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Abstract

Abstract

Atrial fibrillation (AF) poses a significant global health challenge, with the
left atrial appendage (LAA) identified as a frequent source. Irreversible
electroporation (IRE) has emerged as a promising non-thermal ablation technique
for AF treatment. This research focuses on understanding LAA conductivity, crucial

for estimating IRE outcomes through experimental work and numerical simulations.

The study investigates the impact of confounding factors on LAA
conductivity, addressing probe design and contact force monitoring's significance.
A tetrapolar probe and protocol are developed, characterizing LAA conductivity
below 100 kHz and providing the first in literature LAA conductivity of ex-vivo
bovine LAA from 0.1 Hz to 100 kHz. The findings underscore the importance of

tailored probe designs for accurate and repeatable conductivity measurements.

Additionally, the research proposes a benchtop LAA model with living
myocardial cells to assess IRE outcomes through pre- and post-conductivity
measurements. Results indicate the potential use of conductivity as a validation
method for IRE treatment effectiveness. This thesis serves as a valuable guide for
future research into IRE as an AF treatment, emphasising the application of
conductivity measurements for validation purposes. The insights gained contribute
to advancing the understanding of AF treatment strategies and the role of

conductivity in assessing the success of innovative interventions.

11



Chapter 1. Introduction

Chapter 1: Introduction

1.1 Introduction

Atrial fibrillation (AF) is the most frequent cardiac arrhythmia worldwide
[1]-[4]. In 2017, over 3 million new cases worldwide were diagnosed with AF.
Predictions estimate that 6—12 million people will suffer from AF in the US by 2050
and 17.9 million in Europe by 2060 [5]-[7]. AF increases the risk of blood clots,
stroke, heart failure, and other heart-related complications [1]—[4].

AF is characterized by the irregular activation of the atria, where the normal
electrical activity directed by the sinus node is not synchronized with the different
impulses firing from other locations in the atria [1], [4], [8]. The left atrial
appendage (LAA) has been identified as a frequent source of these aberrant
impulses [9], [10]. The result is a disordered heartbeat primarily in the atria,
disturbing the blood flow from the atria to the ventricles [1]. The aberrant impulse
propagation can be controlled to a certain extent by the atrioventricular node and
therefore the activity of the ventricles is typically less affected [11].

The current methods used to treat AF are pharmacological, cardioversion,
catheter-based management, and surgical treatments [4]. Pharmacological options
are frequently the first-line treatment to restore normal heart rhythm and control
the heart rate. If pharmacological treatments are not effective, other options may
be indicated to control AF, including cardioversion (electric shock to restore
rhythm), catheter treatments (including ablation), and surgery (ranging from
pacemaker implantation to Cox-maze procedure) [3], [12]. In addition to the
current treatments, new potential treatments are being investigated and proposed
[1], [4], [13], including non-thermal ablation using Irreversible electroporation (IRE)
[14]-[17].

Non-thermal ablation using IRE has shown promising results in preclinical
trials [13], [14], [17], and several medical device companies are investigating non-

thermal ablation using IRE as a treatment for AF. Henceforth, non-thermal ablation
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Chapter 1. Introduction

utilizing IRE will be referred to as "IRE" throughout the remainder of this thesis.
Similarly to existing treatments, such as radio-frequency treatment [18], IRE aims
to disturb the cell membrane ultimately leading to apoptosis and necrosis of the
targeted tissue cells [3], [16], [19].

IRE is achieved through the creation of a supraphysiological transmembrane
potential across some, or all, of the cell membrane [10], [19], [20]. Typically, a
pulsed electric field (PEF) is applied, commonly characterized in the clinical
literature by the “pulse strength” and “pulse duration” [21], even though the
precise impact of the waveform shape on the IRE result is not well understood [21].
The evidence suggests that a minimum threshold transmembrane potential is
required to ensure apoptosis [19]-[22]. To estimate the transmembrane potential,
numerical electromagnetic simulations can be used to calculate the field strength
at points in the targeted tissue. Although some studies have looked at the electrical
properties of heart tissues, the range of realistic electrical properties for cardiac
muscle and particularly the LAA is not specifically studied.

Similar electromagnetic simulations are used to support the design of
biomedical device design and treatment planning, across diverse applications
including electrical impedance tomography [16], [23]-[44], and in applications
related to oncology, it is used to differentiate between normal and cancerous
tissues [31], [45], [46]. Historically, electrical properties of biological tissue have
been studied [31], [32], [36], [41], [47]-[54] and have been synthesized into several
freely available databases [55], [56]. The characterization of biological tissue is a
growing research field since 1759 [57]. However, despite the substantial number of
tissues summarized in the literature, multiple biological tissues are not reported
such as LAA as an anatomical section of cardiac tissue was never investigated
specifically.

The potential of IRE in treating AF and the role of electrical properties of the
LAA in AF treatment planning have motivated this research. The thesis investigates
an accurate and repeatable measurement protocol for the LAA and identifies the
confounders that need to be controlled and measured to ensure the accuracy of

the measurements.
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Chapter 1. Introduction

1.2 Motivation

IRE involves using an electric field to modify cell membranes and ultimately
induce apoptosis. Understanding the electrical properties of various tissues and
adjusting pulse parameters accordingly to the targeted tissue e.g. LAA is needed for
effective AF treatment. However, there is limited research on the electrical
properties of the LAA. Gaining accurate knowledge of the electrical characteristics
of the LAA would be valuable for optimizing and potentially monitoring IRE
procedures. The initial exploration related to this thesis has led to the identification
several unresolved questions that are distinct from the primary research questions

that will be addressed in this study. These open questions include:

e What is the importance of understanding the electrical properties of
tissues for the advancement of IRE for AF treatment?

e Given the multiple data acquisition protocols for the electrical
properties of tissue available in the literature, can standardization be
achieved?

e Isitpossible to achieve repeatable and accurate measurements of the
electrical properties of complex biological tissues?

e What is the impact of confounding factors on the acquisition of
electrical properties of biological tissues?

e (Can these electrical properties be utilized as a means of validating

cardiac IRE treatments?

These unanswered questions motivate the research objectives of this
thesis, preceded by an extended literature review. Upon conducting a
comprehensive literature review, a substantial amount of information was found
regarding the data acquisition of electrical properties of different biological tissues.
The resulting data has been compiled and summarized in several papers and online
databases [55], [56]. While the literature offers extensive knowledge, they often fall
short in including all biological tissues.

The difficulty in characterizing a previously uninvestigated tissue like the
LAA can be attributed, in part, to differences in acquisition hardware, protocols, and
associated metadata of the original data. Therefore, researchers face challenges in

determining the most suitable approach to analyse and understand this complex

14



Chapter 1. Introduction

tissue. The complexity of the tissue refers to the structural and functional
complexity. The effect of these differences on the electrical properties of tissue
remains largely unexplored, further complicating the process of characterizing a
new tissue like the LAA. These gaps in knowledge have led to the formulation of
research questions that will be addressed in the thesis. Research questions that will

be addressed in the thesis are as follows:

1) What are the best methods for characterizing the electrical properties of
the LAA for the frequency range below 100 kHz?

2) How does the design of probes used during the electrical characterization
measurement of the tissue impact the accuracy and the repeatability of
acquired electrical properties of the LAA for frequencies below 100 kHz?

3) What are the electrical properties of ex-vivo LAA below 100 kHz, and how
do they compare to existing research on cardiac tissue electrical
properties?

4) What is the impact of probe contact force on the acquired electrical
properties of the LAA below 100 kHz?

5) Could the electrical properties of the LAA be utilized as a means to

validate IRE in a benchtop LAA model?

The specific contributions described in this thesis are summarised in the following

section. 1.3.

1.3 Thesis Contributions

The primary objective of this thesis is to investigate the impact of
different tetrapolar probes and external factors related to probe contact
force on the electrical properties of the LAA, and the corresponding
implications for potential treatment planning in AF. Additionally, the thesis
will evaluate the ability to validate IRE through the monitoring of electrical

properties. Specifically, the contributions of this thesis are as follows:

1) Evaluates the feasibility of custom-made tetrapolar probes for
electrical characterization of the LAA in the IRE frequency below 100

kHz.
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Chapter 1. Introduction

2) Proposes an optimized tetrapolar probe design for measuring the
electrical properties of the LAA.

3) Provides the first ex-vivo measurement of bovine LAA properties at
room temperature at the frequency range from 0.1 Hz to 100 kHz.

4) Enhance the understanding of the probe contact force dependency
of electrical properties measurements in the case of the LAA.

5) Design a benchtop LAA model using hydrogel embedded with
myocardial cells.

6) Monitor cell behaviours under IRE in a benchtop LAA model and
assess the impact on electrical properties, as a platform for

treatment planning.

The central research objectives necessary to fulfil the contribution of the

thesis are accomplished through the following phases:

e Conducting a fundamental analysis of the limitations of tetrapolar
probe design for electrical property measurements of the LAA,
designing, building, and characterizing a tetrapolar probe for
measuring the electrical properties of the LAA, and extending the
limited understanding of the impact of tetrapolar probe design
limitations on the reliability of electrical properties acquisition.

e Developing and characterizing an optimized tetrapolar probe for
electrical measurement of the LAA and the assessment of the LAA
electrical properties in relation to existing research on cardiac tissue.
To the best of our knowledge, this study provides the first ex-vivo
measurement of the electrical properties of bovine LAA at room
temperature in the frequency range from 0.1 Hz to 100 kHz.

e Expanding the understanding of the effect of contact force on the
electrical properties of the LAA over the frequency range below 100
kHz. The study also assesses the role of tissue extracellular fluid in
tissue electrical properties and provides a mechanism to investigate

the influence of probe contact force on these properties.

16



Chapter 1. Introduction

e Utilizing hydrogel and myocardial cells as a benchtop LAA model to
assess the cell deaths due to IRE as a potential method to validate IRE

treatment.

The specific contributions described in this thesis are summarised in the
following section, including the publications arising from these

contributions.

1.4 Journal and Conference Publications

The present study aims have been summarised and successfully presented at
conferences and published in peer-reviewed journals. The research findings have
been published in three journals and presented in seven conference papers. The

journal first author publications are:

o H. Benchakroun, N. IStuk, E. Dunne, A. Elahi, T. O’Halloran, M. O’Halloran
and D. O’Loughlin, “Design of a Tetrapolar Probe for Electrical
Characterization of the Left Atrial Appendage From 0.1 Hz to 100 kHz".
2023, IEEE Sensors Journal, 23(1), 741-749
https://doi.org/10.1109/JSEN.2022.3218534

o H. Benchakroun, N. IStuk, E. Dunne, A. Elahi, T. O’Halloran, M. O’Halloran
and D. O’Loughlin, “Probe Contact Force Monitoring during Conductivity
Measurements of the Left Atrial Appendage to Support the Design of Novel
Diagnostic and Therapeutic Procedures”, 2022, Sensors, 22, 7171.
https://doi.org/10.3390/522197171

The work in this thesis has been presented at the following conferences:

o H. Benchakroun, D. O’Loughlin, N. Istuk, M. O’Halloran and A. La Gioia,
"Evaluation of the Feasibility of Three Custom-made Tetrapolar Probes for
Electrical Characterization of Cardiac Tissue," 2021 15th European
Conference on Antennas and Propagation (EuCAP), pp. 1-5
https://doi.org/10.23919/EuCAP51087.2021.9410978

o H. Benchakroun, E. Dunne, D. O’Loughlin and M. O’Halloran,
“Measurement of the Left Atrium Appendage Electrical Conductivity with a

Tetrapolar Probe over 0 . 1 Hz to 100 kHz” 2021, 21st International
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Conference on Biomedical Applications of Electrical Impedance

Tomography.
Published collaborative work in this thesis is listed below:

o N. IStuk, A. La Gioia, H. Benchakroun, A. Lowery, B. McDermott and M.
O’Halloran, "Relationship Between the Conductivity of Human Blood and
Blood Counts," 2022, IEEE Journal of Electromagnetics, RF and Microwaves
in  Medicine and Biology, wvol. 6, no. 2, pp. 184-190,
https://doi.org/10.1109/JERM.2021.3130788.

o N. IStuk, R. Matta, H. Benchakroun, J. M. Baena-Montes, L. Quinlan, D.
Moreau, R. O’Connor, E. Dunne, A. Elahi and M. O’Halloran, “Miniaturised
Four-Electrode Conductivity Probe with PEDOT:PSS Coating” 2023, URSI
GASS 2023, Sapporo, Japan.

o N. IStuk, A. La Gioia, H. Benchakroun, A. Lowery, B. McDermott and M.
O’Halloran, “Measurement of Electrical Conductivity of Human Blood at
Frequencies Below 100 kHz with Four-electrode Probe Method”. 2021,
XXXIVth General Assembly and Scientific Symposium of the International
Union of Radio Science (URSI GASS), 1-4.
https://doi.org/10.23919/URSIGASS51995.2021.9560424, Galway, Ireland.

o N. IStuk, H. Benchakroun, M. A. Elahi and M. O'Halloran, "The Effect of
Contact Pressure on Ex-vivo Measurements of the Conductivity of Liver,"
2022, 16th European Conference on Antennas and Propagation (EuCAP),
2022, pp. 1-3,
https://doi.org/10.23919/EuCAP53622.2022.9769625, Madrid, Spain.

o N. Istuk, H. Benchakroun, E. Dunne, M. O’Halloran, “Pressure Dependency
of Conductivity Measurements: The Specific Case of the Lung”. 2021, 21st
International Conference on Biomedical Applications of Electrical
Impedance Tomography, Galway, Ireland.

o S. Burke, K. Polak-Krasna, H. Benchakroun, P. Vazquez, M. O'Halloran, A.
Shahzad, W. Wijns, M. Krasny, “Feasibility study of plaque detection using
electrical impedance techniques”. 2022, 16th European Conference on
Antennas and Propagation (EuCAP), IEEE.
https://doi.org/10.23919/EuCAP53622.2022.9769600, Madrid, Spain.
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1.5 Thesis Structure

The remainder of this thesis is organized as follows. Chapter 2 presents an
overview of the current state of knowledge on AF, including a description of AF and
the current treatment options for AF. It also introduces an overview of the
anatomy, physiology, and electrical properties of the LAA. Chapter 2 also highlights
a lack of knowledge of the electrical properties of the LAA. Additionally, it highlights
the importance of understanding these properties for treatment planning for IRE.
Chapter 2 introduces different measurement methods for the measurement of
electrical properties of biological tissue. Finally, chapter 2 discusses the
understudied influence of the probe design and probe contact force on the
electrical properties of tissue.

Chapter 3 provides background on the design of probes used for measuring the
electrical properties of biological tissue, specifically focusing on probes used in the
characterization of cardiac tissue. Chapter 3 describes the methodology used,
including the process for acquiring and characterizing electrical properties, as well
as the rationale behind the proposed probe design. It also includes a comparison of
different probes that can be used for characterizing the electrical properties of the
LAA. This comparison highlights the effect of the probe on the data acquisition and
identifies the best-fit probe for characterizing the LAA electrical properties.

Chapter 4 presents a novel contribution to the field of cardiac tissue electrical
properties. Specifically, it provides the first published electrical properties of the
LAA including the description of the sample acquisition, LAA dissection, and
measurement procedures. Furthermore, chapter 4 provides the LAA electrical
properties in relation to current knowledge on cardiac tissue electrical properties
in the literature. Chapter 4 provides a valuable addition to the current
understanding of the LAA electrical properties and its potential implications for the
treatment planning of AF.

Chapter 5 reviews the current literature on electrical properties measurement
and the impact of contact force on electrical properties. It describes the
methodology of the study, including the electrical properties acquisition process,
setup design, and sample handling. Chapter 5 evaluates the influence of contact

force on the electrical properties acquired from LAA samples. It also analyzes the
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significance of extracellular fluids in the tissue as a contributing factor to the effects
observed.

Chapter 6 explores the monitoring of the electrical properties change in a
benchtop LAA model due to IRE. Chapter 6 introduces a benchtop LAA model using
a hydrogel embedded with myocardial cells. The electrical properties of the model
are investigated before and after IRE. Chapter 6 is structured as follows: it describes
the methodology used during the study, including the development of the
benchtop LAA model using cultured human cardiomyocyte cells, the description of
the hydrogel and how the cells are embedded in it, the conductivity measurement
process, the protocol for IRE, and the assessment of hydrogel robustness and
stability. Furthermore, chapter 6 includes a statistical analysis of the significance of
conductivity change and assesses the validity of using electrical property
monitoring as a validation tool for IRE.

Finally, chapter 7 summarizes the main conclusions of the research presented

in the previous chapters and provides suggestions for future work.
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Chapter 2: Literature Review

2.1 Introduction

The investigation of the electrical properties of biological tissues has been an
area of ongoing research since 1894, with numerous studies conducted and
published in the literature [28], [29], [49], [58]. The electrical properties of a variety
of biological tissues have been examined [27], [28], [31]-[34], [51], [59]-[62], and
these studies have been utilized in the development of various therapeutic and
diagnostic technologies [16], [59], [63]—[70]. Synthesized data on the electrical
properties of biological tissues is available in a number of papers and freely
available online databases, the most cited in the literature are the Italian National
Research Council database [55] and the IT’'IS Foundation database [56]. Despite the
information available in the literature, there are still some biological tissues that
have yet to be characterized. The present thesis focuses on the LAA, which has not
been investigated and has been recognised as a region of the heart associated with
AF [1]-[3].

Chapter 2 provides a comprehensive literature review on AF, detailing the
current understanding of the condition, as well as an overview of the current and
potentially novel treatments that have been proposed. It also explores the
significance of the electrical properties of the LAA in the context of developing
treatment planning for AF [1]-[3]. Chapter 2 provides an analysis of the available
databases and identifies the gap in knowledge for tissue characterisation and
especially the electrical properties of the LAA. Furthermore, chapter 2 reviews
methods of measuring the electrical properties of tissues, including the advantages
and disadvantages of each method, and provides a discussion on the most

appropriate method for measuring the electrical properties of the LAA.
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2.2 Atrial fibrillation

AF is a cardiac arrhythmia characterized by the lack of coordination between
the normal electrical activity directed by the sinus node and the impulses firing
from other locations in the atria, as shown in Fig 2.1 [8], [71].

AF is defined as an intermittent or persistent pattern of disordered electrical
activity in the atria, and consequentially, disruption in blood flow from the atria to
the ventricles [34], [35]. The triggers of AF can differ among individuals, with the
pulmonary veins being the most commonly associated area. However, recent
studies have identified the LAA as a frequent source of these abnormal impulses
that lead to AF [9], [72], [73]. Therefore, the treatments for AF presented in this
thesis will include methods that target AF caused by the pulmonary vein, as well as
those that address AF originating from the LAA [36].

