infinity and 0 for all parameters. This
results in an MSE of 22 and 69 for the real and imaginary part of the impedance respectively. The
fit of the model and the contributions of the CPE model and Cole impedance model are shown in
figure 4.3. Just as for the previous combination the CPE model describes the low-frequency range
and the Cole model the high-frequency part of the fit. However, these contributions do change
when the initial parameters are changed. None of the parameters tends to go towards their bounds.
The model is able to model a selection of other impedance spectra as well, resulting in an MSE of 35
and 138.
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Figure 4.3: Optimal fits to heart tissue data by a series combination of a CPE model and a two-pole Cole impedance model
(left) with the contributions of the different elements displayed (right)

CPE model in series with a two-pole Debye model

The model consists of seven parameters and is fitted to the complex part of the impedance over
the complete frequency range from 100 Hz to 1 MHz. A standard merit function containing the
least squares method is used and the upper and lower bounds are infinity and 0 for all parameters.
This results in an MSE of 64 and 187 for the real and imaginary part of the impedance respectively.
The contribution of the CPE model disappears for higher frequencies and does almost completely
describe the spectrum in the low-frequency range. The Debye model forms a horizontal line that
describes the high-frequency range of the spectrum. However, these contributions do change when
the initial parameters are changed. None of the parameters tends to go towards their bounds. For
the model to describe other measurements as well, the initial parameters have to be changed. How-
ever, this still resulted in larger errors, such as an MSE of 123 and 225.

CPE model in series with an one-pole Raicu model

The model consists of eight parameters and is fitted to the complex part of the impedance over the
complete frequency range from 100 Hz to 1 MHz. A standard merit function containing the least
squares method is used and the upper and lower bounds are infinity and 0 for all parameters. This
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results in an MSE of 25 and 128 for the real and imaginary part of the impedance respectively. Similar
to the one-pole Cole impedance model, the Raicu model describes the graph in the high-frequency
range but is present in the low-frequency range as well. The CPE model contribution disappears for
higher frequencies but does not describe the entire spectrum in the low-frequency range. However,
these contributions do change when the initial parameters are changed. None of the parameters
tends to go towards their bounds. For the model to describe other measurements as well, the initial
parameters have to be changed. However, this still resulted in larger MSE values of 152 and 277.

CPE model in series with a Shunting-C equivalent circuit

The model contains seven parameters and is fitted to the complex part of the impedance over the
complete frequency range from 100 Hz to 1 MHz. A standard merit function containing the least
squares method is used and the upper and lower bounds are infinity and 0 for all parameters. This
results in an MSE of 153 and 307 for the real and imaginary part of the impedance respectively. The
CPE model describes the low-frequency range and especially the steep increase that is likely to be
associated with electrode polarization. The Shunting-C circuit describes the high-frequency part of
the fit, which is likely to be the tissue impedance. None of these parameters tends to go towards
their bounds. For the model to describe other measurements as well, the initial parameters have to
be changed. However, this still resulted in larger MSE values of 167 and 291.

The MSE values for two fits and the number of model parameters are summarized in table 4.3 for all
model combinations.

Measurement 1

Model MSERe(Z) MSEIm(Z) #parameters
CPE-Cole (1) 24 127 6
CPE-Cole (2) 22 69 9
CPE-Debye (2) 64 187 7
CPE-Raicu (1) 25 128 8
CPE-ShuntingC 153 307 7
Measurement 2
Model MSERe(Z) MSEIm(Z) #parameters
CPE-Cole (1) 487 651 6
CPE-Cole (2) 35 138 9
CPE-Debye (2) 123 225 7
CPE-Raicu (1) 152 277 8
CPE-Shunting C 167 291 7

Table 4.3: Overview of MSEs per series combination of a CPE model and a general model

4.4. Conclusions

How can the impedance of heart tissue be modelled?

The impedance of heart tissue can be modelled by a parametric model. Parametric models can
reduce the dimensions of a measured spectrum and they contribute to an understanding of the
parameters in which the spectrum is quantified. The fitting method is verified with a benchmark
fit to the data of Gabriel (1996) [34]. This showed that a good model fit with the data can be found
using least squares optimization. The Matlab function fminsearchbnd is used with the Nelder-Mead
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Simplex algorithm.

For a complete evaluation of the measured impedance spectrum, the spectrum is modeled as a
series combination of an electrode polarization model and a general model. This way, the (un-
desired) electrode polarization impedance and the tissue impedance are accounted for, without
a-priori knowledge of the exact amount of electrode polarization. There are many types of general
parametric models for the description of tissue impedance. The first filtering step was already per-
formed in the literature study of Mulder (2021) [11]. Resulting from this study, six parametric models
were left for the modelling of the tissue impedance. These parametric models are the Cole-, Debye-
and Raicu impedance models and the shunting C- and Zhbanov equivalent circuits. The electrode
polarization impedance can be modeled by a CPE model or a distributed RC circuit. However, the
CPE model is chosen as the performance of both models is equal and the CPE model consists of
fewer parameters and is widely used.

The series combinations of these models are fitted to heart tissue data that is measured according
to the methodology discussed in chapter 3. The fits of the CPE model in series with the two-pole
Debye model and Shunting-C circuit result in large errors, therefore these are excluded. When the
spectra differ a bit, the combinations with the one-pole Cole impedance model and the one-pole
Raicu model result in larger errors as well. From the fits, there can be concluded that the overall
performance based on the MSE values is best for the CPE model in series with the two-pole Cole
impedance model. Because this model results in a low MSE for the real and imaginary part of the
impedance with robust parameters and can describe a variety of spectra, it is chosen as the default
model for this Master Thesis. These benefits compensate for the downside of the large number of
parameters present in this model. Also, the CPE element describes the low-frequency range and the
general part (two-pole Cole impedance model) mostly describes the high-frequency range. This is
as expected since electrode polarization is mostly present for low frequencies.
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Measurements and results

In this chapter, the measurements that are performed on porcine hearts for the collection of impedance
data are discussed. The parametric model that is found to be most promising according to the con-
clusions of chapter 4 (a series combination of a CPE model and a two-pole Cole impedance model),

is used for the parameterization of these measured impedance spectra. The parameter values of the
fits are investigated to see whether a distinction between different parts of the heart and between
ablated and healthy heart tissue can be made based on these fitting parameters. In the end, a classi-
fication is performed based on a combination of model parameters for the discrimination between
healthy and ablated tissue. By doing so, answers to the following sub-questions can be given:

‘Can different parts of the heart be distinguished from each other with modelling?’

‘How can healthy and ablated heart tissue be distinguished with modelling?’

5.1. Measurements on porcine heart

This section discusses the impedance measurements on porcine hearts. The measurements are
performed according to the method discussed in chapter 3. Two porcine hearts (H1 and H2) are
measured and the lesions are created with an electrosurgical knife in fulguration mode (ablation
setting one as discussed in chapter 3). The times between all measurements are recorded such that
potential dehydration of the tissue over time can be taken into account. The time between the first
and last measurement of heart H1 was approximately 2.5 hours. For heart H2 this was 1.5 hours.
The measurements are performed at a room temperature of 20 degrees Celsius. Heart H1 had a
temperature of 15 degrees Celsius at the beginning of the measurements and 18 degrees Celsius at
the end of the measurements. Heart H2 had a constant temperature of 19 degrees Celsius during
the measurements.

In both hearts a frontal section is made and three locations are measured. These locations are the
sidewall of the left ventricle (sw LV), the inside of the left ventricle (ins IV) and the inside of the
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left atrium (LA). At each location, multiple measurements are performed and each measurement is
repeated five times. The left atrium is measured because this is the part of the heart that is often
ablated during catheter ablation. Because this part is a non-flat surface, the flat sidewall of the left
ventricle is measured as well. For comparison, the inside of the left ventricle is measured.

In total 70 healthy measurements divided over 14 locations are performed on heart H1 and 50
healthy measurements divided over 10 locations on heart H2. The measured locations of healthy
tissue for heart H2 are shown in a schematic overview in figure 5.1. A number of these locations are
ablated and measured again. The coagulation depths of all ablated lesions are investigated after the
impedance measurements and are presented in appendix H.

Figure 5.1: Measured locations of heart H2 (a). Blue: measurements on the sidewall of the ventricle. Green: measure-
ments on the inside of the ventricle. Yellow: measurements on the inside the atrium. Measured locations of heart H3 (b).
Red: measurements on the outside of the ventricle

Afterwards, a control experiment is performed on another porcine heart (H3) to verify the results
of the previous measurements. A frontal section is made and two locations are measured. These
locations are the outside of the left ventricle and the sidewall of the left ventricle. The outside of
the ventricle is measured because this location is measured in a study by Yamaguchi et al. (2021)
which is used for the comparison of the results [9]. Because this part is a non-flat surface, the flat
sidewall of the left ventricle is measured as well. In total 50 healthy measurements divided over 10
locations are performed on heart H3. Each of these locations is ablated with ablation setting two, as
discussed in chapter 3. Because a different ablation setting is used than in the previous measure-
ments, the created lesions are different. In figure 5.2, sections of the two lesions types are shown.
The coagulation depths of all ablation lesions are investigated after the impedance measurements
and are presented in appendix H. The time between the first and last measurement of heart H3 was
approximately 2.5 hours. The heart had a constant temperature of 20 degrees Celsius during the
measurements.

5.2. Model fitting

A series combination of a CPE model and a two-pole Cole impedance model is fitted to the mea-
sured impedance spectra. The formula of this parametric model is given in equation 5.1. The fit is
performed according to the fitting method discussed in chapter 3. The two sets of initial parameter
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Figure 5.2: Ablation lesions created with fulguration mode (a) and pure cut mode (b)

values that are used are ([R;, t1, a1, R2, o, a», K, m, Ro]): [101, 3e-4, 0.7, 253, 1e-8, 0.8, 2.5e-6, 0.9,
188] and [45, 9.6e-5,0.7, 225, 3.6e-9, 0.8, 2.5e-6, 0.7, 175].

Ry R 1

Z = Roo+ - + - +—
1+(jorn)® 1+ (jon)% K(jo)™

(5.1

The MSE of both the real and imaginary part of the impedance is about 100 with fits resulting in
slightly higher and slightly lower errors. Although for a couple of measurements, the fit resulted
in very large MSEs (> 1000). This was the case for deviating measurement data with exceptional
high real and imaginary part of the impedance. The parametric model had difficulties providing an
accurate fit for these measurements. In these cases, the contribution of the CPE term disappeared
especially for the real part of the impedance that led to the spectrum being completely described by
the Cole terms. This resulted in an incomplete description of the spectra and different parameter
values. For example, Roo could become very small over multiple iterations while the MSE improves
only very little. The opposite happened for R;.

In figure 5.3 one of the fits is displayed. The different contributions of the electrode polarization
part and the general part of the model are shown. A similar combination of these two parts is seen
for most other fits as well. The EP part describes the increase in the spectrum in the low-frequency
range for both the real and imaginary part of the impedance. The contribution of the term disap-
pears for frequencies above 50 kHz. The general part describes the data in the high-frequency range.
The first Cole term has only a small contribution, while the second Cole term and the Roo parameter
have alarge contribution. The second Cole term describes the slight decrease for the real part of the
impedance and the slight increase for the imaginary part of the impedance in the high-frequency
range.
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Figure 5.3: Fit of a CPE model in series with a 2-pole Cole impedance model to an impedance spectrum. The contributions

of all elements of the parametric model are displayed (R, the first Cole term, the second Cole term and the CPE term)

for the real and imaginary part of the impedance

5.3. Parameter evaluation

The measured impedance spectra and best-fit parameters are investigated with the main goal to

investigate whether there is a difference between healthy and ablated tissue. Furthermore, the dif-

ferences between multiple hearts and between different locations of one heart are investigated.
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Comparison of different parts of the heart

The three different locations that are measured at hearts H1 and H2 are compared. For all param-
eters, differences are present between the cardiac chambers. Some of these differences are statis-
tically significant while others are not. In figure 5.4, the boxplots of the parameters a; and R, are
displayed. In these boxplots, the differences between the three locations in the heart are visualized
for hearts H1 and H2. These differences are not constant and equal for both hearts. For example,
for parameter a; the value of the left atrium is smaller than for the other locations at heart H1 but
the opposite is true for heart H2. Also, it is remarkable that the values within one location for R, are
divided into two parts, resulting in a large variability. This is also the case for the other parameters
that are measured on the left atrium and the inside of the left ventricle. Lastly, the parameters that
model the electrode polarization show (significant) differences between the different locations and
hearts. An overview of the differences between all parameters is given in appendix I.

In heart H3, the outside of the left ventricle is measured. This results in deviating spectra in com-
parison to the other locations that are measured. The values for the real part of the impedance
are much higher in comparison to the other locations while the imaginary part of the impedance
does not show such an increase. Also, there are large differences in the height of the real part of
the impedance between the different measurements in this location. In appendix I the impedance
spectra and parameter values of these measurements are shown.
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Figure 5.4: Boxplots of the parameters a; and R for the different locations of hearts H1 and H2

Comparison of healthy and ablated heart tissue

After ablation in fulguration mode (setting one), the real and imaginary part of the impedance in-
crease. This increase is shown in figure 5.5 for the measurements on the sidewall of the left ventricle.
The solid lines represent the measurements of healthy tissue and the dotted lines the measurements
of ablated tissue. Only for one set of measurements on the inside of the ventricle of heart H2 and for
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one set of measurements on the atrium of heart H1 a decrease in impedance occurs. For the other
locations, the increase in impedance is characterized by two parts. The first part is the increase in
the low-frequency range for both the real and imaginary part of the impedance. The second part is
the flattened decrease that is present in the high-frequency range of the real part of the impedance.
These two parts are described by the parameters of the CPE model and the second Cole term, see
figure 5.3. The impedance spectra of heart H3 show quite some variation. However, an increase in
impedance is observed in most measurements after ablation in pure cut mode (setting two) as well.
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Figure 5.5: Impedance spectra of healthy and ablated sidewall ventricle measurements on hearts H1 and H2. Healthy
spectra are indicated with the solid lines and the ablated spectra with the dotted lines

The change in impedance spectra and especially the impedance increase after ablation result in a
change in parameters. Figure 5.6 shows the parameter values of Ry, #, a, and K that were deter-
mined from the impedance spectra of the sidewall of the ventricle of heart H1. Each parameter is
displayed individually for both the healthy and ablated measurements, clear differences are visible.
The mean values of Ry, #;, R» and a, increased after ablation, while the values of Roo, a;, t>, K and m
decreased after ablation. However, some measurements show several different changes in parame-
ter values before and after ablation for example the measurements on the inside of the left ventricle.
Also, 1 increases only for halve of the measured locations. In appendix J an overview of the changes
per location is given.