The management of AF is often multifaceted and may involve a combination of
pharmacological, cardioversion, and/or surgical interventions. The choice of
treatment depends on various factors such as the underlying cause, the duration
and frequency of episodes, and the patient's overall health status. This introduction
provides an overview of the various treatment options available for AF, including
their indications, benefits, and potential risks. AF is often classified into three

distinct subtypes: paroxysmal, persistent, and long-standing persistent [1], [74].

e Paroxysmal AF is characterized by episodes of irregular cardiac rhythm
lasting less than one week, which typically resolves spontaneously without the need
for treatment [74].

e Persistent AF, on the other hand, is defined as continuous or recurrent
episodes of irregular cardiac rhythm lasting for more than one week and requires
intervention with anti-arrhythmic therapy or other forms of treatment [74].

e Lastly, long-standing persistent AF is characterized by the presence of
continuous or recurrent episodes of irregular cardiac rhythm lasting for more than
one year and is often considered resistant to treatment, requiring more advanced

therapeutic options [74].
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Typical heart rhythm Atrial fibrillation (AFib)
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Figure 2. 1 illustration compares the normal heart rhythm to the irregular pattern seen in the heart

Pharmacological therapy is frequently used as first-line treatment and aims to
restore normal heart rhythm and control heart rate [75]. Concurrently, patients
may be prescribed anticoagulant medication to reduce the risk of secondary
complications, such as stroke [75]. In cases where pharmacological therapy is not
sufficient to control AF, additional treatment options such as cardioversion (the
application of controlled electrical shocks to restore normal rhythm) [12], [76],
catheter-based procedures (such as Radiofrequency Ablation) and surgery (such as
pacemaker implantation or the cox-maze procedure) [77] may be employed.
Recently, new technologies using catheter-based procedures have gained attention
as a potential treatment option for AF [78]. These procedures, such as pulmonary
vein isolation [79] and left atrial appendage closure (LAAC) [80], involve the use of
catheters to ablate areas of the heart tissue that are causing the abnormal rhythm
[81]. These procedures have been shown to be effective in reducing the recurrence
of AF, for Pulmonary Vein Isolation (PVI) 61% reduction is seen in 367 patients [82]
and for LAAC 48% reduction is seen in 1,240 patients [83]. In both cases for PVl and
LAAC, the treatment is less invasive than traditional surgical options [10], [16], [19],
[22], [30], [73], [84].
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2.3 Anatomy and Physiology of the LAA

The heart, an intricate organ at the core of the circulatory system, coordinates
the continuous circulation of oxygenated blood throughout the human body.
Positioned within the thoracic cavity, left of the midline, the heart assumes the
form of a muscular pump. Comprised of four chambers—two atria and two
ventricles—the heart contracts rhythmically to facilitate blood flow. Its myocardial
walls consist of specialized cardiac muscle tissue, endowed with contractile
properties driven by electrical impulses. Within the anatomical structure of the
heart, specific components play pivotal roles in maintaining cardiac function and
efficiency. One such component is the LAA, an anatomical extension originating
from the left atrium.

The LAA is an anatomical structure located in the left wall of the primary
atrium, which forms during the fourth week of embryonic development [85]. The
LAAis a long, tubular, hooked structure, usually crenellated, with a narrow junction
to the venous component of the atrium as shown in Fig 2.2. In contrast to the LAA,
the right atrial appendage is broad and triangular with a wide junction. The
anatomy of the LAA can vary in shape and size, a study by Ernst et al., 1995 [86]
provides a detailed description of the varied morphology of the LAA from 220 cases
using synthetic resin casts made at necropsy. According to the study, the shape of
the human LAA is predominantly elliptical (major and minor axes are A and B
respectively shown in Fig 2.2), accounting for 68% of its shape, and its volume varies
from 0.7 mL to 19.2 mL. Additionally, the shape of the LAA can vary depending on
its depth, with A ranging from 16 to 51 mm, and its diameter, with B ranging from
10 to 40 mm [87].

Currently, the LAA is recognized as a structure with important pathological
associations with AF, as LAA is now recognized as a frequent source of aberrant

impulses in the heart causing AF [10], [14], [69], [73], [82], [83], [85].
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Figure 2. 2 The transesophageal echocardiography image illustrates the elliptical configuration of the
LAA in relation to the heart [85] with two distinct diameters in A’ and B’

2.4 Current Treatment for AF

Managing atrial fibrillation (AF) involves diverse approaches. Medications
like beta-blockers are commonly used initially. Cardioversion, both electrical and
chemical, restores normal heart rhythm, and surgical options like the maze
procedure may be considered if initial treatments are ineffective. Minimally
invasive catheter procedures, such as pulmonary vein ablation and left atrial
appendage closure, offer alternatives. Electroporation, disrupting cell membranes
with pulsed electric fields, holds promise. The ease of these approaches and their
specific considerations will be discussed in the following sections, providing insights

into precision and effectiveness in AF treatment.

2.4.1 Pharmacological treatments

Pharmacological treatments are commonly used for AF, summarised by
Xu et al, 2006 [4]. The medication is primarily prescribed to control heart rate and
rhythm and may also be used in conjunction with other treatments [75].

Medication options for treating AF may include [4]:
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o Rate control medications prevent the ventricles from beating too fast
(Beta-blockers (e.g., metoprolol, atenolol), Calcium channel blockers (e.g.,
diltiazem, verapamil), Digoxin).

o Rhythm control medications help restore a normal sinus rhythm
(Amiodarone, Dronedarone, Flecainide, Propafenone, Sotalol).

o Blood thinners (anticoagulant medications) reduce the risk of blood clots

and stroke (Warfarin, Dabigatran, Rivaroxaban, Apixaban).

Pharmacological treatments are often used to control the heart rate and
rhythm and are often used as the first course of action. However, typically, the
choice of treatment is based on many factors including clinical history, physical
examination, allergies or drug interactions and side effects. Common side effects

can include excessive bleeding, weakness, dizziness, and others [75].
2.4.2 Cardioversion treatments

Cardioversion is used to restore normal cardiac rhythm in cases of AF [12],
[76]. Cardioversion has demonstrated high effectiveness with an overall success
rate of 96.2% in 419 cases [88]. The study, which included individuals with irregular
heartbeats, noted a male predominance of 69% among those undergoing
cardioversion. The average age of participants was 61 years, with a slight variation
of £13 years. Success rates were reported at 95.4% for women and 96.5% for men,
highlighting the procedure's efficacy in achieving normal heart rhythm
restoration [88]. Cardioversion is the treatment of choice in severely
haemodynamically compromised patients with new-onset AF [76].

Cardioversion may be prescribed for AF patients at different stages,
depending on factors such as the duration and severity of the AF, the patient's
overall health status, and their ability to tolerate the procedure. Cardioversion
treatments may be considered in cases of recent-onset or persistent AF, long-
standing persistent AF, and paroxysmal AF [12], [76].

Cardioversion treatments are often characterised as electrical or
chemical [76], [89]. The electrical cardioversion uses an external defibrillator, which
delivers a shock to the heart through handheld paddles or electrode patches
applied to the chest and back [76], [90], and the use of an implanted defibrillator,

which can be classified as a surgical treatment [90].
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Additionally, chemical cardioversion may be utilized, in which medication
is administered orally or intravenously [91]. According to a study published in the
Journal of the American College of Cardiology, electrical cardioversion is successful
in restoring normal sinus rhythm in approximately 90-95% of patients [89], [92]. A
meta-analysis published in the European Journal of Internal Medicine found that
chemical cardioversion with antiarrhythmic drugs had a success rate of
approximately 75% in restoring normal sinus rhythm in patients [92], [93].

Cardioversion is associated with certain risks, including skin irritation or
damage from electrodes, bruise formation, and potential dislodgment of pre-
existing blood clots which can lead to stroke, exacerbation of abnormal cardiac
rhythm, and allergic reactions to medication [76], [89]. A study published in the
Journal of the American College of Cardiology found that the use of prophylactic
anticoagulation therapy in conjunction with electrical cardioversion increased the
success rate of restoring normal sinus rhythm, while also reducing the risk of
thromboembolic complications [12]. Another study published in the European
Heart Journal found that the use of oral anticoagulant therapy in conjunction with
chemical cardioversion such as Quinidine, Disopyramide, Flecainide, Propafenone,
Atenolol and Digoxin in 197 different cases, showed an increase in the success rate
of restoring normal sinus rhythm, while also reducing the risk of thromboembolic
complications [94]. The specific risks associated with cardioversion may vary
depending on factors such as the patient's age, type of abnormal cardiac rhythm,

and other underlying medical conditions [95].
2.4.3 Surgical Treatments

In cases where medications and cardioversion are ineffective in reducing or
resolving AF, a surgical procedure may be necessary [4]. These procedures are
typically considered as a last resort option, as they may come with higher risks and
complications compared to non-surgical methods [13], [96].

Current surgical options for AF include the implementation of a permanent
pacemaker and the maze procedure [13], [96]. The permanent pacemaker
procedure is performed when the patient has a slow heart rate and external
electrical cardioversion has not been effective. This procedure is typically
implemented if the patient has multiple arrhythmias in addition to AF [97], [98][42],
[69].
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The maze procedure is a type of surgical treatment for AF [77], [99]. It is usually
considered for patients who have not responded to cardioversion treatments or
are not candidates for non-surgical treatments such as medications or catheter
ablation [77], [97], [98], [100].

During the maze procedure, the surgeon makes several small incisions in the
atria (the heart's upper chambers) and creates a pattern of scar tissue. This scar
tissue blocks the abnormal electrical signals that cause AF and directs the electrical
impulses to follow a specific pathway, which can help restore normal heart rhythm
[771, [97], [98], [100].

The pattern of scar tissue created during the maze procedure can take several
forms, including the traditional "maze" pattern or a simpler pattern called the "mini
maze" procedure that is shown in Fig 2.3. The maze procedure can be performed
using open-heart surgery or minimally invasive techniques using a catheter-based
treatment [100].

The maze procedure has success rates ranging from 75-95% [77], [97]. In [97]
the maze was performed in 41 selected patients who had long-standing AF. At
discharge, 35 patients (85%) were arrhythmia free, and 6 patients (15%) showed
paroxysmal atrial fibrillation and paroxysmal atrial tachycardia. However, it is a
more invasive procedure than other treatments for AF and carries a greater risk of

complications [77].

Left atrial appendage

-
----

Inferior vena cava

Figure 2. 3 Complete set of atrial lesions as done in the cox-maze procedure
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2.4.4 Catheter-based ablation treatments

New minimally invasive catheter-based methods have been proposed to
treat AF [4]. These procedures typically involve the use of catheters to deliver
treatment, with several commercialized options now available, including
pulmonary vein ablation and LAAC [78], [79], [101], [102].

Pulmonary vein ablation is a treatment procedure that uses a catheter-
based method inserted into the heart to deliver energy inside the pulmonary veins.
Two types of treatment are commonly used: radiofrequency ablation, which
delivers heat using radio waves to stimulate the targeted tissue areas [101], and
cryoablation, which uses extreme cold to temporarily freeze and promote
apoptosis/necrosis and ultimately scarring of the targeted tissue areas [103].
Studies have shown that pulmonary vein ablation leads to better patient responses
to AF medications [65], [79], [102]. In [102] AF was achieved in 61.7% of 60 patients
(32 men [53.3%]; mean age 45.8+15.5 years) with paroxysmal AF in the study
that lasted 27 to 89 months depending on the patient.

This procedure is often combined with medication until normal heart
rhythm is restored, and in some cases, the patient may not even need medication
long-term [79].

LAAC is another alternative procedure to treat AF, which reduces the risk of
blood clots and stroke by blocking the opening of the LAA. The goal is to keep blood
clots that form in the LAA from entering the bloodstream [80]. Two types of devices
have been proposed for the closure of the LAA: devices that introduce an implant
to close the opening of the LAA, such as WATCHMAN™ [80], Amulet™ [104], and
WaveCrest™ [72], [105]. The second type of device proposed for closure uses a
band or suture loop to close off the LAA; commercialized devices include Lariat™
[106] and Sierra™ [107]. As new treatment methods and technologies continue to
be developed, new procedures for treating AF are emerging, such as non-thermal

pulsed-field ablation.

2.5 Electroporation

Electroporation is similar to other catheter-based techniques, seeking to cause
regions of apoptosis and necrosis but with minimal thermal effects [14], [15]. In the

last 25 years, multiple in vitro studies have been presented, with these using energy
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sources (electroporation) that disrupt the cell membrane [10], [14], [19], [22] [24],
[66]. Electroporation offers precise targeting, sparing surrounding structures like
blood vessels and nerves [10], [19], [20].

The field of electroporation has been an area of research since the 1950s [30],
[84], and has been proposed as a modality for the manipulation of cells and tissues
[10], [16], [22], [24]. Electroporation induces changes in the nature of the cellular
membrane, forming pores in the membrane due to the applied, external electric
field (electropermeabilization) [19]. These changes in membrane permeability can
be reversible or irreversible [30]. Reversible electroporation creates transient pores
in the cell membrane. The pores generated in the mebrane and the time it takes
for the membrane to recover its integrity after electroporation depends on the cell
type being treated. Reversible electroporation can introduce molecules or genetic
material into cells that would otherwise be impermeable to them, allowing for a
wide range of applications in fields such as biotechnology, medicine, and genetic
engineering. [19], [30]. Irreversible electroporation permanently disrupts the cell
membrane and causes cell death [15]. The fundamental principles of reversible and
irreversible electroporation are the same in terms of mechanism of action,
however, there are long-lasting effects with irreversible electroporation [10], [14].

The changes induced by electroporation, whether reversible or irreversible, are
brought about by the application of PEF, commonly known as pulses [21].
Additionally to the pulse, factors such as cell membrane thickness, permeability,
and electrical conductivity all play a role in determining the optimal pulse for a given
tissue type [24], [30]. Taking into consideration all those parameters, the
electroporation outcomes remain unclear [20]. The literature suggests that a
minimum threshold transmembrane potential is necessary for apoptosis [19]-[22].
Based on the electrical properties of the targeted tissue, numerical electromagnetic
simulations can be used to estimate the outcome of electroporation using field
strength at points.

Many studies investigated the electrical properties of tissues, and have been
synthesized into several freely available databases [55][56]. In recent versions of
the online databases (February 2022), the reported conductivity has changed by a
factor of two for several tissues [31], [51], [56], [108] and these changes in the

properties reported suggest that further work is required to investigate the
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electrical properties especially frequencies below 100 kHz [31], [51], [56], [108].

2.6 Conductivity of biological tissue

The electrical properties of biological tissues are determined by the movement
of ions, such as sodium, potassium, and calcium, and the concentration of these
ions [31], [32], [109]. These properties are commonly used in biomedical device
designh and treatment planning, in diverse applications including electrical
impedance tomography [53], [110]-[112], human blood count monitoring [26],
[59], [113], neuron-stimulation systems [25], [114], devices for obstetric
applications which compare the electrical impedance of the gravid and non-gravid
uterus and cervix [27]-[29], and in applications related to oncology comparing

normal to cancerous tissues [29], [31]-[34], [39], [45], [115]-[117].

2.6.1 Model for the Passive Electrical Properties of Cells and

Tissues

In 1925, Fricke made a significant contribution to the analysis of the passive
electrical properties of red blood cells; Fricke made a successful hypothesis
regarding the thickness of the cell membrane, suggesting a range from 30 nm to
the actual measurement of 7 nm [30]. This hypothesis was derived from an
electrical model, where the cell membrane was conceptualized as a dielectric layer,
and the extracellular and intracellular media were represented as conductive
materials. Fricke's model can be represented by a simplified circuit diagram in

Fig. 2.4.

l

Figure 2. 4 Electrical model for a suspended cell viewed from electrodes: Extracellular and
intracellular media are resistances, while the cell membrane is a capacitance. Combined as Re
(extracellular resistance) in parallel with Cm (membrane capacitance) and Ri (intracellular resistance)
[30]

In the model proposed by Fricke, every infinitesimal portion of the extracellular
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and intracellular media can be envisaged as a resistance, while each infinitesimal
portion of the membrane can be conceived as a capacitance. The resistive
behaviour of the extracellular and intracellular media primarily arises from their
ionic constituents, given that both media essentially consist of ionic solutions
(electrolytes). The extracellular medium is predominantly composed of anions
(such as CI) and cations (such as Na*), whereas the intracellular medium is
dominated by potassium ions (K*) [30].

In contrast, the cell membrane primarily comprises a thin lipid bilayer, which is
approximately 7 nm in thickness. This lipid bilayer is selectively permeable to lipids
and water molecules, but effectively impermeable to ions. Consequently, it exhibits
a very low intrinsic electrical conductance and can be reasonably regarded as a
high-quality dielectric. Therefore, the overall structure encompassing the
extracellular medium, the lipid bilayer, and the intracellular medium can be viewed
as a conductor-dielectric-conductor configuration, effectively behaving as a

capacitance[30].

Re

Rel/fRa

0.1 1 10 100 1000 10000
[requency (kHz)

Figure 2. 5 (a) Representation of low-frequency (left) and high-frequency (right) current flow through
a cell suspension or tissue, illustrating the restriction of low-frequency currents to extracellular
spaces and the unhindered passage of high-frequency currents

The model consists of a resistance symbolizing the extracellular medium (R.) in
parallel with a series combination of a capacitance (Cn) representing the
membrane, and another resistance denoting the intracellular medium (R;). This
model is actively applied to describe the passive electrical properties of cell
suspensions and tissues. It is noteworthy that, owing to the capacitive nature of the
membrane, low-frequency currents are unable to penetrate the cell, while high-
frequency currents can freely traverse it [30]. Typically, for most animal tissues, the
transition between the low-frequency behaviour and the high-frequency behaviour

occurs within a frequency range spanning approximately from 10 kHz to 1 MHz as
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seen in Fig 2.5 [30].

Within the transition range from low-frequency behaviour to high-frequency
behaviour, the value 100 kHz is often used as a reference point in literature.
However, it is important to note that the exact reference value can vary depending
on the specific tissue and experimental conditions.

Above 100 kHz, the behaviour of the electrical current changes, and the current
can cross the barrier of the cell membrane and flow through the extracellular fluid
[30], [118], [119]. At higher frequencies, the electrical field causes the polar
molecules within the cells (B-dispersion), such as proteins and nucleic acids, to
rotate and oscillate, resulting in a flow of current through the extracellular fluid
[120], [121]. The extracellular fluid still conducts the majority of the current, but
some current can pass through the cell membrane and flow through the
extracellular fluid [122]-[124].

Below 100 kHz, the cell membranes, which have high resistance, act as a barrier
to the flow of current, preventing the charged ions from penetrating the cell space.
This behaviour is known as the "extracellular" or "volume conductor" model of
current flow, it is commonly used in bioelectromagnetic modelling and
simulation [125], [126]. At lower frequencies, the concentration and movement of
ions determine the electrical conductivity, which is a measure of how easily electric
current can pass through the tissue.

In addition to the conductivity being the direct assessment of ion mobility and
concentration, conductivity provides several advantages [127]. The conductivity is
less affected by variations in tissue structure and composition [127], making it a
more consistent measure of tissue properties [127]-[130]. Additionally,
conductivity can be measured non-invasively and in real-time [127], making it a
useful tool for monitoring tissue properties during medical procedures or
treatment [36], [54], [130], [131]. Furthermore, conductivity is easy to interpret and

can provide valuable information about tissue health and disease [31], [45], [116].
2.6.2 Conductivity of biological tissue below 100 kHz

Many studies investigated the electrical properties and have been synthesized
into several freely available databases, which can be accessed online, including the

Italian National Research Council database [55] and the IT’'IS Foundation database

[56]. Despite the detailed information about the sources of these databases, there
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are differences in the original data's acquisition hardware, protocols, and
associated metadata. The databases present continuous data between 10 Hz and
100 GHz, even though, in many cases, the data are acquired using different
techniques in different studies, even for the same tissue type [56].

Despite the availability of these databases, there are still many unanswered
questions regarding the optimal measurement protocols and important
confounders that should be controlled, measured, and recorded. These issues are
particularly prevalent below 100 kHz, as fewer studies are available in this
frequency range. As a result, the synthesized data can frequently change as new
studies become available [56].

In recent versions of the online databases (February 2022), the reported
conductivity has changed by a factor of two for several tissues, including bone
(cortical), brain (grey matter), brain (white matter), eye (vitreous tumour), fat,
medulla oblongata, midbrain, muscle, pons, spinal cord, and thalamus [31], [51],
[56], [108]. These changes in the properties reported in the literature in recent
years alone suggest that further work is required to investigate the electrical
properties below 100 kHz [31], [51], [56], [108].

These changes in reported electrical properties below 100 kHz could have
impacted previous therapeutic technologies. Therefore, research into methods to
accurately acquire and report electrical properties below 100 kHz remains of
interest, and improvements in acquisition methods are required to investigate the
electrical properties below 100 kHz [31], [51], [56], [108].

The acquisition methods are communally affected by external confounders, that
can be characterised into setup-related confounders and tissue-related
confounders.

The measurement setup-related confounders are generally controlled or
monitored [60], [132], as environmental changes may impact measurement results
[133], [134]. These confounders can include the type of probe used, the
characterization of the probe [47], [118], the probe contact force [135], [136],
cable management and stability of the setup [132], as well as imperfect connections
and probe contact [136]-[139], which can all result in poor calibration and

unreliable measurements [127], [129], [130], [140], [141].
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The tissue-related confounders may introduce measurement uncertainty, as
these confounders are primarily related to the complex structure of biological
tissues [31], [33], [34], [119]. These confounders can include the type of
measurement (in-vivo or ex-vivo), the type of tissue (animal or human), tissue
temperature, and the specific region of the tissue being measured (such as the
endocardium, epicardium, or myocardium). Furthermore, tissue preparation and
handling will vary in each case, highlighting the need for a strong tissue handling
protocol.

Many of the tissue handling-related confounders have been extensively
studied, as the correlation between external factors such as temperature, and
humidity with tissue properties are extensively studied [142]-[145]. The monitoring
of some setup-related confounders is standard procedure, such as calibration and
validation of the setup with standard liquids [48], [55], [146], [147], to monitor any
drift of the measurement setup.

Despite the wealth of information on the impact of confounders on the
measurement of conductivity of biological tissue, few studies have examined the
measurement probes or determined the important confounders related to the
probe that should be controlled, measured, and recorded. For example diverse
approaches have been taken in electrical characterization studies of cardiac tissues,
a variety of probe typologies in terms of electrode configuration and electrode size
have been used [47], [118]. No study has investigated if the diverse range of probes
used in the literature affects the acquired data. Furthermore, no study has
proposed an optimum probe design for the electrical characterization of cardiac

tissues, particularly a probe that will best fit the LAA.

2.7 Measurement techniques

Various methods have been employed to determine the electrical properties
of biological tissues, in the frequency range of GHz and kHz [148]. These methods
can be broadly categorised into five main groups based on the method of action

and the acquisition hardware. The five categories are as follows:

e transmission line.
e electromagnetic wave propagation method (free space).

e resonant-based method.
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e capacitance-based method (parallel plates).

e inductance-based measurements.

These techniques are depicted in Table 2.1 and are subsequently analysed in
the following sections, with an emphasis on the benefits and limitations of each for
the targeted frequency range below 100 kHz. The selection of the most appropriate
measurement technique is dependent on a variety of factors, such as the sample
characteristics or the measurement system requirements.

Table 2. 1 the different measurement techniques to acquire electrical properties of biological tissues

Sample
Electromagnetic wave Antenna > . <
propagation method

Resonant cavity

Resonant-based method

Inductance-based

method

Transmission line method

Spherical transmission line

Coaxial pro
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Capacitive-base method .
]

Sample

2.7.1 Electromagnetic wave propagation method (free

space)

The methodology of measuring electromagnetic wave propagation (free
space) represents an invaluable non-invasive approach within the domain of tissue
analysis. This method facilitates the assessment of both the physical and electrical
properties inherent to biological tissues. The basic setup involves placing a sample
of the tissue under investigation between two antennas (commonly a horn antenna
[147], [149], [150]) and measuring the transmission and reflection characteristics
of the radio waves passing through the sample [149]. In general, this method is
used in frequencies in the range of kilohertz (kHz) to megahertz (MHz). The
information obtained from the free space measurement system can be used to
calculate tissue parameters such as permittivity and conductivity.

It is important to note that the antennas used in free space measurement
are frequency-dependent, which means that the antenna characteristics, such as
impedance and radiation pattern, are dependent on the frequency of the radio
waves being transmitted and received [151], [152]. As a result, the choice of
antenna and its frequency response impacts the accuracy and reliability of the
measurement results [153]. Proper selection and calibration of the antennas can
ensure that the free space measurement system provides accurate and consistent
information about the tissue under investigation [154]. The limitation of this
method is related to the antenna size [155].

The size of the antenna is one of the key factors that determine the
radiation frequency of an antenna [150], [156], [157]. The length of an antenna is
directly proportional to the wavelength of the electromagnetic waves it is designed
to radiate. As the size of an antenna increases, the lower its resonant frequency
becomes [158]-[160]. Conversely, a smaller antenna size results in a higher
resonant frequency. Therefore, to operate at lower frequencies, the antenna is

usually very big (optimized pyramid antenna at 800 MHz is 4.5 cm by 4 cm [150]).
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Furthermore, the corelation between the size of the antenna and the frequency
makes it difficult to accommodate small and complex biological tissues using the

free space measurement method [147].

2.7.2 Resonant-based measurement

Resonant-based measurement techniques, which utilize resonant circuits,
can be employed to characterize the electrical properties of tissues. [44], [161],
[162]. These methods involve applying electromagnetic fields at specific
frequencies and analysing the resulting response to extract information about the
tissue's composition and properties [44].

The tissue will oscillate with maximum amplitude at its resonant frequency,
which is related to its stiffness, viscosity, and damping [44], [163]. By measuring the
resonant frequency and response of the tissue, it is possible to determine its
mechanical and electrical properties and assess the health of the tissue and its
function [163]. This method is commonly used in medical applications, such as
diagnostic imaging and monitoring of disease progression [164], [165], [166].

However, there are some limitations to the resonant measurement
method [167], [168]. It requires specialized equipment and technical expertise to
perform, which can make it difficult to implement in some settings [167], [168]. The
measurement is typically limited to the surface of the tissue and may not provide
accurate information about deeper tissues [166]-[168]. Other factors such as
temperature, pressure, and humidity can affect the resonant frequency and
response of the tissue, potentially leading to inaccurate results [166], [168]. The
method assumes that the tissue is homogeneous, which may not be the case for
complex biological tissues such as the LAA [166]-[168]. Specially, the results may
not accurately reflect the electrical properties of the tissue [43], [169]. The method
is typically limited to small sample sizes, which can make it challenging to accurately
represent the properties of large tissue volumes [166]-[168]. Overall, while
resonant measurement is a useful tool for characterizing the electrical properties
of biological tissues, it is important to consider these limitations and carefully

interpret the results in light of the specific application and sample being studied.
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2.7.3 Inductance-based method

The inductance-based method for tissues involves using inductance
measurements to characterize the electrical properties of tissues [170]-[172]. In
the inductance-based method, a coil or sensor with known inductance is placed in
proximity to the tissue of interest [170], [171], [173]. Changes in the electrical
properties of tissue, such as conductivity and permittivity, can affect the inductance
of the coil or sensor. By measuring the resulting changes in inductance, information
about the electrical properties of the tissue can be obtained [170], [171], [173].

Inductance-based measurements can be made using an electrical circuit
known as an alternating current (AC) impedance measurement circuit [170]. This
circuit is made up of an AC signal generator, an inductor, and an electrical
measurement device [170]. The AC signal is applied to the tissue, and the resulting
voltage and current are measured. The impedance of the tissue can then be
calculated from these measurements [170].

Inductance measurement can also be used in combination with other
techniques such as magnetic resonance imaging (MRI) to provide more information
about the structure and function of biological tissues [166], [174]. For example,
Magnetic Resonance Electrical Impedance Tomography (MREIT) is a technique that
uses MRI and inductance-based measurements to visualize the electrical
conductivity of tissues in three dimensions [166], [174].

Inductance-based measurement methods have several limitations that
must be considered when using them to study biological tissues [175], [176]. For
example, the measurement requires special equipment and is difficult to interpret.
Additionally, inductance-based measurements are not always accurate and can be
influenced by factors such as tissue properties, electrical noise, and
instrumentation limitations [177], [178]. Interference from other sources can also
impact the accuracy of these measurements, particularly in medical imaging
applications [177], [178].

Furthermore, measurements have limited depth, which can make it
challenging to obtain measurements from larger biological tissues [179]. Some
methods, such as MREIT, also involve the use of strong magnetic fields, which can
pose safety concerns for certain patient populations, such as those with implanted

devices [180]-[182].
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2.7.4 Transmission line

A transmission line uses a probe to transmit a frequency-dependent electrical
signal that travels through the tissue [183]. Two types of transmission line probes
that are often used for this purpose are open-ended coaxial cables [132], [137],

[184] and electrical impedance measurement probes [62], [118], [185]-[187].

e Coaxial cables are cylindrical transmission lines that consist of a central
conductor surrounded by a concentric layer of insulation, which is then
covered by a conductive shield [188]—[190]. The central conductor and the
shield form the two electrodes for the measurement [188]—[190]. Coaxial
cables provide a simple and reliable method making them suitable for
characterizing the electrical properties of the tissue sample [132], [137],
[184], [188]—[190].

e The electrical impedance measurement method uses the tetrapolar
probes, 3-electrode probes, and bipolar probes [47], [118], [136], [187],
[191]. They are used to determine the electrical properties of biological
tissues, by injecting a current (or voltage) into the tissue and measuring the
resulting voltage [31], [32], [36], [59]. The specific configuration of the
electrodes, the way the current and voltage are measured, and the type of
measurement setup used will depend on the requirements of the

measurement and the properties of the material being studied.

In both cases, the methods infer the electrical properties of the tissues using
changes caused by reflections and transmission of the waveform in the tissue,
which can be measured by the probe [192]. The transmission line method is widely
used in medical applications such as the characterization of tissues for diagnosis
and monitoring of diseases [164], [193]. In addition, applications of the
transmission line method can be seen in various forms such as open-ended coaxial
probes, bipolar probes, three-electrode probes, and tetrapolar probes [27]-[29],
[62], [118], [132], [135], [137], [184], [185], [187], [194]-[201]. The major
differences between open-ended coaxial probes, bipolar probes, three-electrode
probes, and tetrapolar probes lie in their designs and configurations, which impact
their applications in electrical measurements, particularly in studies involving

tissues or materials.
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A limitation of the transmission line is the correlation between its size and the
operating frequency [202]. The size of the transmission line and the operating
frequency are interrelated, and they both affect the accuracy and spatial resolution
of the measurement results obtained using the transmission line method [202],
[203]. In general, smaller transmission lines provide higher spatial resolution but
lower sensitivity, while larger transmission lines provide deeper penetration depth
but lower spatial resolution [184], [204].

Recently, the transmission line and particularly the electrical impedance
measurement method have gained interest due to advances in probe optimization.
These optimizations have enabled an improvement in accuracy and higher spatial
resolution compared to previous measurements performed in the frequency range

below 100 kHz [26], [32], [36], [59], [60], [62], [205], [206].

2.7.5 Capacitive-base method

The capacitance-based method uses the capacitance between two parallel
electrodes to measure the electrical properties of tissue [207]-[210]. The basic
setup involves placing a tissue sample between two parallel metal plates, which
serve as electrodes [208], [210], [211]. An alternating voltage is applied to the
electrodes, and the capacitance between the electrodes is measured [208], [210],
[211]. The electrical properties of the tissue sample can then be derived from the
measured capacitance values [210].

The capacitance-based method is a simple and direct way to measure the
dielectric properties of biological tissues at low frequencies [51], [212]. The parallel
plate geometry is well suited for low-frequency measurements as the capacitance
between the electrodes is directly proportional to the electrical properties of the
tissue [51], [213]. This makes it possible to accurately determine the electrical
properties of biological tissues without the need for complex models or
measurements at multiple frequencies and especially for frequencies below
100 kHz [51], [213]. However, the capacitance-based method display limitations
[68], [213], [214]:

e Geometry dependence: The capacitance-based method is highly

dependent on the geometry of the measurement setup, including the plate
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separation and plate size. This can make it difficult to accurately compare
results between different studies.

e Complex tissue structures: The parallel plate geometry assumes a
homogeneous tissue sample, but biological tissues are often
heterogeneous in nature, with complex structures such as blood vessels
and nerves that can affect the measured capacitance.

e Electrode-tissue interface: The capacitance-based method also relies on
good contact between the electrodes and the tissue, which can be
challenging to achieve in practice, especially for soft, wet, or moving
tissues.

e Electrode polarization: The electrodes employed in this technique have the
potential to undergo polarization, introducing the possibility of errors in the
measurement. This phenomenon can result in inaccuracies or deviations in
the recorded data, particularly in terms of shifts in capacitance values or
other alterations in the measured electrical characteristics.

e Limited frequency range: The capacitance-based method is most accurate
for low frequencies, and the measurement accuracy can decrease at higher
frequencies, making it less suitable for the study of tissues with higher

frequency-dependent electrical properties.

Among the various methods for determining the dielectric properties of
biological tissues, the capacitance-based method using parallel plates is frequently

utilized for frequencies below 100 kHz.

2.8 Protocol for conductivity acquisition

The acquisition of conductivity using the electrical impedance measurement
method typically involves measuring the frequency-dependent complex impedance
of the tissue. There are two main methods for measuring complex impedance: the
galvanostatic mode, in which the ratio of the applied AC current to the measured
AC voltage is calculated, and the Potentiostatic mode, in which the ratio of the AC
voltage to the measured AC current is calculated. The AC current and voltage are
described using equations 2.4 and 2.5. In general, the choice of measurement
mode will depend on the specific application and the properties of the tissue under

study.
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V = V,.sin(wt + 06) (2.4)
[ = I,.sin(wt + 0) (2.5)

where, w is the angular frequency, I is the maximum amplitudes of current,
Vm is the maximum amplitudes of voltage and 0 is the phase shift between the
voltage and current waveform. The ratio between V and | is the impedance (Z)

which is represented with equation 2.6:
Z=R+ijX (2.6)

Zis represented as a complex number, comprising a real component, resistance
(R), and an imaginary component, reactance (X). These values can be determined
through the use of experimental techniques, The common setup to measure
impedance typically involves the use of specialized instruments such as an
impedance analyser or an LCR meter (to measure the ratio between | and V) in

conjunction with a function generator which is often used to generate the AC signal.

In the measurement of conductivity, electrode polarization effects can
significantly impact the accuracy of the results [215]. This phenomenon occurs due
to the interaction between the charged electrode surface and free charges in the
tissue under study and is particularly pronounced at low frequencies (below
100 kHz) [215]-[218]. To mitigate these effects, low current amplitudes are used to
reduce the introduction of charges from the electrodes and thus reduce electrode
polarization [216], [218] Additionally an optimized probe (number of electrodes,
electrode surface, electrode material, electrode configuration) could be
implemented to mitigate electrode polarization as well [215].

In the literature, various probe typologies have been proposed to
investigate the electrical conductivity of tissue, as detailed in Table 2.2 and shown
in Fig. 2.6. One of the earliest designs was the bipolar probe, which was introduced
in the 1800s [135]. This probe consists of a pair of electrodes that inject the current

across them, with the resulting voltage measured by the same electrode pair [45].
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Figure 2. 6 Measurement setup configurations (a) two electrodes, (b) three electrodes and (c) four
electrodes

Another design that employs a similar concept to the bipolar probe is the
three-electrode probe. This probe also utilizes three electrodes, with one electrode
shared for injecting and measuring. The third common electrode is used to mitigate
electrode polarization by allowing the measured voltage to bypass the source
electrode [32], [219].

The tetrapolar probe, first introduced by Bouty in 1884 [220], utilizes four
electrodes. One pair injects the stimulus current, and the other inner pair measures
the resulting voltage [42]. The tetrapolar probe has been used in various studies,
such as the use of a polar probe (electrodes in a square arrangement) for the
characterization of biological tissue in [27] and [42], a four concentric electrodes
probe for identifying skin cancer in [116], [117], [200], and a collinear probe for
distinguishing normal and cancerous human hepatic tissue [45].

The tetrapolar probe is less affected by electrode polarization or charging
currents at the electrode interface compared to the two or three-electrode
method. Therefore, the probes proposed in this study are tetrapolar probes [196],
[221]. Among the probes used in literature for tissue, the collinear probe (four
electrodes in a line) and the polar probe (four electrodes in a square configuration)
are commonly employed [27], [118], [205]. Many tetrapolar probes have been
proposed to characterise cardiac tissues, the most common tetrapolar probe
typologies used for cardiac tissue characterization, namely the collinear and polar

typologies shown in Table 2.2.
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Table 2. 2 Summary of the tetrapolar probe used to characterize biological tissue with their
respective size. The two most common probes are the collinear probe and the polar probe

Ref Typology Electrode size Tissue type

Cinca et al. [21] Collinear 0.2 mm radius coronary artery (porcine)
Ellenby et al. [22] collinear 3.1 x0.6 mm? left ventricle (dog)
Gabriel et al. [27] Collinear - Atrial (porcine)

Hahn et al.[24] 9 needles 0.35 mm radius Cardiac muscle (porcine)
JokhiR. et al. [29] Polar 0.6 mm radius Cervix (human)

B. Filho [30] Polar 1 mm radius Forearm Skin (human)

2.9 Conductivity of the cardiac tissue

After conducting a comprehensive analysis of the available literature, including
research publications compiled in the databases of the Italian National Research
Council and the IT'IS Foundation [55][56], the conclusion drawn from this review
can be summarized as follows:

Cinca et al.,, 1997 [67], [222] conducted a study in which they characterized
cardiac tissue by measuring myocardial electrical impedance induced by coronary
artery occlusion in 13 in-vivo porcine samples. The study employed a tetrapolar
probe, which consisted of four platinum electrodes (5 mm in length, 0.4 mm in
diameter) arranged in a linear array on an insulating substrate, with an
interelectrode distance of 2.5 mm. The use of a tetrapolar probe was chosen as it
was found to have a lesser effect on tissue measurements compared to the use of
a single pair of electrodes for both current injection and potential measurement.