A Wilcoxon signed-rank test shows significant differences at a significance level of 5% for all param-
eters except R; when assessing all measurement locations for hearts H1, H2 and H3 together (only
the measurements on the outside of the LV of H3 are left out). However, when the different loca-
tions were assessed separately the significance changed. For the measurements on the sidewall of
the ventricle of heart H1, all parameters showed significant differences except for parameter t;. For
the same location of heart H2, only R; did not show a significant difference. While for the measure-
ments of the atrium of heart H1 only a; and a, showed a significant difference. In appendix J the
outcomes of the Wilcoxon signed-rank test for all locations and hearts are shown.

33



Chapter 5. Measurements and results

: x107 i
800 p<0.001 4?7 b 3r —a— p <0.001 B
B
750 : 1 | ‘
g 251 = i
700 0 b E
8
650 o ol i
é’ 600 © ] o~
T s5r N
550 & 4
L B
500 g T 8 i
450 - | b e
% 05
400 - b %
350 = - L = L L
1 2 1 2
Healthy (left) and ablated (right) Healthy (left) and ablated (right)
x10°®
p <0.001 487 p <0.001
07 — T | g
é 3 | |
5 5
065 F © B @8
o 251 g | .
a —5— é
o 06 ] B ] g
S = ol |
2] <]
0.55 - | T ©
| ; g ]
0.5 4 ?
I
L L 1 I L L |

1 2 1 2
Healthy (left) and ablated (right) Healthy (left) and ablated (right)

Figure 5.6: Boxplots of Ry, 2, ap and K of healthy and ablated sidewall ventricle measurements of heart H1 derived from
the model fit including the p-values of the Wilcoxon signed rank test

5.4. Tissue classification

A classification of healthy and ablated tissue is made based on a formula consisting of a combina-
tion of the model parameters. This formula, shown below as equation 5.2, consists of parameters R,
and t,. These parameters are used because they have a significant difference between healthy and
ablated tissue for most of the measured locations. Furthermore, they belong to one of the terms of
the parametric model that describes a deviant part of the impedance spectra. The combination of
these parameters results in an optimal difference between healthy and ablated heart tissue because
for all parameters a similar decrease or increase occurs after ablation for most of the measured lo-
cations.

Classification formula: (5.2)

=2

2
L
The threshold value is set at 0.120-10'8, all values lower than this value are categorized as healthy
heart tissue and all values higher than this value are categorized as ablated heart tissue. The thresh-

old value (indicated by the green line) is displayed in boxplots containing all healthy and ablated
tissue data in figure 5.7.
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The classification results for healthy and ablated heart tissue are summarized in table 5.1. They
indicate that accurate discrimination of healthy and ablated heart tissue might be possible. The
achieved sensitivity is slightly higher than the specificity but both values are around 80%. The ac-
curacy is 0.813 and the MCC is 0.629.

Threshold value MCC ACC Sensitivity Specificity PPV NPV TP FN FP 1IN

0.120-10'8 0.629 0.813 84.4 78.6 778 850 119 22 34 125

Table 5.1: Classification results for discrimination between healthy and ablated heart tissue
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Discussion and recommendations

This chapter contains the overall discussion of this Master Thesis and the recommendations for
future research are given.

6.1. Discussion

In the upcoming subsections, the results of this Master Thesis and the research limitations are dis-
cussed.

6.1.1. Most important results

Comparison of different parts of the heart

There are significant differences in found parameter values between various locations of the heart
and between similar locations of different hearts. However, these differences are not always consis-
tent. The heart being a heterogeneous and anisotropic organ explains that inconsistency. Besides
the overall nature of the heart leading to inconsistency, the alternating thickness of the myocardium
of the heart chamber and the possible presence of a layer of fat can impact the results. Lastly, other
structures such as the trabaculae and chordae tendineae can have an impact. These factors result
in differences in the impedance spectra. Moreover, differences between the multiple hearts can be
caused by different hydration levels, temperature differences and different physical conditions of
the pig to which the heart belonged. This is in agreement with findings in the literature: different
regions in the heart can vary considerably and the inter-patient variation of the same region can be
large [8][62][63].

Other factors that add to the differences are measurement uncertainties and uncertainties in the
model fit. Impedance measurements are sensitive to outside effects. For example, incomplete con-
tact between the electrodes and the tissue can result in relatively large fluctuations of the impedance
spectrum. Most factors that can influence the impedance measurements are kept constant in this
Master Thesis. Such as the contact force by adding a weight for the fixation of the probe. The uncer-
tainties due to the model fit are discussed later in this section.

Some parameter values of the measurements within one location (i.e. the inside of the atrium
and the inside of the ventricle) are divided into two groups. These groups are also visible in the
impedance spectra. A cause for this clustering can be found in the fact that the measurements for
these locations are only performed in two spots resulting in a large variability due to differences in
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the tissue within these locations.

The electrode polarization parameters (K and m) are not constant over the measurements indi-
cating that the electrode polarization contribution is not constant. In the impedance spectra, the
peaks in the low-frequency range of the spectra have different heights. However, the repeated mea-
surements on one location show equal peaks. Several factors have an influence on the amount of
electrode polarization. These factors are among others: the measured sample, the electrode prop-
erties such as material, radius, structure, surface and shape, the electrode distance, the tempera-
ture and the current density [28][29][30][31][32]. The factors regarding the electrode material and
probe constants are assumed to be constant over the measurements. The temperature of heart H1
changed by three degrees Celsius over the measurements, however, the temperature of heart H2 was
constant and fluctuations were present as well. Therefore, the change in temperature is assumed
to have no influence. The differences in electrode polarization contributions are thus likely to be
caused by differences in the sample between the measurement locations just as these influence the
other parameters. The electrode polarization contribution disappears before 100 kHz for all mea-
surements, on average around 50 kHz. This range is in agreement with findings in the literature
[31]1[33][341[35][36].

The measurements on the outside of the ventricle of heart H3 showed a remarkable increase in the
real part of the impedance in comparison to the other locations. Also, there was a large difference
between the measurements in this location. These differences can be caused by the nonuniform
layer of fat that covers the outside of the ventricle. Furthermore, uncertainties in the measurements
can have attributed to the differences as it was difficult to ensure a stable measuring position due to
the curvature of the ventricle.

Comparison of healthy and ablated heart tissue

An increase in impedance is observed for the measurements taken after ablation in this Master The-
sis. This increase in impedance is characterized by two parts. The first part is an increase in the
peak value of the low-frequency range. This peak is described by the CPE element of the parametric
model which indicates that it is caused by electrode polarization. After ablation, an increase in con-
ductivity is expected mainly in the low-frequency range due to irreversible changes to the cells such
as damaged cell membranes [64]. As electrode polarization is more pronounced in samples with
high conductivity, the peak in the impedance can be caused by increased electrode polarization
impedance [28]. This contribution will then overlap the tissue impedance.

The second part of the increase in impedance is present in the high-frequency range. For healthy tis-
sue, a decrease in the real part of the impedance is visible around 100 kHz. For some measurements,
this is more pronounced than for others. However, after ablation, this decrease has flattened. This
small decrease in the spectrum of healthy tissue might be caused by the fact that for higher frequen-
cies the current flows through the cell membrane and intracellular fluid instead of only through the
extracellular fluid. The cell membranes can be damaged by ablation resulting in a smaller differ-
ence between impedance in the high and low-frequency range. Furthermore, after ablation with
fulguration mode, the formation of coagulum and desiccation might contribute to an impedance
increase. The flattening can also be caused by tissue dehydration due to loss of moisture over the
measurements.