Ellenby et al., 1987 [223] reported a similar study in which they aimed to detect
reversible myocardial ischemic injury through the measurement of myocardial
electrical impedance in the ex-vivo left ventricle obtained from 12 dogs. The study
employed a four-electrode method, using gold-plated brass pins that were
3.125 mm long and 0.625 mm in diameter. The four-electrode method was utilized
to separate current induction (outer electrodes) and voltage monitoring (inner
electrodes). Additionally, the study employed a technique where the local ambient
electrical activity of the myocardium was monitored by turning off the injected
current while using amplifier and filter components to record bipolar electrograms
between the inner two voltage-sensing electrodes.

Gabriel et al.,, 2009 [36] conducted a study in which they investigated the

electrical conductivity of various biological tissues, including the heart (atrial) from
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in-vivo porcine samples. The study updated previous data reported by
Gabriel et al., 1996 [31]-[33], with a focus on conductivities at frequencies below
1 MHz. The study utilized a colinear four-electrode probe design, with
specifications tailored for the tissue in question. The probe employed is collinear
four platinum-coated pin electrodes embedded in synthetic fluoropolymer of
tetrafluoroethylene.

Hahn et al., 1980 [38], [224] investigated the electrical conductivity of porcine
cardiac tissue to evaluate heat transfer problems associated with heating by
ultrasound, microwaves, and radio frequency. The assessment of electrical
conductivity was performed using a nine-needle electrode probe, with eight
electrodes arranged in a circle centred around the ninth electrode. The outer eight
needles formed a grounded coaxial guard with respect to the inner active electrode,
and the measurement was taken using the 2-electrode method to acquire the
complex frequency-dependent impedance. The outer eight needles were 1.5 cm
long and the inner needle was 1.0 cm long. The needles were selected to be able to

penetrate multilayer tissues and monitor heat diffusion inside the multilayer tissue.
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Figure 2. 7 Conductivity acquired from the literature review of conductivity of cardiac tissue

The literature on cardiac tissue conductivity displays a range of values, varying
from 0.5 mS cm™ to 9 mS cm™ shown in Fig 2.7. These variations can be attributed
to the origin of the samples, such as whether they were obtained ex-vivo or in-vivo,
as well as the source of the samples, which can include different animals or human

subjects.
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Additionally, the conductivity can vary depending on the specific species of the
tissue sample that were measured (human, bovine, ovine, ...), and in different parts
of the heart (left ventricle, right ventricle, the atrial, ...). However, when considering
only ex-vivo animal studies, the average conductivity is 3 +0.5 mScm? in the
frequency range from 10 Hz to 100 kHz. Despite the information available in the
literature regarding the electrical properties of cardiac tissue, there is a lack of

research specifically investigating the conductivity of the LAA.

2.10 Conclusions

Chapter 2 provides a foundation for the experimental design, data collection
and analysis in the subsequent chapters and introduces information including the
anatomy and physiology of the LAA. Current treatment options for AF have also
been discussed. Additionally, IRE has been proposed as a new potential treatment
for AF. The outcome of IRE on the LAA relies on understanding the electrical
conductivity of the LAA. However, currently, the conductivity of the LAA has not
been specifically reported in the literature. As such, further research needs to focus
on investigating the conductivity of the LAA and its role in optimizing IRE treatment
planning. Additionally, it is necessary to develop a reliable method to measure
tissue electrical conductivity while controlling for various confounders related to
the measuring probe design. This will be the aim of chapter 3. Chapter 3 will
evaluate the effect of probe typology and electrode size on electrical conductivity
measurements in the frequency range of 0.1 Hz to 100 kHz. The study identifies the
most accurate and repeatable probe design, which will be used to assess the

conductivity of the LAA.
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Chapter  3: Evaluation  of
Tetrapolar Probes: Investigating
the Impact of Probe Typology and
Electrode Size on Conductivity
Measurements for the Left Atrial
Appendage from 0.1 Hz to 100 kHz

3.1 Introduction

The behaviour of electrical current in biological tissue varies across frequency
ranges. Below 100 kHz, it is influenced by the extracellular fluid and tissue ionic
composition and the current mainly flows in the extracellular fluid [15], [19], [22],
[24], [30], [225]. Above 100 kHz, the current behaviour changes due to factors like
capacitive properties of cell membranes [15], [19], [22], [24], [30], [225]. The
threshold can vary based on tissue and experimental conditions. At higher
frequencies, the current can cross the cell membrane barrier, and flow through the

extracellular fluid. A representation of the current behaviour is shown in Fig 3.1.

Low frequency
A current

Extracellular

Matrix Intracellular High frequency

Matrix current

Figure 3. 1 Flow of electrical current through biological tissue. At lower frequencies (A), the current
moves between the cells and through the extracellular fluid. However, at higher frequencies (B), the
current can penetrate the cell membrane
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Following the extensive literature review in chapter 2 combined with the need
to target the frequency range below 100 kHz [122]-[124], it was determined that
the 4-electrode probe measurement method is the most suitable method for
examining the conductivity of the LAA below 100 kHz. The 4-electrode method is
preferred for measuring conductivity due to its reduced susceptibility to
polarization or charging currents at the electrode interface compared to two or
three-electrode methods [196], [221]. As a result, the 4-electrode measurement
method provides a larger measurement range compared to other configurations
[196], [221]. As seen in electrical characterization studies of cardiac tissues, a range
of tetrapolar probe typologies in terms of electrode configuration and size have
been employed [9], [27]-[29], [31], [32], [36], [191], [224], [226]. The use of
multiple probe designs can be advantageous in adapting to different tissue types.
However, no study has examined whether the diversity of probes used in the
literature influences the obtained data. Additionally, no study has suggested a
probe design for the electrical characterization of the LAA. Thus, the objective of
chapter 3 is to evaluate the effect of the probe typology and electrode size on the
accuracy and repeatability of electrical conductivity measurements and propose a
tetrapolar probe to assess the conductivity of the LAA.

The present study in chapter 3 evaluates the accuracy and repeatability of six
different probe designs using liquid phantoms in the frequency range of 0.1 Hz to
100 kHz. This frequency range was selected for analysis, as the lower end of the
frequency range (0.1 Hz) was defined by the limits of our electrochemical
measurement system PGSTAT204 (Autolab, Kanaalweg Den Haag, The
Netherlands). The instrument includes a base potentiostat/galvanostat with a
compliance voltage of 20 V and a maximum current of 400 mA. The threshold of
100 kHz where the current would mainly flow in the extracellular fluid. The most
accurate and repeatable probe, as determined from the results of the study, is
proposed for testing on the LAA. The electrical characterization of the LAA at low
frequencies below 100 kHz is relevant to IRE design and treatment planning studies,
and the probe is employed for the first-ever LAA electrical characterization, as
presented in chapter 4.

The remainder of chapter 3 is organized as follows: The second section

provides a background on probe design used for the characterization of biological
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tissue. The third section outlines the methodology, including the electrical
conductivity acquisition process and the rationale for the probe design. The fourth
section presents the results, which assess the influence of different probe
typologies and electrode sizes on the accuracy and repeatability of the acquired
data. Moreover, the results highlight the most appropriate probe for measuring the
conductivity of the LAA in ex-vivo bovine samples. Finally, the closing section
summarizes the conclusions of the study and suggests directions for future

research.

3.2 Background
3.2.1 Operating frequency of the tetrapolar probe

A tetrapolar probe is typically used for electrical impedance
measurements, and its working frequency depends on several factors, including the
size and geometry of the probe, the material properties of the probe, the
surrounding medium, the desired measurement spatial resolution and accuracy.

The operating frequency of a tetrapolar probe can vary, but it typically
ranges from kilohertz (kHz) to megahertz (MHz), to determine the operating
frequency of a custom-made tetrapolar probe, not many approaches are available.
The most suitable method to determine the operating frequency for custom-made
probes is the experimental approach using reference material.

In this thesis, the operating frequency is defined as when the data acquired
from a reference material (NaCl liquid phantom) correlates with the literature data.
The correlation factor R was used as a metric (R > 0.95). The experimental approach
aims to determine the frequency range of the probe using a frequency sweep
experiment in which the probe is driven by an AC current at a range of frequencies,
and the resulting impedance is measured [118], [227].

To determine the working frequency range of a tetrapolar probe, the
following steps were taken. First, the probe was connected to an impedance
analyser or an equivalent device for this thesis the PGSTAT204 (Autolab, Kanaalweg
Den Haag, The Netherlands) is used. The analyser is set to sweep a frequency range
of interest, which for this thesis, was between 0.1 Hz and 100 kHz. Next, the
impedance values at each frequency point were recorded using a reference

material (NaCl at 0.1 M, 0.05 M, and 0.01 M concentration). The recorded
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impedance values were plotted as a function of frequency. Subsequently, the
frequency range over which the impedance values remained relatively constant
and reliable was identified using statistical analyses, specifically a correlation factor
R was computed by comparing the acquired data to reference data from the

literature on NaCl phantoms.
3.2.2 Design process of a tetrapolar probe

Designing an effective tetrapolar probe for tissue characterization requires
consideration of several variables and characteristics that can affect its
performance and accuracy [62], [118], [187], [227]. When designing a tetrapolar
probe, the parameters to consider include electrode size and shape, electrode
spacing, electrode material, and probe typology (geometry). Fig. 3. 2 summarises

and shows the parameters to consider when designing a tetrapolar probe.

Tetraploar probe design process

Electrode size and shape Electrode spacing J  Electrode material Probe typology

Measuring area Negatifve corelation Polar probe: Colinear probe:
AT T el miniaturiziationl§  electrode in line

Large ellectrodes: : Sma!l eIectrodles: better conductivityand technique with the max
better signal tonoise |  spacial resolution
ratio (low electrode

polarisation)

contact impedance, current
Measuring depth

Large gap: Small gap:
deepersenssing M better sensitivity

Figure 3. 2 diagram of the parameters to consider when designing a tetrapolar probe, that includes
electrode size, electrode spacing, electrode material and he probe typology

In addition to geometrical characteristics, the frequency and intensity of
the electromagnetic field applied to the tissue can affect the probe's sensitivity and
spatial resolution. Sensitivity refers to a measurement ability of the probe to
accurately measure small changes or variations in the quantity being measured.
Sensitivity enables the detection of even the slightest fluctuations in properties like
impedance or conductivity, facilitating precise measurements. In contrast, spatial
resolution relates to the capability of the probe to distinguish fine details or small-
scale variations in a specific spatial domain. It enables the detection of localized

variations within the measured medium, differentiating between closely spaced
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features or changes. Both sensitivity and spatial resolution are important
considerations for evaluating measurement probes.

Higher frequencies typically provide greater spatial resolution but may not
penetrate as deeply into the tissue. Lower frequencies can penetrate deeper into
the tissue but may have lower spatial resolution [228].

Other important factors to consider when designing a tetrapolar probe for
tissue characterization include the signal-to-noise ratio, the temperature
sensitivity, and the mechanical stability of the probe [229]. By carefully considering
these variables and characteristics, an effective tetrapolar probe can be designed

to characterize the electrical properties of tissues accurately and reliably.

3.2.3 Typology of the tetrapolar probe

The typology describes the size and shape of the probe which can affect
how much tissue is included in the measurement and the depth of penetration into
the tissue [228]. Larger probes can cover a larger area of tissue and may provide
more accurate measurements of the average tissue properties [230], [231].
However, larger probes may also have lower spatial resolution and may not be able
to detect small variations in tissue properties [228]. In addition, the shape of the

probe should be chosen to optimize the field distribution around the probe.

3.2.4 Electrode spacing

Electrode spacing refers to the distance between the individual electrodes
on a tetrapolar probe. The spacing affects the depth of penetration into the tissue
and can also affect the spatial resolution of the measurement [118], [227], [228].
Larger electrode spacing can provide deeper penetration into the tissue but may
have lower spatial resolution. Smaller electrode spacing can provide higher spatial
resolution but may not penetrate as deeply into the tissue [228]. In biological tissue,
the calculation of the sensing depth of a tetrapolar probe is more complex, as the
electrical properties of the tissue can vary spatially. The depth of sensing in this
instance is contingent upon the distinct distribution of electrical properties within
the tissue and can be classified based on assumptions about the tissue.

When the tissue is assumed homogenous, the sensing depth of tetrapolar

probe is calculated using the following equation [221], [232]:
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D = (E) x X (3.1)
2 p

where D is the sensing depth, a is the radius of the outer electrode, and p
is the resistivity of the medium being measured. Equation 3.1 assumes that the
tetrapolar probe is used in a homogenous medium and that the electrodes are
perfectly spherical.

When the tissue is non-homogeneous, the approach to estimating the
sensing depth is to use numerical simulations, such as finite element analysis, to
model the electrical field generated by the tetrapolar probe and the resulting
voltage measurements. By incorporating the spatial variations in tissue
conductivity, permittivity, and geometry, the simulation can provide an estimate of
the sensitivity and depth of the probe in the specific tissue being studied. In the
case of this thesis, estimating the sensing depth for the probe on the LAA becomes
particularly challenging using the second approach, since the electrical properties
of the LAA are not known. A general rule of thumb is that the sensing depth of the

probe is proportional to the spacing between the measuring electrode [27].

3.2.5 Electrode size

Electrode size refers to the physical dimensions of the individual electrodes
on a tetrapolar probe. Larger electrodes can cover a larger area of tissue and may
provide more accurate measurements of the average tissue properties. However,
larger electrodes can also increase the distance between the electrodes, which can
decrease the sensitivity of the measurement. Smaller electrodes, on the other
hand, can improve the sensitivity of the measurement by reducing the distance
between the electrodes, but may not cover as large an area and volume of tissue.
the size of the electrode and its effect on the accuracy and the repeatability of the

acquired data is further discussed in section 3.4.

3.2.6 Electrode material

The material of the electrodes in a tetrapolar probe can be chosen
regarding different factors. The conductivity of the electrode material can affect the
impedance of the probe, which in turn can affect the accuracy of the measurements
[233]-[235]. Electrode materials that are prone to corrosion can degrade over time

and affect the accuracy and reliability of the measurements [233]—-[235]. The
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durability of the electrode material is important for ensuring that the electrodes
remain functional over time. Materials that are resistant to wear and tear can help
extend the lifespan of the probe. These factors collectively guide the material
selection process. Common considerations include the electrical conductivity of the
material, its compatibility with the target medium or tissue, stability, and
biocompatibility. Evaluating these factors will help determin the most suitable

electrode material for a given application [233]-[235].

3.3 Methodology
3.3.1 Probe description

Chapter 3 aims to investigate the impact of typology and electrode size on
the conductivity acquired through the use of different probe configurations. From
the literature two types of probes are observed to be used, collinear and polar,
therefore the two typologies are utilized with varying electrode configurations to
cover diverse potential typologies. Fig 3. 3 illustrates the probes proposed in this
study, and Table 3.1 presents their characteristics. All the proposed probes were
made using pure copper (Standards BS2874/C101(1986); BS EN 12164 CW 004A),
with a thickness of 0.5 mm due to its low cost, adequate conductivity, and
robustness. To ensure uniformity in the manufacturing process, a 3D printed holder
was designed to mount the electrodes flush to the holder, maintain the same level,
and ensure a constant spacing between the electrodes in the final probe
prototypes.

The probes used in the study include six different designs (two typologies).
The first probe (Fig 3. 3(a)) is a collinear probe with equidistant electrodes
measuring 3mm in diameter. The second probe (Fig 3. 3(b)) is a polar probe also
with 3mm diameter electrodes. The third type (Fig 3. 3(c)) is a small collinear probe
with equidistant smaller electrodes measuring 1.5mm in diameter, which is half the
size of the collinear probe. The fourth probe (Fig 3. 3(d)) is a small asymmetric probe
with small electrodes measuring 1.5mm in diameter. The non-equidistant
positioning of the outer electrodes causes asymmetry. The fifth probe (Fig 3. 3(e))
is a small unequal and asymmetrical collinear probe with small electrodes. The
inner electrodes are smaller than the outer electrodes, and the asymmetry is due

to the non-equidistant positioning of the electrodes. Finally, the sixth probe

54



Chapter 3: Evaluation of Tetrapolar Probes: Investigating the Impact of Probe
Typology and Electrode Size on Conductivity Measurements for the Left Atrial
Appendage from 0.1 Hz to 100 kHz

(Fig. 3. 3(f)) is an unequal and asymmetrical polar probe with small electrodes. The
inner electrodes are smaller than the outer electrodes, and the asymmetry is also

due to the non-equidistant positioning of the electrodes.

Figure 3. 3 Diagram showing the dimensions of the two proposed typologies of tetrapolar probe used
in this thesis (a) collinear probe (b) polar probe (c) small collinear probe (d) Small asymmetric
collinear probe (e) small asymmetric and unequal collinear probe (f) unequal polar probe
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All the probe designs were specifically intended to fit the typical dimension
of the LAA [118], [221]. The size of the electrodes and the size between the
electrodes were restricted by the length and the thickness of the opening of the
LAA (40 mm and 5mm respectively). The total length occupied by the four

electrodes (4d), plus the minimum distance between the electrodes (5 mm) will be:
4d+3x5mm=4d+16 mm (3.2)

To fit within the 4 cm length:
4d + 15 mm <40 mm (3.3)

Combining equation 3.2 and 3.3 then solving for d:
d < (40mm — 15mm) X 0.25 = 6.25 mm (3.4)

where d is the diameter of each circle. Therefore, the maximum diameter of
each circle should be 6.25 mm or less in order to fit the limitation introduced by the
LAA measuring area (section 3.2).
The largest electrode size is considered to be a 6 mm diameter as the design of the
total length of the probe needs to take into consideration a gap on the sides of the
outer electrodes [236]. Conversely, the smallest size of the electrodes was chosen
to be greater than 1 mm diameter, as electrodes with a radius greater than 1 mm
can reduce non-linearities, electrode impedance, and electrode polarization [118],
[221], [236], [237]. Conversely, electrodes with a radius less than 1 mm can
introduce parasitic effects of comparable significance to the impedance exhibited
by the sample under investigation [118], [221]. Therefore, a small electrode size of
3 mm diameter was selected to assess the effect of electrode size on the accuracy
and repeatability of the acquired data. This size is larger than a 1 mm radius and
represents a 50% reduction in size compared to the largest electrodes used on the

collinear probe.
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Table 3.1 Characteristics of the six probes used in this study, including the probe type, electrode
configuration, electrode diameter, and distance between electrodes. The table also lists the number
of electrodes and the total length of the probe showed in Fig. 3. 3

Probe Specification in mm

Fig 3. 3(a) Ar=10mm, A;=6mm, As=4
Collinear probe
mm, Az =40 mm

Polar probe Fig 3. 3(b) B:=B;=10mm, B3 =25 mm

Fig 3. 3(c) Ci=5mm,C;=3mm, C3=2
Small collinear probe
mm, C4=20 mm

Small asymmetrical Fig 3. 3(d) D:=2.5mm, D,=3mm, D3=2
collinear probe mm, Dy =20 mm
Small unequal and Fig 3. 3(e)

E;=2.5mm, E;=1.5mm, E3 =
asymmetrical collinear
3mm, E;=2mm, Es =20 mm

probe
unequal and asymmetrical Fig 3. 3(f) Fi1=10mm, F,=3mm, F;=1.5
polar probe mm, F,=2mm, Fs =20 mm

3.3.2 Data acquisition

The conductivity measurement process involved the acquisition of the frequency-
dependent complex impedance, which was carried out using the method described
in [31], [59], [62]. A PGSTAT204 (Autolab, Kanaalweg Den Haag, The Netherlands)
in galvanostat mode was used to acquire the impedance data at room temperature,
with Nova 2.1 software used to control the PGSTAT204. A galvanostatic mode was
employed with a current of 100 pA flowing between the inducing electrodes. The
100 pA induced current in the electrode is the lowest current possible provided by
the PGSTAT204 in the targeted frequency range. Low inducing current insure lower
electrode polarisation.

The measurement setup consisted of the PGSTAT204 connected to the proposed
probe, which included a working electrode, a counter electrode, a reference
electrode, and a sensing electrode. The probe was designed to fit into a holder
attached to a retort stand to maintain the stability of the setup. The full setup used

for the measurement is shown in Fig 3. 4.
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Figure 3. 4 Measurement setup with the probe, the laptop running NOVA 2.1 software in the
foreground. PGSTAT204 potentiostat/galvanostat and the probe holder used to lift and keep the
probe fixed

The first step in computing the electrical conductivity is determining the cell
constant (k), which relates the measured conductance and the corresponding
reference conductivity. For our study three NaCl solutions with known conductivity
were used and by measuring their complex impedance k was derived. Calculating
the electrical conductivity from the measured impedance data and the cell constant
uses equation (3.5) [21], [127], [129].

k = & (3.5)
c

where o is the electrical conductivity of the standard liquids and G is the
measured conductance of the probe in the targeted frequency range. For this study,
0.01 M, 0.05 M and 0.1 M of NaCl solutions at room temperature (21 £ 0.5 °C) are
used as reference liquids to find k, as the conductivity of the targeted tissue (LAA)
is assumed to range within the conductivity of the reference liquids from the
literature review in section 2.9. In theory, the NaCl solutions are chosen to
determine k as there are no dielectric dispersions in ionic aqueous solutions at
frequencies below 1 MHz [35]. Therefore, the measured complex impedance is
frequency independent and only varies with the concentrations of the aqueous
NaCl solution [59], [118]. This method is used for all proposed probes to determine

their k.
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Fig 3.4 shows the results for the small collinear probe with the linear regression
line (dashed red line), the conductance acquired vs the reference conductivity at
different mole concentrations (blue dots), and the correlation factor and cell

contact of the probe.

Table 3.2 The table provides the values of k (m) for various types of probes within the frequency
range from 0.1 Hz to 100 kHz

Probe k(m)
Collinear probe Fig 3. 3(a) 0.066
Polar probe Fig 3. 3(b) 0.039
Small collinear probe Fig 3. 3(c) 0.032
Small asymmetrical collinear probe Fig 3. 3(d) 0.02
Small unequal and asymmetrical collinear probe Fig 3. 3(e) 0.15
unequal and asymmetrical polar probe Fig 3. 3(f) 0.15
0.04 , ; . .
k=0.036
0.03} R=0.993
v P - - .
@ -
g P
£ 0.02t e
% » -~ 8
pe; -
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Figure 3. 5 Results for the small collinear probe, including its correlation factor and cell constant from
three NaCl solutions from frequency 0.1 Hz to 100 kHz

The Pearson correlation coefficient (R) between the measured conductance and
the reference conductivity was found to be a variable value and it depends on the

frequency range. R is defined using equation (3.6).

R = iz (xi - ) (yi - §)
(B - 02 5, v - 977

(3.6)
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where xi and yi are the individual data points for variables x and y. X and y are
the means of the variables x and y, respectively.

R is the experimental response of the probes to the calibration solutions and that
reflects the working frequency of the probes. The observation seen in Fig 3. 6 from
the proposed probes is that the lower frequency ranges from 0.1 Hz to 10 Hz are
highly noisy and drive the correlation factor to be lower making the data acquired

between 0.1 Hz and 10 Hz unreliable [59], [238], [239]

= Calinear probe
= Piolar probe
=mall colinear prabe
— Agymetric and unequal polar probe
—— Small asymetric colinear probe
Small asymetric and unequal colinear probe

02F

__3-1 __:I'J __31 __32 __33 __:Ii __35

Freguency Hz

Figure 3. 6 Pearson correlation coefficient (R) as a function of the frequency range for the proposed
probes. R represents the experimental response of the probes to the calibration solutions and reflects
the working frequency of the probes

3.3.3 Measurement accuracy

The accuracy of a tetrapolar probe refers to its ability to provide measurements
that align with the true values of the physical quantities being measured. It is a
measure of the precision of the probe to acquire accurate data. The accuracy of a
tetrapolar probe can be influenced by various factors, including the design of the
probe, the electrical properties of the sample being measured, and the
measurement conditions [118]. Hence, ensuring stable and consistent
measurement conditions is crucial. Additionally, accurate measurements depend
significantly on the proper calibration of the tetrapolar probe [129], [221], [240].
Calibration involves measuring the response of the probe to a standard sample with
known electrical properties and adjusting the calibration of the probe factors

accordingly [59], [118], [227], [240].
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The measurement of accuracy in this thesis is represented using the
average error. The average error is defined as the difference between the measured
conductivity and the reference conductivity values from the literature for standard
NaCl solutions [35]. For this thesis, the accuracy of the proposed probes is
investigated with measurements taken over the frequency range from 0.1 Hz to
100 kHz with 10 frequency points per decade, 60 points per measurement. The
total number of measurements taken for the accuracy test is 15 measurements,
5 measurements for each NaCl concentration solution (0.1 M, 0.05 M and 0.01 M).

The calculation of the average error involves a comparative analysis
between the mean frequency-dependent conductivity values acquired for each
probe and the corresponding reference conductivity values. Given the inherent
frequency dependence and non-linearity (not a perfect straight line) of the
experimental conductivity, the average error is computed across the entire
frequency range. Notably, the assessment is based on the maximum discrepancy
observed between the acquired conductivity and the reference conductivity,
serving as the metric for probe comparison.

The measurement of the NaCl phantoms was conducted in a cylindrical
container with a diameter of 9 cm and the container was filled with a 1.5 cm depth
liquid to match the thickness of the LAA. NaCl phantoms are advantageous for
electrical conductivity studies because their stable properties remain constant
across different frequencies. The simplicity of NaCl as a basic ionic compound
results in minimal changes in conductivity with frequency variations. This
frequency-independent behaviour is crucial for experiments involving electrical

impedance measurements providing a consistent and predictable conductivity.

3.3.4 Repeatability of measurement

The repeatability of a tetrapolar probe refers to its ability of the probe to
produce consistent and reproducible measurements under similar conditions. For
this thesis, the influence of the electrode size and typology of the repeatability of
the proposed probes is investigated. The repeatability of the probes is assessed
based on a total of 15 measurements for each probe through the frequency range
then the SD (0.1 HZ to 100 kHz) is averaged to give a singular value of SD that is

used to compare the probes. In this analysis, the standard deviation (SD) and the
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coefficient of variation (CV) are employed. Specifically, the standard deviation (SD)
used in this context pertains to the variability in conductivity measurements. Given
that the experiment utilizes saline solutions with an anticipated uniform
conductivity across the targeted frequency range, the standard deviation is
computed across all frequencies. Subsequently, the obtained standard deviation
values are averaged, resulting in a singular representative value for the standard
deviation associated with each probe for each saline solution. [27], [241]. The SD

and the CV are calculated using (3.7) and (3.8) [241]:

1
SD = |——¥L(X; — w)? (3.7)

CV = 100% (3.8)

where u is the mean, N is the total number of measurements, and X; is the
measurement values. These accuracy and repeatability measures are used to
identify the best-performing tetrapolar probe from the six proposed custom probes

to be used to characterize the LAA.

3.4 Results
3.4.1 Effect of the typology and electrode size of the
probe on the accuracy of the acquired

conductivity

To evaluate how various factors, such as the typology and electrode size of the
probe, impact the accuracy of the acquired data, several design modifications were
implemented for a comparative analysis of each design influence. The design
alterations investigated are electrode size, asymmetry of the probes, typology and
the combination of electrode size, asymmetry and typology in the same probe.

The initial design alteration focused on varying the electrode size while
maintaining the same typology, specifically comparing the collinear probe with the
smaller collinear probe.

Next, the assessment shifted towards electrode configuration (typology),

comparing the collinear probe with the polar probe.

62



Chapter 3: Evaluation of Tetrapolar Probes: Investigating the Impact of Probe
Typology and Electrode Size on Conductivity Measurements for the Left Atrial
Appendage from 0.1 Hz to 100 kHz

Another design change involved introducing asymmetry in the spacing of
electrodes within the same collinear probe configuration while keeping the
electrode size constant. This comparison was made between the small collinear
probe and the small asymmetrical collinear probe.

Lastly, the fourth design variation examined the combined effect of electrode
size alteration and asymmetry. This was achieved by using both polar and collinear
typologies. Consequently, the unequal and asymmetrical polar probe was
compared to the polar probe, while the small unequal and asymmetrical collinear
probe was compared to the small collinear probe

The maximum average error and SD of the proposed probes were used as
metrics over a frequency range of 0.1 Hz to 100 kHz and were compared to the
reference conductivity values obtained from the literature [42]. The results are

presented in Table 3.3 as follow maximum average error + SD.

Table 3.3 Average conductivity (S/m) plus SD of NaCl phantom acquired with the proposed probes
with the reference conductivity values

NacCl 0.01 M 0.05M 0.1 M
Probes o +SD (S/m) o +£SD (S/m) o +SD (S/m)
Collinear probe Fig 3. 3 (a) 0.096 +0.003 0.45 +0.02 0.97 +£0.01
Polar probe Fig 3.3 (b) 0.079 +£0.009 0.33 £ 0.05 0.94 +0.07
Small collinear probe Fig 3. 3 (c) 0.121+0.01 0.48 +£0.02 1.02 £0.03
Small asymmetrical collinear 0.14 +0.01 0.44 £ 0.02 0.98 +0.02

probe Fig 3. 3 (d)

Small unequal and asymmetrical | 0,12 +0.007 0.61+0.06 1.05 +0.06
collinear probe Fig 3. 3 (e)

unequal and asymmetrical polar | 0,13+ 0.01 0.74£0.02 13+0.1
probe Fig 3. 3 (f)

Ref. [42] o (S/m) 0.11 0.49 0.96

The polar probe demonstrated a maximum average error of 32% from the
literature values, while the collinear probe exhibited a maximum average error of
12%. The small collinear probe showed a maximum average error of 10%, whereas
the small unequal collinear probe displayed a maximum average error of 27%. The

small asymmetric collinear probe exhibited a maximum average error of 24% from

63



Chapter 3: Evaluation of Tetrapolar Probes: Investigating the Impact of Probe
Typology and Electrode Size on Conductivity Measurements for the Left Atrial
Appendage from 0.1 Hz to 100 kHz

the literature values, and the asymmetric and unequal polar probe displayed the
highest difference from the literature values with a 51% maximum average error.

The initial design alteration investigates the impact of electrode size on
accuracy, the accuracy of a collinear probe with small electrodes to that of a
collinear probe is compared. The collinear probe with small electrodes
demonstrated an accuracy of 10%, while the standard collinear probe had an
accuracy of 12% over a frequency range of 0.1 Hz to 100 kHz. The observed
difference in performance can be attributed to the larger size of the electrodes in
the standard collinear probe, which increases electrode impedance and reduces
the spacing ratio between electrodes, thereby resulting in higher electrode
polarization [215], [216], [242], [243].

The next design alteration focusing on electrode configuration (typology),
indicates that the accuracy of the collinear probes was superior to that of the polar
probe in the frequency range of 0.1 Hz to 100 kHz with NaCl phantoms.

The variance in accuracy among typologies due to the electrode configuration,
particularly evident in the collinear probe. This probe features four strategically
aligned electrodes, positioning the measuring electrodes within the region of
maximum electrical field (maximum current density) between the inducing
electrodes.

To comprehensively understand the factors influencing accuracy variations
among typologies, a simulation was executed, focusing on the distribution of the
electric field. This simulation specifically analysed the electric field distribution
using measurement parameters set at 100 pA. The simulation captured the field
generated by the inducing electrodes at two designated points in two different
typologies (point A: at the centre of the inducing electrodes (x=0, y=0); point B: 10
mm from the centre on the y-axis (x=0, y=10)). The investigation of the acquired
field from the inducing electrodes was conducted between two proposed
typologies, the collinear probe, and the polar probe, with dimensions derived from
Fig 3.3 (a) for the collinear probe and Fig 3.3 (b) for the polar probe.

Fig 3.7 illustrates the electric field generated by the electrodes, including the
field at points A and B for the polar probe, collinear probe, and small collinear
probe. A notable observation is that the measuring electrodes of the collinear

probe align with the maximum electrical field, contrasting with the polar probe.
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This misalignment significantly impacts the acquired data. Consequently, the
results underscore the influence of typology on the accuracy of data acquired
during measurement while indicating not on the repeatability (as CV < 5% for all

probes).

Surface: Electric field norm (V/m)
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Figure 3. 7 The electric field distribution by the proposed probes focusing on points A and B. (a) field
distribution of the polar probe (V m-1). (b) electric field distribution of the collinear probe (V m-1). (c)
electric field distribution of the small collinear

The next design change involved introducing asymmetry in the spacing of
electrodes and comparing the small collinear probe with the small asymmetrical
collinear probe. The larger distance between the electrodes in the asymmetrical
collinear probes resulted in a larger measuring area, leading to a higher signal-to-
noise ratio that affected the acquired conductivity [216], [236], [242]. The small
unequal collinear probe exhibited an accuracy of 24% compared to the small
collinear probe with a maximum average error of 10%. Lastly, the fourth design
variation is the combined effect of asymmetry and inequality in the polar and
collinear probes.

The analysis of the asymmetry and inequality of the electrodes (the inducing

electrodes are bigger than the measuring electrodes) in the small collinear probe
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indicated that accuracy decreased. Additionally, comparing the collinear probe with
the polar probe showed that accuracy decreased with the polar probes [215], [216],
[242], [243]. The observations obtained for the asymmetric and unequal polar and
collinear probes exhibit the lowest accuracy seen among the polar probes and
collinear probes with a maximum average error of 51% and 27% respectively. This
difference was attributed to the higher signal-to-noise ratio introduced by the
smaller electrodes and the smaller distance between the inducing electrodes

(larger electrodes) and the measuring electrodes (smaller electrodes).

3.4.2 Effect of the typology and electrode size of the
probe on the repeatability of the acquired

conductivity

In this study, the repeatability of the data acquired during the
measurement is estimated using the coefficient of variation (CV). The results for all
proposed probes are presented in Fig 3.7, where the CV is displayed as a percentage
and is considered to be low [27], with errors below 5% for all the probes across 0.1
Hz to 100 kHz. This indicates low intra-observer variability and implies that the
measurements are repeatable.

Both the typologies (polar probes and collinear probes) show good CV
values (<5% and <1%, respectively), however, it is difficult to assess whether the
difference in CV means that the collinear probes provide more repeatable data than
the polar probes. Similarly, comparing the proposed collinear probes (collinear
probe, small collinear probe, small asymmetrical collinear probe, small unequal and
asymmetrical collinear probe), CV is observed to be good with a value of less than
1%, but it is difficult to draw conclusions about the effect of electrode size on
repeatability. The resulting data shows that the influence of the typology on

repeatability can not be concluded.
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Figure 3. 8 Coefficient of variation (CV) of the polar probe, collinear probe, small collinear probe,
unequal collinear probe, asymmetric and unequal probe, and the unequal polar probe. CV shown in
the targeted frequency range from 0.1 Hz to 100 kHz

In Fig 3. 8, the coefficient of variation (CV) was less than 5% for all the different
probe typologies and electrode sizes tested. This suggests that the proposed
typology and electrode size had limited influence on the repeatability of data
acquisition in this case. However, the absolute values of conductivity acquired from
the NaCl phantoms varied from 10% to 51% among the different probe typologies
and electrode sizes, indicating that the electrode size and typology of the probe did
affect conductivity acquisition.

Although the small collinear probe was the most accurate among the proposed
probes, the collinear probe was only 2% points lower (from 12% to 10%), a value
that is likely smaller than the measurement error. However, considering the value
of R, which measures the strength of the association between the measured data
and the reference data obtained from the literature, the small collinear probe
exhibited the best performance with an accuracy of 10%, a high R value of 0.99, and
a CV of 1%. Therefore, it was further tested to acquire the conductivity of the left
atrial appendage (LAA) in chapter 4 using ten ex-vivo bovine LAA tissue samples

over a frequency range of 0.1 Hz to 100 kHz [67].

3.5 Conclusion

Chapter 3 investigated the effect of probe typology and electrode size on the

accuracy and repeatability of impedance measurements for the electrical
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characterization of biological tissues. The lack of consistency in the field was
demonstrated using different typologies and probe/electrode sizes in previous
studies. The design, prototyping, and manufacturing of the six probes presented in
this thesis were undertaken by the author. This constitutes an augmented
contribution to the thesis, as these probes were not only conceptualized but also
fabricated in-house. This distinguishes them from commercially available probes,
thereby enhancing the originality of the research. The proposed probes underwent
comprehensive testing, further validating their unique contribution to the study.

The repeatability of the measurements using the two typologies and different
electrode sizes was consistent, with low variance in the acquired
conductivity (CV < 5%). However, the accuracy of the conductivity measurements
varied across the proposed probes used on the same phantoms, with maximum
average error ranging from 10% to 51%. This suggests that the probe typology can
influence the accuracy of the measured electrical conductivity.

The findings suggest that compromising the data acquisition from the electrical
characterization of biological tissues can occur when the probe design is not
adapted to the specific tissue under study. Based on the results, the collinear probe
with small electrodes was identified as the best-performing probe from the
proposed probes for the electrical characterization of the LAA and was further
tested using ten ex-vivo bovine LAA tissue samples at frequencies ranging from 0.1
Hz to 100 kHz.

In summary, chapter 3 emphasizes the effect of probe typology and electrode
size on the accuracy and repeatability of conductivity measurements for the
electrical characterization of biological tissue. The collinear probe with small
electrodes was identified as the best-performing probe for the electrical
characterization of the LAA. Chapter 4 presents a detailed account of the
methodology employed to measure the conductivity of the LAA using the small
collinear probe, which provides the first data on LAA conductivity and compares it
to existing data on cardiac tissue in the literature. The findings of this study highlight
the importance of adapting the probe design to the tissue under study and motivate

further research in the field.
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Chapter 4: Assessing Conductivity
of Ex-vivo Left Atrial Appendage
from 0.1 Hz to 100 kHz

4.1 Introduction

Chapter 3 introduce six variations of the tetrapolar probes and investigate
the effect of probe typology and electrode size on the accuracy and repeatability of
the acquired data [216], [218], [220], [236]. Additionally, chapter 3 emphasizes the
effect of probe typology and electrode size on the accuracy and repeatability of
conductivity measurements. Based on the results, the small collinear probe was
identified as the best-performing probe among the proposed probes, and
subsequently, the small collinear probe will be used for electrical characterization
of the LAA at low frequencies below 100 kHz [118], [227].

In Chapter 4, the goal was to evaluate the initial conductivity measurements of
the left atrial appendage (LAA) in an ex-vivo setting, marking the first instance of
such assessments in the existing literature. To reach the main objective and to
ensure accurate and reproducible measurements, the best-fit tetrapolar probe and
rigorous sample acquisition and tissue handling procedures were employed.