In the literature, a drop in the tissue impedance is mentioned during and after catheter ablation
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instead of an increase as in this Master Thesis [9][65][66]. In the papers by Martin et al. (2018)
and Das et al. (2021), the impedance is measured during ablation in the presence of blood [65][66].
During ablation, there is an increase in tissue temperature resulting in increased ion mobility that
might explain the impedance drop. But in a recently published paper by Yamaguchi et al. (2021), an
impedance drop is measured after ablation without the presence of a fluid [9]. The presence of elec-
trode polarization can be a reason for the increase in the low-frequency range in this Master Thesis.
Also, differences in ablation and measurement methods are possible causes for the differences as
these vary in all studies. In this Master Thesis, an electrosurgical knife is used in fulguration and
pure cut mode and the impedance is measured by needle electrodes. While in the literature some
lesions are created with an ablation catheter and others with an electrosurgical knife in soft coag-
ulation mode and the measurements are performed with a catheter. All these factors contribute to
the differences in the results.

The ablation method with fulguration mode leads to the occurrence of tissue charring, vaporiza-
tion, desiccation and formation of a coagulum leading to a layer with a high resistance that can be
a reason for an increase in impedance instead of a decrease. This is in accordance with findings
in the literature [67][68][69][70]. Ablation without tissue charring results in the degeneration of the
tissue due to the high temperature resulting in the loss of structure and damage of the cell mem-
branes that give rise to a decrease in resistance. However, the control experiment with ablation with
the pure cut mode shows an increase in impedance although it does not lead to tissue charring.
Therefore, the increase in impedance that was visible after ablation in hearts H1 and H2 cannot be
completely dedicated to the presence of a coagulum. According to Leondes (2003), the cell mem-
branes get damaged due to the stopping of blood flow after excision resulting in a straight line for
the real part of the impedance [63]. This can be a reason for the lack of impedance drop because
the cell membranes might be already damaged before the ablation. On the other hand, the increase
in impedance can be (partly) attributed to the moisture loss over the measurement period and the
increase in electrode polarization due to damage to the cell membranes. The use of needle elec-
trodes results in the fact that the exerted current does not only pass through the ablated tissue but
also through the healthy tissue. Therefore, these influences are measured as well.

An increase in impedance is not present for one set of measurements on the inside of the ventricle
of heart H2 and for one set of measurements on the atrium of heart H1. This is not purely caused
by less effective ablation, as not for all measurements on these locations the ablation depth was
supetficial (see appendix H). Measurement errors due to the inhomogeneity and irregularities of
the measurement locations in the LA and IV might have added to the differences in the results. A
flattening in the decrease of the impedance in the high-frequency range is visible for these measure-
ments just as for the measurements in other locations.

Parametric model

The parametric model can fit most impedance spectra accurately. The MSEs between the data and
model are limited, the parameters are robust and do not go towards their boundaries. Also, the
contributions of the electrode polarization part (CPE element) and the general part of the model
(Cole terms) are as expected. The CPE element describes the increase in impedance in the low-
frequency range. The contribution of the EP term disappears around 50 kHz, which is in agreement
with findings in literature [31][34]([35][36]. The first Cole term has only a negligible contribution to
the impedance spectrum while the second Cole term is responsible for the description of the data
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in the high-frequency range. However, some deviating spectra cannot be accurately described by
the parametric model. In some cases, the general model tends to fit the complete frequency range
even though still a small peak that is likely to be caused by EP is present. This results in divergent
parameter values that are indicated as outliers. For example, the value of Roo becomes very small,
but the contribution of the first Cole term (mostly due to an increase in R;) increases. This can
be partly prevented by stopping the fitting process early. Other outliers are caused by deviating
impedance spectra that might be the result of measurement errors such as incomplete electrode-
tissue contact.

Parameter evaluation

The changes in the impedance spectra resulted in a change in parameter values. These changes
were similar for most of the measured locations, however, there were some exceptions. These dif-
ferent changes are mostly present for the parameters of the first Cole term. This term only has a
small contribution to the impedance spectra and therefore the difference between its contribution
to the healthy and ablated spectrum are varying. An example is #; which decreases for half of the
locations after ablation while it increases for the other locations. Another cause for the differences
is the variation in impedance between different measured locations as is explained at the beginning
of this chapter.

Depending on the location, the parameter differences were significant (p < 0.05) or not (p > 0.05)
according to the Wilcoxon signed-rank test. In some cases, the lack of significance is due to the
limited number of measurements. This is for example the case for the best-fit parameters of the fits
of the left atrium for heart H2. There is a difference between the parameters for healthy and ablated
tissue but due to the limited number of measurements, this difference is not significant.

The parameters of the CPE element and the second Cole term describe the two deviant parts in the
spectra of healthy and ablated tissue. The change of the tissue impedance is of interest and not the
change due to electrode polarization impedance. Hence, the focus is on the parameters belonging
to the second Cole term. To elaborate on these parameters, each parameter is discussed separately.

Roo

The Roo parameter decreases after ablation for all locations. This decrease led to significantly dif-
ferent values between healthy and ablated tissue for the measurements on the sidewall of the LV
and the inside of the LV of heart H1. Also, for the sidewall of the LV of heart H2, the difference was
significant. For all other locations, the differences were not significant. According to Grimnes and
Martinsen (2005), Roo represents the resistance at a very high frequency [43]. This seems to match
the contribution in the spectrum. Because Roo is a horizontal line in the spectrum of the real part
of the impedance and for a frequency of 1 MHz the spectrum does not reach the level of the Roo
parameter. However, the parameter might not be meaningful in a frequency range with a maximum
frequency of 1 MHz [67].

Ry

The value for R, increases after ablation except for the inside of the left ventricle of heart H2 and
the sidewall of heart H3. This increase led to significantly different values between healthy and
ablated tissue for all measurements except for the measurements on the atria of hearts H1 and H2,
the inside of the ventricle of heart H2 and the sidewall of heart H3. The parameters of the latter show
large variability. The parameter R, belongs to the second Cole term which has a large contribution
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to both the real and imaginary part of the impedance. It describes the jumps in the impedance in
the high-frequency range. For the real part of the impedance this is a slight decrease and for the
imaginary part of the impedance this is a slight increase in the impedance spectrum. Mainly the
slight decrease in the real part of the impedance is important because this decrease flattens after
ablation. According to Grimnes and Martinsen (2005) and Haemmerich et al. (2003), R, represents
the difference between the resistance at a very low frequency (the resistance of the ECF) and the
resistance at a very high frequency (Roo) [43][67]. An increase in the value for Ry, would then indicate
that the difference between these two resistances has increased by either an increase in resistance
for the low frequencies, by a decrease in the resistance for the high frequencies or by a combination
of the two.