In chapter 4, the background on the methodology of biological tissue data
acquisition is presented, with a particular focus on cardiac tissue, including the
various probes that have been used in previous studies [31], [32], [222]-[224],
[244]. Additionally, chapter 4 presents a detailed account of the methodology
employed to measure the conductivity of the LAA, which includes the probe used,
sample acquisition, tissue handling procedures and data processing. This
comprehensive description is based on measurements taken from ten ex-vivo
samples. Chapter 4 concludes by providing the first data of the conductivity of the

LAA, which is compared to existing data on cardiac tissue in the literature.
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4.2 Background on Probes used or cardiac tissue

electrical characterisation

This section introduces the probes used in the electrical characterization of
cardiac tissues. Cinca et al.,, 1997 [222], utilized a tetrapolar probe with four
platinum electrodes for in-vivo porcine samples. Ellenby et al.,, 1987 [223],
employed a four-electrode method using gold-plated brass pins for ex-vivo left
ventricle measurements. Gabriel et al., 2009 [36], studied electrical conductivity in
various tissues, including the heart, using a linear four-terminal probe design. Hahn
et al., 1980 [224], assessed electrical conductivity in porcine cardiac tissues using a
nine-needle electrode probe.

The data acquired using those probes display a range of cardiac tissue
conductivity which varies from 0.5 mS cm™to 9 mS cm™ [31], [32], [36], [222], [223],
[244]. The conductivity range varies from study to study and can be explained by
the different origins of the samples (ex-vivo or in-vivo, different animal sources, or
human) and the difference in tissue samples (measurement in different parts of the
heart). However, if only focusing on ex-vivo animal studies, the conductivity
averages at 3 +0.5 mS cmtin the frequency range from 10 Hz to 100 kHz [31], [32],
[36], [222], [223], [244].

4.3 Methodology of Left atrial appendage
measurement
4.3.1 Data acquisition of the electrical properties

below 100 kHz

This section outlines the methodology used to measure the conductivity of the
LAA. The frequency-dependent complex impedance to calculate the conductivity
was acquired using similar methods outlined in chapter 3. The set-up consists of a
PGSTAT204 (Autolab, Kanaalweg Den Haag, The Netherlands) in galvanostatic
mode at room temperature and controlled with Nova 2.1 software. The
galvanostatic mode was utilized with a 100 pA current flowing between the
inducing electrodes. The measurement setup included the PGSTAT204 connected

to the small collinear probe (k = 0.032 m). The PGSTAT204 was connected to a
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computer running Nova 2.1 to control the PGSTAT204. A retort stand was used to
maintain the stability of the setup, and the probe was designed to fit into a holder.
The new upgrade to the set-up in chapter 3 is a weighing scale (Kern Weighing
Scale, METTLER TOLEDO, Columbus, OH, USA) to monitor and ensure constant
probe contact with the tissue to avoid tissue movement due to excess contact force

[27]. The full setup is illustrated in Fig 4.1.

PGSTAT204

Tetrapolar probe

Sample

Acrilic disc

Retort stand

Scale

Figure 4. 1Measurement setup with the probe, the laptop running NOVA 2.1 software in the
foreground. PGSTAT204 potentiostat/galvanostatic and the probe holder used to lift and keep the
probe fixed

4.3.2 Probe description

Based on the results of chapter 3, the small collinear probe was observed to be
the best-performing probe regarding accuracy and repeatability of the proposed six
probes. The probe has electrodes with a diameter of 3 mm to reduce non-
linearities, electrode impedance and electrode polarization [118], [221], [236],
[237]. The total footprint of the proposed probe is 20 mm by 4 mm. The fabricated
prototype of the small collinear probe is shown in Fig 4.2(b), and a schematic
representation overlaid on the LAA in Fig 4.2(a), where the dimensions are d”1 =5
mm, d”’2 =3 mm, d’3 =2mm, d”4 =20 mm.

The collinear probe with small electrodes provides an accuracy of 10%, R > 0.95

[29], CV of 1% from 0.1 Hz to 100 kHz [118], [187], [227].
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(b)

Figure 4. 2 Diagram showing the dimensions of the proposed collinear probe with small electrodes.
The illustration shows the footprint of the probe on the surface of the LAA, (b) Photo of the
manufactured prototype of the proposed collinear probe with small electrodes

4.3.3 Sample acquisition and tissue handling of the LAA

This section elucidates on the process of tissue acquisition with respect to
tissue handling and measurement set-up for the experiment. The animal tissue was
procured from a local slaughterhouse immediately after excision and was
transported to the TMD Laboratory (University of Galway, Ireland) in vacuum-
sealed containers. The time of death of the animal was not taken in consideration.

The samples were received at the laboratory within two hours of excision. A total
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of ten bovine heart samples were obtained, and each heart was embedded in its
fat capsule to limit the dehydration of the tissue [62], [227]. The LAA was dissected
from the heart, and the internal membrane was removed to allow for direct
measurements of the LAA pectinate muscle. The membrane of the LAA can be seen
in the left photo in Fig. 4.3 highlighted by a yellow dot.

The position of the measurement was selected to be on the endocardium
of the LAA, where IRE treatment is usually administered. The endocardium of the
LAA is known to be the optimal location for the administration of IRE treatment
because it is in direct contact with the blood flow and has a higher density of muscle
fibres, which ensures better contact with the IRE probe and improved treatment
efficacy [72], [81], [86], [87], [105], [245]. Therefore, by selecting the position of the
measurement to be on the endocardium of the pectinate muscles of the LAA, the
aim is to replicate the conditions of IRE treatment and measure the electrical
conductivity of the tissue at the site of the intended treatment.

The temperature was monitored throughout all experiments, and the initial
and final temperatures of all samples remained stable at room temperature of 20 °C
+ 0.5 °C. Each sample was measured three times at the position displayed in Fig 4. 3.
To ensure firm contact while avoiding tissue movement due to excess pressure, a
pressure of 2 N = 0.5 N was applied by the probe [27].

Fig 4.3 displays the first bovine heart sample, with the LAA highlighted for
reference. The right picture shows the dissected LAA from sample one, with a
yellow square indicating the position of the LAA pectinate muscle where the
measurements were taken. The pectinate muscles are the muscles that line the

pectinate ridge and the inner wall of the LAA [72], [87]
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Figure 4. 3 Left picture shows the first sample bovine heart with the LAA highlighted. The right
picture shows the dissected LAA from sample one. The yellow square shows the position of the LAA
pectinate muscle where the measurements were taken. The yellow dot shows part of the membrane

4.4 Assessing the conductivity of ten ex-vivo samples
of LAA from 0.1 Hz to 100 kHz at room

temperature

The electrical conductivity of LAA of bovine tissue was measured using a
4- electrode probe method, a similar method described in chapter 3. The electrical
conductivity of the LAA was calculated from ten LAA samples. To validate the
measurement setup, three pre- and post-validation measurements were acquired
using 0.15 M NaCl solution to detect any drift in the measurement setup.

The results of the LAA measurements were compared to the conductivity of
cardiac tissue reported in the literature. The conductivity of cardiac tissue in the
literature varied widely, ranging from 0.5 mS cm™ to 9 mS cm?, as discussed in
section 2.9. This variation could be explained by factors such as the tissue origin
(ex-vivo or in-vivo, different animal sources or human), and differences in tissue
samples (measurements taken in different parts of the heart) [23], [24], [27], [38]-
[43]. The average of the three measurements of each sample is shown in Fig 4.4,
along with reference values from the literature on the conductivity of cardiac tissue.
The computed conductivity from the ten bovine samples was 2.5 mS cm™ with a
standard deviation of 0.24 mS cm™.

In addition to comparing the computed conductivity of the LAA to the literature

values, further analysis was conducted to investigate the variability of conductivity
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across the ten bovine samples. The CV was calculated for the conductivity
measurements of each sample, the CV values ranged from 7.8% to 12.2%, indicating
a moderate level of variability in conductivity across the samples shown in
Table 4.1.

Moreover, the drift observed in the pre-and post-validation measurements
showed a characteristic zero drift and sensitivity drift averaging at 2.5%. The
computed conductivity from the LAA was observed to be within the range of the
conductivity in literature.

To investigate potential sources of variability, the anatomical features of the
LAA were examined. It was observed that the size and shape of the LAA varied
across the samples, with some samples exhibiting a more elongated and narrow
shape, while others had a more rounded and wider shape. These anatomical

differences may have contributed to the observed variability in conductivity

measurements.
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Figure 4. 4 Conductivity acquired from ten bovine LAA samples at room temperature 20 °C and the
reference cardiac conductivity
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Table 4.1 Average electrical conductivity of ten bovine LAA samples compared to literature values

Sample Number Conductivity Coefficient of
(mS/cm) Variation (%)

1 2.4 10.1

2 2.5 8.3

3 2.3 9.2

4 2.6 8.6

5 24 7.8

6 2.6 11.2

7 2.5 9.7

8 2.4 8.8

9 2.7 12.2

10 2.5 9.4

Ref [31], [32], [36], [222], 0.5-9 (mean: 3) N/A

[223], [244]

The mean conductivity of the bovine LAA samples was 2.5 mS cm™?, with a
standard deviation of 0.24 mS cm™. The coefficient of variation ranged from 7.8%
to 12.2%, indicating a moderate level of variability in conductivity across the

samples.

4.5 Conclusion

In this study, the electrical conductivity of ex-vivo bovine LAA tissue was
measured using a collinear probe with small electrodes and a 4-electrode probe
method at room temperature (20 °C £ 0.5 °C) in the frequency range from 0.1 Hz to
100 kHz. The mean conductivity of the LAA acquired from the ten samples was
found to be 2.5 mS cm™ with a standard deviation of 0.24 mS cm™. The observation
from the results suggests that the acquired conductivity of the LAA is in line with
the literature values for the conductivity of cardiac tissue.

There are several limitations to consider in the study of LAA conductivity.
One significant limitation is the diversity of tissue regarding the anatomical features
of the LAA. The size of the LAA varies between samples, and this can affect the LAA
during tissue handling and the experiment process, such as hydration and
temperature. Another limitation is the number of samples and the fact that the
samples are ex-vivo. Although 10 ex-vivo samples are a good starting point,
introducing a larger number of samples, and moving towards a more realistic

scenario such as an in-vivo scenario, would be beneficial in future studies. A third
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limitation is the variation in the contact force of the probe on the LAA during the
measurement. The LAA is a semi-solid and slimy structure that can lead to
movement during the experiment, potentially affecting conductivity acquisition.

In chapter 5, the limitation of the effect of contact force on the conductivity
of the LAA will be investigated in more detail. This is an important limitation to
address, as contact force could impact the measurement results. By exploring the
effect of contact force, a better understanding of the factors that influence LAA
conductivity can be gained and improve the accuracy and reproducibility of the
conductivity measurements of the LAA. Ultimately, this will help advance our
understanding of LAA conductivity and its potential clinical implications.

In summary, this study offers important insights into the electrical conductivity
of the LAA and presents the first reported value of LAA conductivity in the
literature. Although the conductivity values provided in this thesis are preliminary,
they can serve as initial data for numerical electromagnetic simulations to estimate
the outcome of IRE for the LAA which could optimize treatment planning.

Future research could focus on optimizing the measurement protocol and set-
up to acquire more precise and consistent LAA conductivity values. By doing so, it
can lead to improving the accuracy and reliability of LAA conductivity
measurements, which could have significant implications for future clinical

applications.
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Chapter 5: The Effect of Contact
Force on Conductivity
Measurement of Ex-vivo Left Atrial
Appendage of from 10Hz to
100 kHz

5.1 Introduction

Chapter 5 explores the influence of probe contact force on the measurement
of conductivity of tissue, and how this may affect the conductivity of the LAA.
Additionally, chapter 5 introduces a statistical analysis to assess the significance of
extracellular fluids as a contributing factor to the observed effects.

The measured electrical properties have been synthesized into several freely
available databases, including the Italian National Research Council database and
the IT'IS Foundation database [55], [56]. The electrical conductivity using the
electrical impedance measurement method is typically acquired using a probe in
contact with the tissue to measure the ratio of current and voltage [59], [62], [132],
[240], [246].

Communally the contact between the probe and tissue is fixed throughout the
experiment. However, the effect of contact force on tissue conductivity is not fully
understood and varies between tissue types [27], [40], [132]. For this study, the LAA
is used as a test case to evaluate the effect of contact force on conductivity. The
limited availability of data and the known issues regarding the impact of the contact
force on the measurements motivated the study in chapter 5. The main aim of this
chapter is to investigate the frequency-dependent conductivity of the LAA with
respect to the contact force of the probe in the range of 2 Nto 10 N in the frequency
range from 10 Hz to 100 kHz. Potential causes of conductivity variance and the
acquired data are statistically compared to investigate if the extracellular fluids are

contributors to the conductivity change. The results of this chapter will help
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improve the understanding of tissue conductivity measured under different contact

forces.

5.2 Background

Researchers often rely on the literature and online databases to obtain
electrical property values for over 112 tissues from 10 Hz to 100 GHz [55], [56],
which have been widely cited (over 1700 citations). However, the source data for
these databases typically do not report, control or monitor probe contact force. In
studies where contact force is reported, it is typically qualitatively described as
"sufficient contact"” or on a scale from "light contact" to "moderate" to "firm" [27],
[40], [247]. Of the ten studies reporting the conductivity of heart muscle in the IT'IS
Foundation database, only three studies [31] [224] [250] describe the contact force
used [56]. Table 5.1 summarizes these ten studies and how the contact pressure

during measurement is described.

Table 5.1 Contact force reported by the ten studies investigating heart muscle conductivity from the
IT'IS Foundation database and how the contact pressure during the measurement is described

Year Species Number Ex-vivo In-vivo Force
[248] 1967 Various - v v -
[130] 1980 Dog 7 v v -
[224] 1980 Dog 4 v Gentle

pressure
[223] 1987 Dog 12 v -
[249] 1993  Sheep 39 v -
[250] 1995 Pig 10 v Electrodes 4 to
6 mm deep

[31] 1996  Various > 30 v Firm
[222] 1997 Pig 26 v -
[246] 2002 Pig 8 v -
[36] 2009 Pig >3 v -

The impact of contact force on tissue conductivity may vary depending on
the type of tissue, in addition to quantitatively reporting the contact force. Studies
that have investigated the effect of contact force on tissue conductivity have
reported different trends, ranging from increased conductivity with increased force
to decreased conductivity with increased force [27], [226], [247], [251]. These
studies are not currently available in online databases. The application of force to

biological tissue has a direct impact on its properties, such as the movement of
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internal extracellular fluids, tissue deformation, or tissue damage [252]. When
measuring biological tissue with mechanical damage, extracellular fluid movement
is commonly thought to be the main contributor to changes in tissue conductivity
[27], [253]. An increase in contact force applied to the tissue monotonically results
in a decrease in conductivity due to the movement of extracellular fluids away from
the measuring area. This can be seen in the cervix, where an increase in contact
force on the probe displaces a high-conductance mucus film on the cervix,
effectively decreasing tissue electrical conductivity [27], [253]. However, for some
tissues such as the lung, conductivity increases as more contact force is applied,
possibly because air is pushed away from the alveoli [251]. Liver tissue behaves
differently, where the contact force applied by the probe has little effect on
conductivity [226]. In the liver, a change of +0.8% per 1 N of applied force (per 6.25
kPa of applied pressure) is observed [226]. Table 5.2 displays the different

behaviour of various tissues under monotonically increasing contact force.

Table 5.2 Percentage change of the electrical properties of cervix, lung, and liver with monotonically
increasing contact force

Tissue Forcerange % Change in electrical properties
Cervix [27] Soft to firm -21.7%
Lung [251] I1Ntol0N 44.9%
Liver [226] 29Nto29N -7%
Liver [137] 1Nto1l0N -8%

Chapter 5 is driven by the different trends in tissue conductivity in relation to
contact force, to evaluate the impact on LAA conductivity to obtain accurate and
repeatable LAA conductivity measurement. The main objective of this chapter is to
examine how LAA conductivity changes when contact force varies between 2 N and
10 N, at frequencies ranging from 10 Hz to 100 kHz. Furthermore, various
experiments are explored to determine the underlying factors contributing to the

changes observed in conductivity measurements.

5.3 Methodology

To achieve the goal of this study, three different experiments were
conducted: the forward experiment, the reverse experiment, and the

hyperhydration experiment.
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5.3.1 Forward experiment description

In the forward experiment, the aim was to measure the conductivity of the
LAA by applying incremental levels of contact force with the tetrapolar probe.
Specifically, LAA conductivity was measured at contact forces ranging from 2 N to
10 N, in intervals of +1 N, with the contact force being increased monotonically
between each measurement. The forward experiment was conducted using ten ex-
vivo LAA bovine samples. The initial contact force of 2 N was chosen to ensure
sufficient contact between the LAA and the probe [27]. It should be noted that a
contact force above 10 N is typically higher than what the tissue would experience
in-vivo [4], [253]. For each sample, the conductivity was measured at the pectinate

muscle in the opening of the LAA.
5.3.2 Reverse experiment description

The reverse experiment sought to measure the conductivity of the LAA by
applying incremental levels of contact force in the opposite direction of the forward
experiment. The reverse experiment involved measuring the LAA conductivity at
contact forces ranging from 10 Nto 2 N, in intervals of 1 N. The measurements were
performed in the opposite direction the forward experiment, with the contact force
being first increased to 10 N before being gradually reduced back to the starting
value of the forward experiment (2 N).

By reversing the order of the measurements, this experiment aimed to
investigate if the changes observed in the forward experiment were due to
alterations in tissue conductivity caused by contact force. The reverse experiment
was conducted on five ex-vivo LAA samples, using the same procedure as the
forward experiment.

It has been suggested in the literature that the contact force can cause a
change in the concentration of extracellular fluid in the tissue, resulting in
differences between the forward and reverse experiments. However, as the contact
force is decreased, there may be a partial increase in fluids in the measurement
area due to tissue relaxation [253]. Therefore, the hyperhydration experiment was
designed to address the limitation of partial extracellular fluids flowing back into

the measuring area.
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5.3.3 Hyperhydration experiment description

The hyperhydration experiment aimed to investigate the effect of
extracellular fluid concentration on LAA conductivity changes in response to
contact force. To this end, the LAA samples were preprocessed to reduce
extracellular fluid concentration, which in turn reduces the number of charge
carriers in the fluid. This would lead to a decreased effect of extracellular fluid
movement on the measured conductivity changes due to the contact force.
Therefore, if constant conductivity measurements are obtained in this experiment,
it would suggest that extracellular fluid movement is indeed a contributor to the
effects observed in the forward experiment [254]. The hyperhydration experiment
involved submerging each of the five LAA samples in deionized water for one hour,
which reduces the ion content of the extracellular fluid [255]. Following this
process, the sample is removed from the water and the experiment proceeds as

per the forward experiment.