I

The value for f, decreases after ablation for the measurements on all locations. This decrease led
to significantly different values between healthy and ablated tissue for all measurements except
for the measurements on the atria and the outside of the ventricle. Just as for parameter Ry,
belongs to the second Cole term. Haemmerich et al. (2003) mention that the approximation of
this parameter might be poor due to the limited frequency range [67]. However, it is interesting to
investigate the physical meaning of this parameter. According to Grimnes and Martinsen (2005) £,
represents the characteristic time constant of the tissue [43]. More specifically, this is the relaxation
time constant of dipolar orientation [71]. The relaxation time represents the delayed polarization
because polarization does not always occur instantaneously. The second Cole term describes the
spectrum in the region where S-dispersion (10 kHz to 100 MHz) occurs. B-dispersion is caused by
the polarization of the cell membranes and the formation of electric double layers at the membrane
surfaces. Thus the decrease in f, might indicate that there is less polarization of the cell membranes
due to damage caused by ablation.

ap

The value for a, increases after ablation for all locations except for the inside of the ventricle of
heart H2. This increase led to significantly different values between healthy and ablated tissue for
all measurements except for the inside of the ventricle and atrium of heart H2 and the outside of
the ventricle of heart H3. Just as for parameters R, and f», a, belongs to the second Cole term.
There are very divergent meanings given to this parameter. Haemmerich et al. (2013) mention that
it is a distribution parameter that accounts for the distribution of relaxation times. The higher the
value, the larger the spread in relaxation frequencies. Furthermore, they mention that a, might
give a poor approximation due to the limited frequency range [67]. Grimnes and Martinsen (2005)
mention that it is just a constant [43]. While Gonzdlez-Correa et al. (2019) mention that a, indicates
the imperfections of the cell membrane [72]. So there is not one clear physical meaning that can be
given to this parameter.

Classification evaluation

The formula on which the classification is based consists of the parameters R, and ;. The com-
bination of these parameters optimizes the difference between healthy and ablated tissue. Fur-
thermore, these parameters are chosen because they describe the deviant part of the spectrum in
the high-frequency range that is associated with a change in tissue impedance. The deviant part
in the low-frequency range is likely to be caused by electrode polarization and this should not be
included in the classification. Therefore, the parameters of the CPE element are not included in

40



Chapter 6. Discussion and recommendations

the classification formula. The formula lacks physical meaning as it is a random combination of
model parameters. However, physical meaning is tried to be given to the separate parameters in the
previous paragraphs.

Because there is an overlap between the values of healthy and ablated tissue (see figure 5.7), a trade-
off had to be made between the number of false positives and the number of false negatives of the
classification to set the threshold value. A false positive (healthy tissue that is indicated as ablated
tissue) increases the chance of a recurrence of the AF and a need for another catheter intervention.
While a false negative (ablated tissue that is indicated as healthy tissue) increases the chance of
over-ablation with a risk of damaging surrounding structures and the normal electrical circuit in
the heart. In a normal procedure over-ablation happens less frequently than ablation of too little
tissue resulting in the returning of the arrhythmia [5][6]. Thus it is desired that the number of false
positives is low because ablation of too little tissue has a quite high probability of occurrence. On
the other hand, the number of false negatives must be as low as possible because a false negative
can have a high impact. Therefore, the threshold value is set such that the number of false negatives
and false positives are as low as possible with to a lesser extent the goal to get the number of false
negatives as low as possible.

The classification results show that discrimination of healthy from ablated tissue might be possible.
However, this classification serves as a first impression. A sensitivity of 84.4% indicates a high true
positive rate which is desired. The specificity of 78.6% is also quite high. According to the MCC
(0.629), the quality of the classification is not bad since the value is closer to 1 (indicating excellent
classification) than to 0 (indicating a classification similar to random performance). These results
are promising. But before implementation in a clinical application, this method should be improved
further to satisfy the requirements belonging to clinical applications.

6.1.2. Research limitations

Useful results are obtained, although there are some limitations of this research that must be men-
tioned. First of all, the impedance measurements are performed on ex vivo porcine hearts while
in the real application in vivo human hearts are measured. The differences between in vivo and
ex vivo measurements e.g. the presence of blood, the tissue temperature and the level of dehydra-
tion must be taken into account when studying the results. Furthermore, the probe used for the
measurements contains needle electrodes while in the real application a catheter is used. This can
result in differences in the measured impedance spectra. However, for the application in this Mas-
ter Thesis, the difference between healthy and ablated tissue is important and not the exact value
of the impedance. Needle electrodes measure a larger contribution of healthy tissue than a catheter
which makes the difference between healthy and ablated tissue less pronounced. Also, the ablation
method of this Master Thesis was greatly based on the availability of equipment. An electrosurgi-
cal knife and electrosurgical generator with limited settings were used. While in reality an ablation
catheter is used.

6.2. Recommendations

This section contains the recommendations for further research.
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Perform experiments as in a real application

So far, the classification is performed based on data that is measured on ex vivo porcine tissue with
needle electrodes and lesions created by an electrosurgical knife. This leads to differences with the
real application. Therefore, it is recommended to perform future experiments that are more similar
to the real application e.g. finally by performing the measurements on human heart tissue (in vivo)
with an ablation catheter.

Explore the increase in impedance

In this Master Thesis, an increase in impedance is shown that was not present in other studies.
Therefore, it is recommended to investigate the cause of this increase in more detail. The time in-
terval between excision and the experiments is suspected to be one of the causes for this difference.
Therefore, a recommendation would be to start with performing multiple measurements at differ-
ent times after excision. This way, the influence of the lack of blood flow and dehydration on the
measurements can be studied. The increase can also be caused by the measurement and ablation
methods. Therefore, it is recommended to compare different measurement methods i.e. measure-
ments performed with an ablation catheter and in a two-electrode configuration and different ab-
lation methods i.e. ablation with an ablation catheter and an electrosurgical knife.

Investigate the limitations of the parametric model

In this research, the parametric model has been able to accurately describe most impedance spec-
tra. However, for deviating spectra the model fit gets less optimal. Therefore, the limitations of the
parametric model should be investigated in more detail. Also, the CPE model should be verified
as an accurate measure for the description of the electrode polarization, to make sure that the cor-
rect amount of electrode polarization is described and removed. Lastly, the physical meaning of the
model parameters must be investigated in more detail.

Improve the classification method

This thesis gives a promising first impression of the possibilities offered by a classification based
on model parameters for healthy and ablated heart tissue. A next step would be to extend this re-
search by collecting training and validation sets. Furthermore, it is recommended to look into other
classification methods. An example of an interesting method is to perform a principal component
analysis (PCA).

Use the technique for other applications

The technique of this Master Thesis shows the potential to distinguish healthy from ablated heart
tissue. However, it might be useful in other applications as well. For example for the distinction
between tumors and healthy tissue or to distinguish nerves and blood vessels from tissue.
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How can the impedance of heart tissue be modelled?

The impedance of heart tissue can be modelled by a parametric model which reduces the dimen-
sions of a measured spectrum. Parametric models contribute to an understanding of the parameters
in which the spectrum is quantified. The model fit is made using least squares optimization with
the Matlab function fminsearchbnd that uses the Nelder-Mead Simplex algorithm. For a complete
evaluation of the measured impedance spectrum, the spectrum is modeled as a series combina-
tion of an electrode polarization model and a general model. This way, the (undesired) electrode
polarization impedance and the tissue impedance are accounted for, without a-priori knowledge
of the exact amount of electrode polarization. Different models are investigated but there can be
concluded that the overall performance is best for a series combination of a CPE model and a two-
pole Cole impedance model. This model results in a low MSE for the real and imaginary part of the
impedance with robust parameters and can describe a variety of spectra. In this combination, the
CPE model describes the low-frequency range and the Cole impedance model mostly describes the
high-frequency range. This is as expected since electrode polarization is mostly present for low fre-
quencies. To conclude, the impedance of heart tissue can be modelled accurately by this parametric
model.

Can different parts of the heart be distinguished from each other with modelling?