5.3.4 Data acquisition

The LAA conductivity measurements were obtained using the same set-up
in chapter 4, using the small collinear probe connected with the PGSTAT204
(Autolab, Kanaalweg Den-Haag, The Netherlands) in Galvanostat mode (100 pA) at
room temperature with Nova 2.1 software, and the weighing scale (Kern Weighing
Scale, METTLER TOLEDO, Columbus, OH, USA) was used to monitor the contact
force applied to the LAA.

The method for acquiring conductivity is described in chapter 3. The
targeted frequencies of 10 Hz, 100 Hz, 1 kHz, 10 kHz, and 100 kHz were used for the
conductivity measurements. The acquired frequency points were updated from 10
points per decade to 1 per decade, to make the measurement faster (160 s to 20 s)
lowering the variation of the contact force during the measurement. The frequency
range used for conductivity measurements with the small collinear probe in
previous studies was from 0.1 Hz to 100 kHz. However, during the investigation of
the relationship between contact force and conductivity in this study, the frequency
range used was from 10 Hz to 100 kHz. This was because it was found that the
frequency range from 0.1 Hz to 10 Hz was not reliable as it contained a lot of noise

under different contact forces. It should be noted that the limitation of the probe's
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frequency range in this study is acknowledged by the authors, and future studies
should aim to optimize the probe design to expand the frequency range for more

accurate and reliable conductivity measurements.

5.3.5 Force Monitoring

The contact force applied by the probe is measured by placing a weighing
scale underneath the LAA. The required probe contact force is determined by
calculating the mass recorded by the scale as follows:

F=mxXg 5.1

The applied contact force by the probe is expressed as F [N], and it is the
weight force exerted by the probe on the sample. The mass of the sample is
denoted as m [kg], and it is determined by measuring the weight recorded by the
weighing scale with an accuracy of 0.1 g after being zero-ed. The acceleration due
to gravity, g, is 9.801 m s? in Galway, Ireland, where the measurements were
performed. To achieve a 2 N applied contact force on the LAA, a mass of 0.20406
kg should be measured on the weighing scales.

However, the semi-solid nature of the samples and the finite measurement
time may cause deformation of the sample during measurement, which can lead to
a change in the contact force. Therefore, monitoring the contact force during and
after the measurement is essential. To monitor the contact force, the following
measurement protocol was followed:

e Firstly, the sample was placed on the weighing scales, and the scale was
zero-ed.

e The probe was brought into contact with the sample and adjusted until the
mass read the appropriate value for the desired probe contact force as per
equation 5.1.

¢ The mass was monitored during the conductivity measurement, and if the
mass varied by more than 2% during the conductivity measurement, the

measurement was repeated.

5.3.6 Statistical analyses

To assess the significance of conductivity changes observed in the present study,

two paired T-tests are employed. Specifically, the T-tests aim to compare the
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conductivity changes observed in the forward experiment, which utilized a high
extracellular fluid concentration in the measurement area, to those observed in the
reverse and hyperhydration experiments, which both employed a lower
extracellular fluid concentration in the measurement area.

The paired t-test is appropriate when you have two sets of related or paired
data, such as pre-and post-measurements on the same sample of individuals. It is
specifically designed to compare the means of two paired samples while taking into
account the correlation between them [256]—[259]. The paired t-test reduces the
variability in the data that arise from individual differences between subjects [256]—
[259] Therefore, if you have paired data, the paired t-test is a more appropriate
statistical test than an unpaired t-test [259].

T1, the first T-test, is designed to test the hypothesis that the conductivity
change resulting from the contact force applied in the forward experiment is
greater than that observed in the reverse experiment. A significant result for T1
would support the notion that fluid concentrations play a role in the observed
conductivity differences. Similarly, T2 tests the hypothesis that the conductivity
change resulting from the contact force applied in the forward experiment is
greater than that observed in the hyperhydration experiment. The significance level
for both T-tests is set at 5%, and a p-value less than 1% (p < 0.01) is deemed
significant, consistent with previous research. Each frequency is tested separately,

as changes in conductivity are known to be dependent on frequency [256]—[258].

5.3.7 Tissue handling

Twenty ex-vivo bovine LAA samples were investigated. Specifically, ten
samples were used for the forward experiment, five for the reverse experiment,
and another five for the hyperhydration experiment. The tissue handling protocol
is similar to the protocol described in chapter 4. The LAA was dissected from the
heart and the internal membrane was removed to directly measure the LAA
pectinate muscle. The measurements were performed on the endocardium of the
LAA, where IRE treatment typically occurs. The LAA dissection and its position in
sample 1 can be observed in Fig 5.2(a). The experiments were carried out at the

opening of the LAA, as indicated in Fig 5.2(b), and the temperature was monitored
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throughout all experiments. The initial and final temperatures remained within the

range of 20 £ 0.5 °C for all samples.

10 mm

|

(b)
Figure 5. 1 (a) Left picture shows the first sample bovine heart with the LAA highlighted; (b) The right
picture shows the dissected LAA from sample one. The yellow square shows the position of the LAA
pectinate muscle where the measurements were taken

5.4 Results: Assessing the conductivity of the LAA

change due to probe contact force

Fig 5.3 displays the mean conductivity and standard deviation obtained
from the forward, reverse, and hyperhydration experiments at frequencies of 10
Hz, 100 Hz, 1 kHz, 10 kHz, and 100 kHz as a function of contact force. The mean
conductivity values at all contact forces fall within the range of literature values,
with a minimum of 0.15 S m-1 for the hyperhydration experiment and a maximum
of 0.24 Sm-1 at low contact force for the forward experiment. The standard
deviation for all three experiments is high, at £14%. According to reports, the drift
error is less than +2% for all measurements, suggesting that the high standard
deviation is mostly due to differences between samples and the probe-sample
contact rather than errors in the acquisition hardware sensitivity of the tissue in
frequencies below 100 kHz [30], [260]. The observed variability in measurements
can be attributed to inherent differences in tissue properties across samples. Worth
noting is that the drift error, reflecting subtle shifts in readings over time, remains
within a modest range of +2% between pre- and post-validation measurements for
all experiments. This phenomenon, influenced by factors such as environmental
conditions, aging components, or calibration variations, underscores the

importance of vigilance in understanding and mitigating drift for sustained
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measurement accuracy, particularly in contexts where tissue characteristics may

vary.
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Figure 5. 2 The average variation of the conductivity with the contact force for (a) forward
experiment (b) reverse experiment (c) hyperhydration experiment

The mean conductivity obtained from the 10 LAA samples in the forward
experiment, 5 samples in the reverse experiment, and 5 samples in the
hyperhydration experiment are computed and subsequently compared. The
Pearson coefficient (R) of the mean conductivity with the entire dataset is greater
than 0.99 for all three experiments, indicating that the mean conductivity is a
suitable representation of each set of samples.

Fig 5.4 displays a summary of all the average conductivities obtained from the

forward, reverse, and hyperhydration experiments at the targeted frequencies of

10 Hz, 100 Hz, 1 kHz, 10 kHz, and 100 kHz.
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Figure 5. 3 The average variation of the conductivity with the force for the forward, reverse, and
hyperhydration experiment at 10 Hz, 100 Hz, 1 kHz, 10 kHz, and 100 kHz

The slopes of the average conductivities obtained from the forward,
reverse, and hyperhydration experiments are presented in Table 5.3. The observed
conductivity change in the forward experiment was significantly greater than the
changes observed in the reverse and hyperhydration experiments. To assess the
statistical significance of this change, the statistical analysis outlined in the
statistical analyses section was used. The p-values obtained from T1 and T2 were
calculated and are displayed in Table 5.4. The results reveal that the p-values are
<0.01, which suggests that the change observed in the forward experiment is highly
significant when compared to the changes seen in the reverse and hyperhydration
experiments.

Table 5.3 The measured conductivity changes by —-21% and -2.5% due to the increase of force

contact for the set of samples in the forward and the hyperhydration experiment, respectively, +1.3%
change is seen in the conductivity in the samples in the reverse experiment

Experiment y-intercept x-intercept Slope o change
[S/m] [N] [S/(mxN)] (%)
Forward 0.239 0.187 -6.45x10 -21%
Reverse 0.185 0.187 2.64x10+4 1.3%
hyperhydration 0.186 0.179 -8.8x10+4 -2.5%
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Table 5. 4 p-Values from the two tests conducted to assess the significance of the variation between
the forward experiment, the reverse, and the hyperhydration experiment

Frequencies
10 Hz 100 Hz 1 kHz 10 kHz 100 kHz
p-value  0.23x10° 0.08x10- 0.088x10 0.13x10° 0.25x10
T1
p-value  0.59x103 0.19x10° 0.24x103 0.34x10° 0.48x10°
T2

The LAA conductivity in the forward experiment is found to decrease with an
increasing contact force, with a slope of -6.5 x 10 Sm™® N The average
conductivity decreases due to the contact force increase during the forward
experiment (-21%) is seen as similar to the cervix ([27] in Table 5.2), which is also
identified as muscle tissue. This similarity is expected as both tissues exhibit
decreasing fluid concentration with an increasing contact force.

In contrast, the conductivity changes due to the contact force in the reverse
and hyperhydration experiments are observed to be small, with slopes of 2.64 x
10* S m? N?! and -8.8 x 10 Sm™ N7, respectively. These results support the
hypothesis that changes in fluid concentration in the measurement area are
responsible for the conductivity changes due to the contact force.

Fig 5.5(a) shows the percentage variation in conductivities of each sample in
the forward experiment from the initial force of 2 N to the final force of 10 N at
frequencies ranging from 10 Hz to 100 kHz. The average variation of the
conductivity between the ten samples is -21%.

Fig 5.5(b) displays the results of the reverse experiment from the initial force
of 10 N to the final force of 2 N at the same frequencies. The conductivity is
observed to have an average change of +1.3% due to the contact force from the
five measured LAA samples.

Fig 5.5(c) shows the percentage variation in conductivities of the
hyperhydrated LAA samples (with extracellular fluids partially removed) from the
initial force of 2 N to the final force of 10 N at the same frequencies. The average

conductivity change is -2.5% in the five clarified LAA samples.
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Figure 5. 4 The percentage variation of the conductivity from the proposed experiment at 10 Hz, 100
Hz, 1 kHz, 10 kHz, and 100 kHz (a) Forward experiment with ten LAAs, contact force from 2 N to 10 N
(b) Reverse experiment with five LAAs, contact force from 10 N to 1 N (c) the hyperhydration
experiment with five LAAs, contact force from 1 N to 10 N

Interestingly, significant variability in the conductivity changes due to contact
force is observed across each set of samples. In the forward experiment, for
instance, the largest and smallest conductivity changes are observed in sample 1
and sample 6, with a -41% decrease and -12% decrease, respectively. The initial
extracellular fluid concentration in the sample may play a role in the observed
changes in conductivity due to contact force, although this is not always known in
ex-vivo samples. Higher initial fluid concentrations would be expected to result in
larger conductivity changes. Overall, the conductivity of the samples decreases as
the contact force increases, and these changes are more substantial compared to

the smaller changes observed in the reverse and hyperhydration experiments.
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5.5 Conclusion

The study reported in chapter 5 on the measurement of conductivity in twenty
ex-vivo bovine hearts, specifically in the LAA, over a frequency range between 10
Hz and 100 kHz. The contact force of the measurement probe on the samples was
monitored and recorded. The measurements were conducted for nine distinct
forces ranging from 2 N to 10 N. The obtained conductivity values ranged between
0.14Sm™*and0.24 S m?, which are consistent with values reported in the literature
for cardiac muscle. An average decline of -21% in conductivity was observed as the
contact force was raised from 2 N to 10 N.

In addition, this study investigated the potential causes of the observed
conductivity changes. Prior research has suggested that changes in the
concentration of extracellular fluids in the measurement region are a critical factor
in alterations in measured conductivity that occur due to variations in contact force.
To explore this hypothesis, the twenty samples were divided into three
experiments: the forward experiment, reverse experiment, and hyperhydration
experiment (forward experiment with processed LAA).

In comparison to the average decline of -21% in measured conductivity in the
forward experiment, the reverse and hyperhydration experiments showed an
average increase of +1.3% and a decrease of -2.5%, respectively, in conductivity.
These results suggest that the high initial contact force in the reverse experiment
decreased the extracellular fluid content in the measurement area, resulting in
minimal changes in conductivity across the contact force range. Similarly, the
considerably smaller change observed in the hyperhydration experiment indicates
that the removal of ionic extracellular fluids during sample processing was partly
responsible for the changes in conductivity due to the contact force observed in the
forward experiment.

Furthermore, these findings indicate that the contact force of the probe in
tissue conductivity measurements must be regulated, monitored, and recorded. A
variety of methods exist for controlling contact force, but the setup used in this
study is simple to use and precise. More complicated approaches, such as using a

strain gauge or other sensors to regulate contact force, are also available.
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Chapter 6: Effects of IRE on
Conductivity of Hydrogel with
Cells: IRE Implications for Atrial
Fibrillation

6.1 Introduction

Validating the outcome of the IRE has been investigated through multiple
feasibility studies [14], [24], [30], [66], and several detection techniques have been
suggested to validate the success of the IRE [20], [66], [261]-[263]. These
techniques include the use of dyes such as fluorophores or colour stains [264],
functional molecules [265], the measurement of the efflux of biomolecules [266],
impedance measurements [173], [267], voltage clamp techniques [268], and
monitoring cell swelling [269]. The detection techniques can be broadly classified
into three categories: the in-vivo and ex-vivo measurement techniques, and the situ
measurement technique. The detection techniques such as dyes, functional
molecules, the measurement of the efflux of biomolecules, voltage clamp and
monitoring cell swelling are used for situ measurement. The impedance monitoring
is more suitable for the in-vivo and ex-vivo [173], [267].

To monitor the IRE in-vivo during treatment, initial data and insights need to
be gathered. Therefore, the ex-vivo scenarios are commonly proposed. However,
in the case of IRE, ex-vivo tissue cannot be used due to the absence of physiological
factors such as blood flow and neural input, which are vital in understanding cellular
behaviour and responses to IRE. This emphasizes the importance of using living
models for accurate research results [270].

Therefore, to monitor the IRE and investigate if the electrical properties of
the LAA could be utilized to validate IRE in an LAA, a benchtop LAA model is
introduced. The benchtop LAA model is a hydrogel-based model with myocardial

cells to mimic in-vivo IRE in the LAA. This model will allow us to observe and analyse
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living cell behaviour and physiological responses in a controlled environment,
which will provide valuable insights for future in-vivo studies.

The monitoring of the outcome of IRE on the benchtop LAA model is done in
the frequency range below 100 kHz, therefore the conductivity is going to be used
as a metric. The monitoring involves measuring the conductivity at two different
times, before and after ablation of the benchtop LAA model, and calculating the
difference to assess the occurrence of the IRE treatment via cell death. While the
focus is on the change in conductivity, there is still value in the absolute
measurements taken at each time point.

Chapter 6 comprises a methodology section, which outlines the cell culturing
techniques, hydrogel fabrication and embedding of cells. A hydrogel stress test and
validation test are proposed to ensure the mechanical robustness and stability of
the hydrogel during IRE and conductivity measurements. An IRE protocol, as well
as its validation, is also described. Data acquisition of conductivity from the
experimental setup used for data computation is presented. A statistical analysis is
proposed to evaluate the significance of the conductivity change. The third section
reports the pre- and post-IRE conductivity measurements and their significance.

Chapter 6 concludes with a summary and discussion of future work.

6.2 Methodology
6.2.1 Cell culture

To simulate the LAA, hydrogel-embedded with human cardiomyocyte cells
(AC16, Merck Life Science Limited, Vale Road, Arklow Y14EK18 Ireland) was
proposed. The protocol presented in [66] was utilized for culturing the cells, and
the cells were cultured in T75 flasks. The cardiomyocytes were cultured in
Dulbecco's Modified Eagle's Medium/Ham's Nutrient Mixture F-12 (DMEM/F-12)
(Sigma Aldrich), supplemented with 2 mM L-glutamine (Sigma Aldrich), 1%
penicillin/streptomycin (Sigma Aldrich), and 12.5% fetal bovine serum (FBS) (Gibco,
Dublin, Ireland). The cells were passaged (split into new culture vessels) every 2-3
days with trypsin-EDTA 0.025% (Sigma-Aldrich, Arklow, Ireland) for maintenance.
For the cell adherence experiment, 6 well plates were coated with 0.1 (mg mL?) of
gelatin, and cardiomyocytes were seeded at a cell density of 7.5 x 10° cells per well,

allowing for complete confluence overnight.
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6.2.2 Hydrogel

The hydrogel utilized in this investigation was prepared according to the
following protocol. The hydrogel was composed of lyophilized HA-TA and
phosphate-buffered saline (PBS) (Sigma Aldrich). To prepare the hydrogel,
lyophilized HA-TA was added to PBS at a concentration of 15 mg mL? and
rehydrated overnight on a rotational rocker at 4°C. The polymer solution was
separated into two equal volumes, with the first half mixed with Horseradish
Peroxidase (HRP) and the cardiomyocyte cells. The second half of the solution was
mixed with 0.1% H,0, to match the HRP solution's volume. Equal volumes of the
HRP and H202 polymer solutions were drawn into separate Luer lock syringes,
which were attached to an extension mixer that synchronously expelled the two
solutions into a custom cylinder mould positioned inside a 6-well plate. The custom
cylinder mould had dimensions of 24 mm in diameter by 2 mm in height and could
hold a volume of 1 mL of the mixed HRP and H,0; polymer solutions. Following the
expulsion of the HRP and H,0; polymer solutions into the mould, the hydrogel was
formed almost instantaneously. Culture media was added until complete coverage
of the gel, which was then placed in an incubator at 37°C for 24 hours to ensure full
jellification of the hydrogel. The final cell concentration in each gel was 2 million.
The cardiomyocyte cell had an average volume of 33726 um?3, as reported in [66],
[271], representing 3% of the total volume of the samples under investigation
(hydrogel with 2 million cells).

The hydrogel embedded cells can provide a useful in-vivo model for studying
cell behaviour and interactions, but the hydrogel can introduce limitations [272].
Hydrogels have limitations in mimicking real tissue mechanical properties due to
their softness, uniformity, and lack of dynamic properties [273]. Real tissues are
heterogeneous in mechanical properties and contain significantly more cells than
can be embedded in the current hydrogel, constantly undergoing stresses and
strains, which hydrogels cannot replicate effectively [272]. However, hydrogels
remain a valuable tool for studying many aspects that occur in-vivo scenarios. The
total samples used in the study are 16 hydrogels, 6 for validation purposes and 10

for monitoring the conductivity change pre- and post-IRE.

93



Chapter 6: Effects of IRE on Conductivity of Hydrogel with Cells: IRE Implications
for Atrial fibrillation

6.2.3 Conductivity acquisition

The electrical conductivity acquisition set-up utilized is similar to the method
used in chapters 4 and 5. The conductivity was measured using the small collinear
probe connected with the PGSTAT204 (Autolab, Kanaalweg Den Haag, The
Netherlands) in Galvanostat mode with a fixed current of 100 pA at ambient
temperature with Nova 2.1 software and a weighing scale (Kern Weighing Scale,
METTLER TOLEDO, Columbus, OH, USA). The targeted frequencies for conductivity
measurement are 10 Hz to 100 kHz (10 points per decay). Similarly, to chapter 4
and chapter 5, the conductivity acquired from 0.1 Hz to 10 kHz for this experiment
were observed to be unreliable as the data is very noisy and the conductivity cannot

be separated from the noise.