There are significant differences in impedance spectra and found parameter values between various
locations of the heart and between similar locations of different hearts. However, these differences
are not always consistent. Also, the electrode polarization contribution fluctuates over the measure-
ments. These fluctuations are likely to be caused by variations in the tissue as other factors that can
have an influence are kept constant. Due to the inconsistent differences between locations in the
heart and between hearts, it is not possible to distinguish between different locations and different
hearts based on the model parameters. However, this distinction is not necessary for the application
of an ablation catheter. The goal of the addition of impedance to the procedure is not to distinguish
between locations and hearts but to investigate the differences between healthy and ablated tissue
at one specific location. Therefore, not the absolute parameter values of the heart tissue itself, but
the delta in the parameter values between the healthy and ablated tissue are crucial.

How can healthy and ablated heart tissue be distinguished with modelling?
The difference between measurements before and after ablation is characterized by an increase in
impedance for ablation in pure cut and fulguration mode. However, in the literature, an impedance
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drop is mentioned. This difference might be caused by the ablation and measurement methods but
also by the fact that the heart is measured some time after excision and by the presence of electrode
polarization. The differences between the healthy and ablated measurements are mostly described
by (significant) differences in the parameters of the CPE model (K and m) and the second Cole term
(R,, t» and ay). The mean values of R, and a, increased after ablation, while the values of f,, K and
m decreased after ablation for most measurements. Classification of healthy and ablated tissue is
made based on a formula consisting of a combination of the model parameters R, and . With both
sensitivity and specificity values of around 80%, the classification, that serves as a first impression,
shows promising results. To conclude, this study shows that parametric modeling in combination
with impedance spectroscopy is a promising method for the discrimination of healthy from ablated
heart tissue.
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Installation of Labview

For the impedance measurements that are performed during this Master Thesis, the 4192A LF HP
impedance analyzer is used. To extract the desired data from the impedance analyzer to a laptop,
the software LabVIEW 2018 is used. LabVIEW is a graphical programming tool that can be used
in combination with a DAQ hardware device. For this combination to work, LabVIEW and the NI-
DAQmx driver must be installed. In this appendix, the installation of LabVIEW 2018 is written out
step by step.

For students from the TU Delft LabVIEW 2018 is freely downloadable from the TU Delft Software
webpage. Follow the instructions of the LabVIEW 2018 instruction manual that is available by the
download itself [73]. The steps that are described in this manual are [73]:

1. Extract LabVIEW 2018 on a laptop and open the folder LV32 or LV64 depending on the oper-
ating system of the laptop,

Run the setup.exefile,

Click Decline Support when there is asked to install Hardware Support,

Enter the NI account in the NI Licensing Wizard that pops up,

Restart the laptop,

Open the NI-DAQmx folder and run setup.exe,

Follow the instructions and leave the settings at default,

Restart the laptop,

© XN wDN

Download the NI-488.2 software package. It can be found online on www.ni.com or by googling
NI-488 download,
10. The installation of LabVIEW 2018 is finished.

The DAQ hardware device (impedance analyzer) is connected to a laptop via a USB port. An error
as in figure A.1a can occur due to an unrecognized connection port. Step 10, (downloading the NI-
488.2 software package) should prevent this error from occurring. To check whether the package is
downloaded, open NI MAX (My System - Measurement and Automation Explorer) and check if the
package is visible under 'Software’, as can be seen in figure A.2. When running LabVIEW without
connection to the impedance analyzer another error can occur. This error is shown in figure A.1b.
Connect the laptop to the impedance analyzer to let the error disappear.
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] X
Error -1073807202 occurred at Property Node
(arg 1) in main3.vi

Passible reason(s):

LabVIEW: (Hex OxBFFFO09E) VISA or a code library required
by VISA could not be located or loaded. This is usually
due to a required driver not being installed on the system.

Search ni.com for error

E
Error -1073807195 occurred at Property Node
(arg 1) in main3.vi

Paossible reason(s):

VISA: (Hex OxBFFFO0AS) The interface type is valid, but
the specified interface number is not configured.

Search ni.com for error Stop

Figure A.1: Possible errors during installation of Labview: a DAQ hardware device error (a) and a connection error (b)
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Figure A.2: NI-488.2 software package
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Saline experiments

In this appendix, the results and main findings of the saline experiments are discussed. These ex-
periments are performed to gain an understanding of how a reliable impedance measurement can
be performed. These findings are partly used for the drafting of the methodology for repeatable
measurements.

Saline is a homogeneous NaCl solution and is a very common reference liquid with strong frequency-
dependent dielectric properties. Furthermore, saline can have similar dielectric properties as some
biological tissues. During four identical experiments, five saline solutions are measured. Measure-
ments from literature act as a reference. The saline solutions are made by the dissolution of an 0.9%
NaCl solution with demi water and are measured over a frequency range from 10 kHz to 1 MHz. To
investigate the measurement variability due to for example differences in room temperature and
preparation of the saline, the experiment is repeated four times. To investigate the repeatability
of the measurements, each measurement within an experiment is conducted three times. The re-
peatability shows the amount of variability due to the measurement setup.

The five solutions that are measured are:

. Solution 1: 100% demi water

. Solution 2: 0.9% NaCl solution

. Solution 3: 0.6% NaCl solution

. Solution 4: 0.45% NaCl solution
. Solution 5: 0.36% NaCl solution

Qr = W N =

First, the differences between the four experiments and an experiment in literature by Luik (2020)
are investigated [58]. The results of the four experiments are shown in figure B.1. The shape of the
spectra is similar to shape of the spectra of the study by Luik (2020) [58]. However, there are some
remarkable differences. First of all, there are small differences in the mean conductivity values of
approximately 0.1 S/m. These differences cannot be caused purely by errors in the saline concen-
trations because some solutions are bought. It must thus be caused by outside effects such as room
temperature or by the way that the measurements are performed. Secondly, the graphs of experi-
ment 2 are different in the low-frequency range than for the other experiments. The difference is
also more pronounced for higher saline concentrations. Electrode polarization and cleaning of the
electrodes might be one of the causes since electrode polarization is more pronounced in samples
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with higher conductivity. Lastly, the data of the imaginary part of the impedance overlap for all five
solutions. A reason for the overlap can be the visualization of the data and the insecurities in the
low-frequency range.

P Plot conductivity against the frequency for experiments 1,2,3,4
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Figure B.1: Conductivity data from saline experiments 1 to 4 for all solutions. In the legend, s stands for the type of
solution (1-5) and experiment stands for the number of the experiment (1-4)

In the final application, not the absolute conductivity or impedance values of the heart tissue are
important, but the differences between different tissue types during one experiment. Therefore, the
repeatability of the measurements is important and this is investigated such that the differences
within one experiment are limited. To do so, measurements are performed in a different way than
standard. Three factors are changed during the measurements of the five different solutions and
each type of measurement is repeated five times. It is important to take into account that there are
more influences on the measurements than the factors that are changed during these experiments.
The factors that are changed are: measurement by hand or from a stable position, measuring po-
sition in the cup and electrode-solution contact. The measuring conditions are displayed in figure
B.2.

The first conclusion that can be drawn is that measurements performed from a stable position show
more similar results than measurements that are performed by hand (see figures B.2a and B.2b). For
the repeatability of the measurements, it is best to perform the measurements from a stable posi-
tion. Secondly, the influence of the measuring position is tested by placing the probe in the middle
of the cup and at the edge of the cup (see figures B.2c and B.2d). The differences between these two
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positions are very small. Thirdly, the contact of the electrodes with the solution was changed. In
all previously discussed measurements, there is assumed that the complete electrode is in contact
with the solution. Incomplete electrode contact results in differences in the measured impedance
spectra. It is therefore important that the complete electrodes are in contact with the sample.

i

\ ==

Figure B.2: Different measurement conditions on saline solutions: measurement performed by hand (a), measurement
performed from a stable position (b), measurement performed at the edge of the cup (c¢) and measurement performed
with the electrodes partly in contact with the solution (d)
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Tofu experiments

In this appendix, the results and main findings of the tofu experiments are discussed. These findings
are partly used for the drafting of the methodology for repeatable measurements. The goal of these
measurements is to get familiar with the measurement setup and to test the repeatability of the
impedance measurements. This is a follow-up on the saline measurements.

Tofu (AH Biologisch Vegan tofu naturel) is used as this is a solid and mostly homogeneous medium.
This makes it more comparable to the measurements of heart tissue than a saline solution. A ho-
mogeneous medium is used to make sure that inhomogeneities do not cause any differences in
the measurement results. The influence of several factors on the repeatability of impedance mea-
surements is investigated. The investigated factors are: fixation of the probe (including electrode-
sample contact), removal of the probe in between the measurements and the height of the measured
sample. It is important to note that there are more influences on the impedance measurements than
the factors that are changed during these experiments. Each measurement is repeated 10 times. The
measurements are performed in agreement with the methods explained in the methodology (chap-
ter 3) and over a frequency range from 100 Hz to 1 MHz, 51 samples are taken.

The way the probe is fixated during measurements influenced the saline measurements. Measure-
ments from a stable position had a smaller variation than measurements performed by hand. Mea-
surements on tofu are performed from three positions. The first (default) position, is a position
where the electrodes are placed in the tofu and the cables are supported such that the probe stays
in the same place (figure C.1a). Secondly, the electrodes are placed in the tofu and the probe is held
in position by hand (figure C.1b), no pressure is executed. Lastly, the electrodes are placed in the
tofu and the cables are unsupported (figure C.1c). This results in incomplete contact between the
electrodes and the tofu. Measurements performed from the first position are most repeatable. This
is in agreement with the conclusion from the saline experiments. Measurements that are performed
by hand can be influenced by shaking of the hand and by different amounts of pressure that are ex-
erted on the probe. To ensure complete electrode contact in the default position, a small weight can
be added.

Furthermore, the effect of the removal of the probe between the measurements is investigated. Dur-
ing one part of the experiment, the probe is kept in place while repeating the measurements. While
during another part, the probe is removed from the tofu between the repeated measurements. The
latter results in a larger variability in the measured spectra. Tofu is supposed to be homogeneous, so
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Figure C.1: Different probe fixations during tofu measurements: measurement performed from a stable position with the

cables supported (a), measurement performed with the probe supported by hand (b), measurement performed with the
electrodes partly in the sample and the cables not supported (c)

the exact position of the measurement should not influence the results. Therefore, for the repeata-
bility, it is better to keep the probe fixated between the measurements.

Lastly, the influence of the height of the sample on the measurement is investigated. In the previous
measurements the sample height was approximately 3 cm. For the last measurements this height
is reduced to 1 cm, such that the electrodes were still completely inside the tofu. As expected the
repeatability of these measurements is comparable to that of part 1 (same fixation but different
sample height). Although, the mean values of all variables differ a lot. This can be caused by the
thin thickness of the sample but also by the loss of moisture as the two different measurements are
performed at the beginning and the end of the experiment.

57



Lsqcurvefit vs fminsearchbnd

In this appendix, the trade-off between Isqcurvefit and fminsearchbnd is given. The robustness of
the two functions is tested on fits of a four-pole Cole-Cole model with initial parameters that are
similar to the best-fit parameters provided by Gabriel (1996) [10]. The fit is performed on data that
is provided by the IT’IS foundation [74]. Firstly, noise is added to the measurement data. Secondly,
the initial parameters are changed.

An addition of 2% noise to the data leads to a deviation of the fit in the high-frequency range. Re-
sulting in an MSE of 1.03 - 10* when the fit is performed with Isgcurvefit (see figure D.1). When the
function fminsearchbnd is used with a similar merit function this results in an MSE of 5.87 - 10? (see
figure D.2). The upper bounds of a influence the fit, for the previous fits the upper bounds are set
at co. When the upper bounds of the exponents are set at 1, this results in a less accurate fit. This
difference is larger for Isqcurvefit than for fminsearchbnd.

£ Data Gabriel x 1.02 | ]
Model fit (Isqcurvefit)| |
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Frequency in rad/s

Figure D.1: The fit of a 4 pole Cole-Cole model to the permittivity data of the heart muscle measured by Gabriel with 2%
noise added, with Isqcurvefit and all upper bounds set to infinity

Changing the initial parameters by a multiplication of 0.85 leads to a less accurate fit. Resulting in
an MSE of 1.86 - 10'2 for the function Isqcurvefit. For fminsearchbnd with a similar merit function
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Figure D.2: The fit of a 4 pole Cole-Cole model to the permittivity data of the heart muscle measured by Gabriel with 2%
noise added, with fminsearchbnd and all upper bounds set to infinity

the MSE is 1.30 - 10°.

From these two disturbances, there can be concluded that the fits with fminsearchbnd are more
robust than the fits with Isqcurvefit. This is the case for similar merit functions. Still, the fmin-
searchbnd function is sensitive to noise and changes in the values of the initial parameters. Chang-
ing the algorithm for Isqcurvefit from trust-region-reflective to Levenberg-Marquardt does not in-
fluence the fit. Another advantage of fiminsearchbnd over Isqcurvefit is that the merit function can
be changed. This is not possible for Isqcurvefit. Changing the merit function can be useful when
high values of the low-frequency range dominate the low values of the high-frequency range.

To find the best fits for both of these functions, optimal design settings must be chosen. Different
design settings that can influence the fitting are for example the choice of initial parameters, the part
that the least squares are taken of, the algorithm tolerances (such as the step size and the maximum
number of function iterations) and the algorithm type.
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Benchmark model fit

A benchmark fit to the data of Gabriel (1996) is performed to verify the fitting method of this Master
Thesis [34]. Gabriel (1996) has performed measurements on many tissue types, among which heart
tissue [34]. These measurement data and the fit with the Cole-Cole model, see figure E.1, are well
documented in her articles [10]. The data can also be found online in the IT’IS database [74]. The
data that is used in this chapter is extracted from this database and is similar to the data that is used
in the articles of Gabriel (1996) [10][34]. As these data and the Cole-Cole model are widely used, the
best fitting parameters are mentioned in some articles. Therefore, the study from Gabriel (1996) is
used as a benchmark for the model fits that are performed in this thesis.

Heart
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Figure 1. (1) Heart

Figure E.1: The permittivity and conductivity of heart muscle against the frequency as measured by Gabriel (1996) to-
gether with a fit of the 4 pole Cole-Cole model [10]

Measurement method of Gabriel

The data of Gabriel is roughly comparable to heart data that is measured according to the methods
in this Master Thesis. The data of Gabriel is measured in the frequency range from 10 Hz to 10 MHz
with an HP4192A impedance analyzer. This frequency range is overlapping with the range in this
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Master Thesis and the impedance analyzer used is similar. The total frequency range that Gabriel
measured is larger but these are measured via different methods. An open-ended co-axial probe
with sputtered platinum electrodes is used because this material moves the electrode polarization
to a lower frequency. In this Master Thesis, two-needle electrodes are used. This difference influ-
ences the measured tissue area and the electrode polarization formation. Freshly excised (within
two hours after death) bovine heart muscle tissue is measured in vitro. The specific places that are
measured are not specified.

Effects such as electrode polarization and stray impedance are taken into account in the following
way. First of all, the capacitance and conductance are normalized against the parameters of the
probe measured in salt concentrations of a similar conductivity. The electrode polarization effect
is said to play a role below 1 kHz and is significant below 100 Hz. However, from the EP correction
method there cannot be concluded that it is completely removed. This can result in a difference in
the low-frequency range between the two data sets. The values of the capacitance and conductance
are also compensated for stray inductances by measurements on standard salt solutions. However,
the greatest effects of these inductances are present in the MHz range.

Fit by Gabriel

Gabriel (1996) uses a four pole Cole-Cole model to describe the spectrum of heart tissue in the
frequency range from 10 Hz to 100 GHz [10]. Four poles are used while there are only three main
dispersions as these provide a better fit. The formula for the Cole-Cole model is shown in equation
E.1. The parameter €, is kept at 4.0 during the fitting process because heart tissue is a high water
content tissue [10]. Gabriel fits the Cole-Cole model to the measurement data by hand with the
use of an Excel sheet. According to Sasaki (2014), the best-fit parameters that are calculated ‘by
hand’ (via the Excel sheet) do not provide a good fit during a fitting method that uses a least squares
method [75].

A€y, N g;
=1+ (ot - jweg

€= 6o+ (E.1)
Gabriel (1996) mentions that the fit with the Cole-Cole model can be used with high certainty in
the high-frequency range [10]. But it must be used with more caution in the low-frequency range
below 1 MHz. This is due to larger uncertainties in this frequency region that are caused by electrode
polarization and rare literature data [10]. The following conclusions are drawn about the parameters
of the Cole-Cole model by Gabriel [10]. The parameter €, is related to the water content of the tissue,
whereas the a parameter is negligible for body fluids. The value for 7 in tissue is higher than for pure
water, which indicates that the water molecules are restricted in tissue by their environment.

Repetition of the fit

The fit is performed in accordance with the method discussed in chapter 3. The function that is
used is fminsearchbnd with the Nelder-Mead simplex algorithm. As initial parameters, the best-fit
parameter values of Gabriel are taken. This resulted in a good fit. The choice of initial parameters is
very important for the correctness of the fit, even a slight change can result in a large error.

Fit over desired frequency range
The measured data of Gabriel span a frequency range from 10 Hz to 100 GHz, while the frequency
range of this thesis ranges from 100 Hz to 1 MHz, see figure E.2. This range might be described
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Chapter E. Benchmark model fit

with a two or three-pole Cole-Cole model instead of one with four poles as the frequency range
covers fewer dispersion regions. However, the limited frequency range can be described with a four
and three-pole Cole-Cole model but not with a two-pole Cole impedance model. The models also
describe the electrode polarization that is left in the impedance spectrum.

Permittivity data complete frequency range
: Permittivity data limited frequency range
10 Conductivity data complete frequency range
Conductivity data limited frequency range
109 \

10

10
10°

I

102 | | | | Ll | | | | L
10! 10° 10° 10* 10° 100 107 10° 10° 101 101
Frequency in Hz

TR O YUY O Y UTE N STT1 R V17| RS W TTY| RO WY M AR Y] M AR AT R RANRTT:

Conductivity in S/m and permittivity in F/m
2
L LA o o2 e e e L AL

Figure E.2: Indication of the complete and limited frequency range in the data of Gabriel (1996) [10]
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Classification measures

Measure Formula Explanation
TP . . .
PPV —_— Proportion of positive predictions
TP+FP

that are truly positive

TN

NPV TN+FN Proportion of negative predictions
that are truly negative
- TP "
Sensitivity TP+FN Ability to correctly detect the ablated
tissue
o TN -
Specificity TNLED Ability to correctly detect healthy
tissue
TP+TN
Accuracy Ratio between the number of cor-

TP+TN+FP+FN
rectly classified samples and the total

number of samples

TPxTN—-FPxFN .
MCC A general measure for the quality of
V(TP+FP)(TP+FN)(TN+FP)(TN+FN)

the classification

Table E1: Overview of the measures for the evaluation of the classification performance. TP = true positive, TN = true neg-
ative, FP = false positive, FN = false negative, PPV = positive predictive value i.e. the precision, NPV = negative predictive
value and MCC = Matthews correlation coefficient [59][60][76]
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Impedance spectra for parametric model
evaluation

This appendix shows the impedance spectra that are used for the evaluation of the parametric mod-
els in chapter 4.

2000 — ———
— Real impedance data (measurement 1)
\4 Imaginary impedance data (measurement 1)
1800 ———-Real impedance data (measurement 2) [l
\ - - —-Imaginary impedance data (measurement 2)
\
1600 — \ —
\
\
\
\
1400 — \ —

1200

1000

800

Impedance in ohm

600

400

200

0 L .
10? 10° 10 10° 109
Frequency in Hz

Figure G.1: Impedance spectra of measurements 1 and 2
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Ablation depth

In this appendix, the ablation depths of the created lesions are displayed per heart in table H.1. Also,
lesions created with fulguration mode and lesions created with pure cut mode are shown in figure

H.1.
Heart H1
Measurement | Ablation depth || Measurement | Ablation depth || Measurement | Ablation depth
15 4mm 19 2mm 23 2mm
16 2mm 20 Imm 24 2mm
17 Superficial 21 Imm 25 Superficial
18 Imm 22 2mm
Heart H2
Measurement | Ablation depth || Measurement | Ablation depth || Measurement | Ablation depth
11 1mm 15 2mm 19 2mm
12 1mm 16 Imm 20 Superficial
13 2mm 17 Superficial
14 1mm 18 Imm
Heart H3
Measurement | Ablation depth || Measurement | Ablation depth || Measurement | Ablation depth
6 2mm 8 Imm 10 S5mm
7 2mm 9 2mm

Table H.1: Ablation depths of measurement locations of hearts H1, H2 and H3
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Figure H.1: Ablation effects of the fulguration (a) and the pure cut (b) modes
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Results - Differences between locations

In this appendix, the results of the distinction between different locations and different hearts are
displayed. This is done by a visualization of the three locations for hearts H1 and H2 per parameter
in a boxplot. The three locations are the sidewall of the left ventricle (sw LV), the inside of the left
ventricle (ins LV) and the inside of the left atrium (ins LA). Furthermore, the impedance spectra of
the outside of the left ventricle of heart H3 are shown in comparison to spectra of the sidewall of the
ventricle of the same heart.
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Figure I.1: Boxplots of R, for the different locations of hearts H1 and H2
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Results - Differences between healthy and
ablated tissue

In this appendix, the results of the distinction between healthy and ablated heart tissue are dis-
played. First of all, an overview of the changes in parameters before and after ablation per mea-
surement location is given in figure J.1. Then the boxplots that display each parameter individually
for both the healthy and ablated measurements are given for each measurement location. Also, the
p-value of the Wilcoxon signed-rank test is indicated.

ins LVH1 | insLVH2 | OutsLVH3

Figure J.1: Changes in parameters before and after ablation. An increase in parameter value after ablation is indicated in
green and a decrease is indicated in red. The changes in parameter values are calculated based on the median
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Figure J.9: Boxplots of the parameters of healthy and ablated tissue of the outside LV of heart H3
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