6.2.4 Statistical analysis

A paired t-test was used to compare the conductivity change between the
pre-treatment hydrogel with living cells and the post-treatment hydrogel with dead
cellsin the treatment area. The paired t-test is appropriate when you have two sets
of related or paired data, such as pre-and post-measurements on the same sample
of individuals. It is specifically designed to compare the means of two paired
samples while taking into account the correlation between them [256]—-[259]. The
paired t-test reduces the variability in the data that arise from individual differences
between subjects [256]-[259]. Therefore, if you have paired data, the paired t-test

is @ more appropriate statistical test than an unpaired t-test [259].

The null hypothesis was that there is no significant difference between the
measured conductivity variations of the pre-and post-treatment stages. The T-test
was performed under the hypothesis at a 5% significance level, and the resulting p-
value was used to measure the probability of obtaining the observed results
assuming that the null hypothesis is true. A lower p-value (p < 0.01 indicating strong
evidence against the null hypothesis) would indicate greater statistical significance
of the observed difference. The T-test was conducted for each frequency as the
variation of conductivity in frequency dependence. References [256]—[259] were

consulted for guidance on statistical analysis.
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6.2.5 Hydrogel testing

The hydrogel plays a focal role in the experiment as it serves as the primary
support structure for the cells, and any alterations made to it can significantly
impact the final results. As such, it is imperative to evaluate the stability of the
hydrogel via stress and validation tests. The stress test seeks to identify the point
at which the hydrogel breaks due to probe contact, while the validation test
assesses whether any changes occur to the hydrogel due to treatment in the
absence of cells. These tests aim to ensure the stability of the hydrogel and

minimize errors caused by probe contact force and potential formula changes.

6.2.6 Hydrogel validation stress test

The stress test seeks to identify the point at which the hydrogel breaks due
to probe contact. The stress test commences with using the forward experiment
from chapter 5. A starting contact force of 1 N to ensure contact, then gradually
increasing by +1 N until the hydrogel breaks. The hydrogel is defined with a break
when a fracture is observed in the hydrogel. The contact force is measured the
same way as in chapter 5. This test assesses the robustness of the hydrogel during
IRE and is conducted with cells present. Examples of a damaged hydrogel are shown
in Fig 6.1.

Fig 6.1 displays the first sample of hydrogel after each probe contact force
increment, indicating that the hydrogel begins to exhibit damage at 4 N, as seen by
the probe imprint on the surface. Higher contact forces result in more pronounced
indentations on the hydrogel. At 8 N, the hydrogel breaks. Three different hydrogel
samples underwent the stress test, with the second and third samples exhibiting
major damage (hydrogel breaks) at 9 N and 9 N, respectively, after showing minimal
damage (indents) at 4 N. The stress test results demonstrate that probe contact
can affect the hydrogel, necessitating the use of adequate contact force to ensure
contact without introducing damage to the hydrogel. During IRE and conductivity
measurement, probes are placed atop the hydrogel with a contact force of 2 N to

guarantee probe-hydrogel contact and prevent hydrogel damage.
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Figure 6. 1 The figure shows the effects of probe contact force on the surface of the hydrogel during
the stress test. The photos illustrate that the hydrogel starts exhibiting damage at 4N, with more
pronounced indentations at higher contact forces. The first sample of hydrogel shown in this figure is
breaks at 8N

6.2.7 Hydrogel validation test

The hydrogel validation test is designed to evaluate the change in
conductivity of a hydrogel resulting from IRE. The primary objective of this
validation test is to establish a baseline conductivity of the hydrogel pre- and post-
electroporating, to verify that any observed changes in conductivity after
electroporating when introducing the cells are solely due to the presence of cells.
To perform the test, the hydrogel is prepared without cells one day prior to the
experiment. The conductivity of the hydrogel is then measured before IRE, after
which the hydrogel is subjected to the IRE protocol described in the IRE protocol
section. The validation test is done on three hydrogel samples. Finally, the
conductivity of the hydrogel post-IRE is measured. The hydrogel validation test is

performed on three separate hydrogel samples without cells.

Following the IRE, the electrodes used for the treatment leave visible marks
on the surface of all three samples, which were not present prior to treatment. The
marks on the hydrogel and the probe used for IRE are seen in Fig 6.2. A comparison
of pre-and post-IRE conductivity measurements with standard deviation is seen in
Fig 6.3. Fig 6.3 indicates that the conductivity change in all three samples was

insignificant (T-test with p value 9.67 x 10%). This observation suggests that the IRE
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did not have a significant effect on the conductivity of the hydrogel, thus

demonstrating the stability of the conductivity of the hydrogel in response to IRE.

(b)

Figure 6. 2 shows visible marks on the surface of all three hydrogel samples following IRE. These
marks are from the electrodes used for the treatment and were not present prior to treatment. (a)
shows the marks on sample 1 (b) shows the probe used for IRE
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Figure 6. 3 compares pre- and post-IRE conductivity measurements with the standard deviation of
the hydrogel. The results show that there was no significant change in conductivity between pre- and
post-IRE

6.2.8 Ablation protocol

The IRE pulse parameters have been shown to have a direct correlation with
the treatment outcome, including cell death, treatment zone, treatment depth, and
more [15], [30], [66], [274]. To ensure successful treatment, an established protocol
that has been proven to be effective with myocardial cells with a minimum
threshold of 70% cell death and a minimum of 500 V cm is followed [66]. The IRE
setup consists of a two-electrode probe connected to a signal generator, as shown

in Fig 6.5. The IRE probe is composed of two 50 um thick copper electrodes with
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dimensions of 3 x 5 mm and a 5 mm gap as seen in Fig 6.3 (b). The IRE is delivered
using a biphasic 60 ms on-time waveform consisting of 100 us negative followed by
100 ps positive phase with electric field strengths of 1000 V cm™ through an ECM
830 square wave IRE system (Massachusetts, United States). To validate the
treatment, the treatment was performed on three hydrogel samples with cells, and
the EVOS M7000 Imaging System was used to 3D scan the hydrogel. The imaging
system provides an image of the treatment zone, with green indicating living cells
in the hydrogel and red indicating the treated area with dead cells. The ablation
parameters, including area, perimeter, and diameter, match the expected results
from [66]. The resulting images from the three hydrogel samples after treatment

are shown in Fig 6.6.
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Figure 6. 4 Schematic diagram of the IRE setup, consisting of a two-electrode probe connected to a
signal generator. The probe is composed of two 50 um thick copper electrodes with dimensions of 3 x
5mmand a5 mm gap

Figure 6. 5 3D scanned images of three hydrogel samples with cells after IRE treatment, as visualized
by the EVOS M7000 Imaging System. The green area indicates living cells, and the red area indicates
dead cells in the treated zone. The ablation parameters, including area, perimeter, and diameter,
match the expected results from a successful treatment protocol

98



Chapter 6: Effects of IRE on Conductivity of Hydrogel with Cells: IRE Implications
for Atrial fibrillation

6.3 Results and Discussion

Before monitoring the outcome of IRE on the benchtop LAA model in the
frequency range below 100 kHz and assessing whether the conductivity could be
utilized as a means of validating IRE. The methodology of chapter 6 examined the
effect of IRE on the conductivity of hydrogels with and without cells, and the impact
of cell presence on the conductivity of the hydrogel.

The results show that the presence of cells influenced the conductivity of the
hydrogel, whereas IRE had no significant effect on the conductivity. Upon
introducing cells to the hydrogel, a noticeable decrease in conductivity occurred,
dropping from an average of 1.25 S m™® to 0.65 S m®. However, it remains
inconclusive whether the observed drop in conductivity directly correlates with the
presence of cells. The hydrogel with cells shown in Fig 6.6(a) is seen with a pink tint,
indicating the potential of cell media absorption by the hydrogel. The hydrogel with

and without cells are shown in Fig 6.6(a).

(b)

Figure 6. 6 hydrogel sample with and without cells (a) hydrogel with cells the pink tint is introduced
by the cells and cell media (b) hydrogel without cells

Fig 6.7 presents the conductivity measurements of hydrogel samples with
cells, taken before and after IRE, in the frequency range below 100 kHz. These
measurements were conducted to monitor the effects of IRE on the benchtop LAA
model and evaluate the potential utility of conductivity as a validation method. A
total of ten samples were analysed, and the conductivity data was recorded within

the frequency range of 10 Hz to 100 kHz.
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The mean conductivity of the hydrogel with cells before treatment is
0.65 S m?, whereas, after treatment, it is 0.79 S m, showing an average change of
17% among ten samples. To examine the statistical significance of this change, a T-
test was performed, yielding a p-value of 8.59 x 10?, below the threshold. This
result indicates that the change in the conductivity of the hydrogel before and after

treatment is statistically significant.
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Figure 6. 7 shows the comparison of the mean conductivity with the standard deviation of the
hydrogel with cells before and after IRE. The graph displays the conductivity measurements from ten
different samples at various frequencies ranging from 10 Hz to 100 kHz

The observed change in conductivity of the hydrogel pre- and post-treatment
suggests that the treatment alters the conductivity of the sample, with cell death
being a contributing factor. The goal of IRE is to disrupt the cellular structure, such
as the cell membrane, leading to the release of cytoplasm, which is a conductive
liquid [15], [19], [22], [30], [66], [274]. This release of cytoplasm increases the
conductivity of the treatment area. Despite cells accounting for only 3% of the
treatment area, a significant change in conductivity is observed after IRE, partially
due to the low measuring frequency (below 100 kHz) used in this study.
Measurements below 100 kHz can be challenging, but their sensitivity to electrical
stimulation increases as the conductivity is affected by the cellular level of the
tissue. Electrical currents below 100 kHz primarily flow in the extracellular spaces,

with the charges flowing around cells rather than penetrating the cell membrane,
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emphasizing the importance of choosing the appropriate measuring frequency.
Additionally, if conductivity changes can be seen in a scenario where cells represent
only 3% of the total sample, the results could be extrapolated in in-vivo LAA
samples, where approximately 70-80% of the tissue volume is made up of

cardiomyocytes [275], [276].

6.4 Conclusion

Based on the results of chapter 6, the conductivity of the hydrogel with cells
is affected by IRE, and the main contributor to the change in conductivity is the
release of conductive liquid from dead cells. The significant change in conductivity
pre- and post-treatment was confirmed through statistical analysis using a T-test.
In the case of hydrogel model the expectation for a significant change is typically
based on the experimental design as the hydrogel is adapted the targeted cell and
the anticipated effects of the treatment on conductivity cannot be hypothesized.

Furthermore, this study highlighted the importance of the choice of
frequency when measuring conductivity. This finding suggests that the conductivity
measurement is highly sensitive to the cellular level of the tissue. However, some
limitations of this study include the lack of investigation into the relationship
between the conductivity change and the number of dead cells in the hydrogel.
Additionally, the study only examined the conductivity change in a scenario where
cells represent 3% of the total sample, and it remains unknown how this result
would be affected in tissues where cells represent a higher percentage.

Future work could involve investigating the relationship between
conductivity change and dead cell concentration in the hydrogel, as well as
examining the effects of IRE on tissues where cells represent a higher percentage
of the total sample. These studies could lead to a better understanding of the

impact of pulse field IRE treatment on tissue conductivity.
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Chapter 7: Conclusions and Future Work

Chapter 7 provides a summary of the key conclusions and findings of this
thesis. The motivation of this work, the principal findings and the overall
conclusions are presented in Section 7.1. Furthermore, the potential for future

work to build upon and improve the results of this thesis is discussed in Section 7.2.

7.1 Summary of the main conclusions

AF and its consequences are a growing challenge facing health services with
complex long-term effects for patients. In addition to current treatments, IRE is an
emerging potential treatment for AF with promising preclinical results from early
studies. However, there is a need to better understand the electrical conductivity
of biological tissues at low frequencies used by IRE and specifically the LAA which is
a common target for IRE treatment. Improved knowledge of the conductivity can
help refine and improve the electromagnetic simulations used to develop and
refine IRE treatments for AF.

Despite several studies in the literature measuring the conductivity of heart
tissues and muscle tissues, it is difficult to compare studies due to variations in data
acquisition methods in terms of probe typologies, electrode sizes, probe contact
force monitoring and other acquisition and reporting differences. Preliminary
studies in the literature and related fields suggest that these factors can impact the
measurement results and the accuracy and repeatability of the conductivity
measurements [138], [187], [219], [230].

Chapter 3 investigates the impact of probe typology and electrode size on
the accuracy and repeatability of conductivity measurements of biological tissues.
Six representative probe designs including polar probes and collinear probes were
examined in liquid phantoms for repeatability and accuracy. In all cases, results
suggest that all designs enabled repeatable measurements due to the consistent
and low coefficient of variation and standard deviation measured. However, when
comparing the measured conductivity values of the same phantoms, the
conductivity measurements acquired varied depending on the probes across the

range of 10% to 51%. These results suggest that probe typology and electrode size
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can influence the accuracy of the measured electrical conductivity. These findings
suggest that the probe design should be adapted and customised to the tissue
under study to maximise the accuracy of the acquired conductivity data. In the
context of the LAA, it is observed that a probe fitting the size of the LAA, with
electrodes smaller than 6mm and larger than 1mm in radius, and adopting a
collinear configuration, vyields superior results in terms of accuracy and
repeatability.

Similarly, these findings suggest that differences in the probe design may
help explain some of the variance in reported conductivity values in the literature.

Chapter 4 investigates the average conductivity of the LAA obtained from
ten bovine samples between 0.1 Hz and 100 kHz. These values were acquired using
a small collinear probe detailed in chapter 3. This probe achieved the most accurate
and consistent performance between 0.1 Hz and 100 kHz (10% accuracy, R > 0.99,
CV <1%). The mean conductivity of the LAA acquired from the ten samples was
found to be 2.5 mS cm™ with a SD of 0.24 mS cm™. This value is broadly consistent
with the literature values for the conductivity of cardiac tissues. Finally, the
measurement protocol and probe presented are suitable for the conductivity
measurement of biological tissues at these frequencies.

Nevertheless, there are certain challenges associated with the
interpretation of the experimental results of conductivity. Firstly, these samples are
excised, and the electrical properties may change due to excision and subsequent
dehydration. Measurements are performed under strict time limits to minimize
these effects; however, sample handling can still potentially affect the conductivity
values. Secondly, tissue can vary substantially from sample to sample, even with
defined anatomical features such as the LAA. The size and measurement area can
vary between samples, which may also affect how the hydration and temperature
change during measurement. Thirdly, the studies in this thesis contain 10 ex-vivo
bovine samples, which may not fully represent in-vivo human conditions.

The measurement protocol in chapter 4 includes a method to measure and
report the probe contact force used during measurement. However, in many
studies in the literature, the contact force is either not measured or not controlled.
Chapter 5 examines the potential impact of contact force on acquired conductivity

measurements. The conductivity of LAA samples was measured in three different
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sets of experiments to consider the effect of contact force on the conductivity
measurement: firstly, with monotonically increasing contact force, secondly, with
increasing then decreasing force, and thirdly where the tissues have been first
hyperhydrated to reduce the concentration of extracellular fluids. Measurements
were acquired at nine distinct contact forces from 2 N to 10 N. The measured
conductivity for all samples ranged between 0.14 S m™* and 0.24 S m’, which are
consistent with literature values for cardiac muscle and the results in chapter 3. On
average, the measured conductivity of the sample changed as the contact force
increased monotonically (forward experiment) by on average -21% in conductivity.
However, when the force was decreased in the reverse experiment or the tissue
had been preprocessed to alter the extracellular fluid concentration in the
hyperhydration experiment, the average change in conductivity was +1.3% and -
2.5%, respectively. These findings suggest that the high initial contact force in the
reverse experiment decreased the extracellular fluid concentration in the
measurement area, resulting in minimal changes in conductivity across the contact
force range. Similarly, the considerably smaller change observed in the
hyperhydration experiment indicates that the removal of ionic extracellular fluids
during sample processing was partly responsible for the changes in conductivity
due to the contact force observed in the forward experiment. Furthermore, these
results support the regulation, monitoring and recording of the contact force of the
probe in tissue conductivity measurements.

The study in chapter 6 investigates the potential use of the conductivity of
LAA tissue as an indicator of the success of the IER treatment. A benchtop LAA
model consisting of a hydrogel embedded with myocardial cells was used to model
living LAA tissue. The electrical conductivity was measured before and after IRE
treatment and the extent of the treated area was measured using EVOS M7000
Imaging System. The electrical conductivity of the model was found to change
significantly due to the IRE treatment, likely due to the increasing concentration of
ions in the extracellular fluid after IRE. These results suggest that conductivity may
be suitable for assessing the success of IRE treatments.

Future studies could focus on investigating the correlation between
conductivity change and dead cell concentration in the hydrogel, and on examining

the effects of pulse field IRE treatment on tissues with higher percentages of cells
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in the sample. Such studies could potentially contribute to a better understanding
of the impact of pulse field IRE treatment on tissue conductivity and could have

implications for the development of new therapies for various medical conditions.

7.2 Future work

This thesis presents accurate and reliable measurements of the
conductivity of the LAA below 100 kHz and highlight adapting the proposed
protocol for measuring the conductivity of different tissues at this frequency range.
Furthermore, the impact of contact force on the measured conductivity and the
change in conductivity due to IRE treatments. This work identifies several areas
where the results could be extended or improved and highlights a number of
questions.

In terms of the conductivity of the LAA, future studies could explore the
relationship between LAA anatomy and conductivity, investigating whether
adjusting the position or orientation of the probe could reduce variability in
conductivity measurements. Additionally, the effect of animal source, tissue
preparation and handling procedures on conductivity measurements could be
investigated to further optimize the measurement protocol.

In terms of the measurement set-up, measuring and maintaining contact
force over the duration of the measurement can be challenging as the semi-solid
biological samples can deform. Methods for controlling the contact force and the
sample shape using other sensors such as strain gauges or other sample holders
should be considered and investigated. In terms of measurement acquisition, the
injected current may impact the measured conductivity due to polarisation at the
electrodes and other effects. Characterisation of the repeatability and accuracy
with respect to measurement current would improve the proposed protocol.

To improve the generalisation of the results, the proposed protocol should
be used to acquire conductivity data of other excised tissue from a range of
representative tissues to better understand the ranges and limits of the
conductivity of these tissues. These studies could be supported by in-vivo
measurements to improve the overall understanding of the conductivity of the LAA.
Conducting in-vivo measurements would enhance the overall comprehension of

the conductivity of the LAA within a more realistic and dynamic physiological
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scenario. In-vivo data would provide insights into how the LAA behaves in a living
organism, accounting for factors such as blood flow, tissue perfusion, and other in-
situ conditions. This additional dimension of information would contribute to a
more comprehensive understanding of the electrical conductivity properties of the
LAA and its implications in physiological contexts. Similarly, the model used in
chapter 6 could be refined and enhanced to include a higher proportion of cardiac
cells to minimise the confounding effect of the hydrogel.

Finally, based on the proposed protocol, further studies should carefully
consider the acquisition protocol to improve the reliability, accuracy, repeatability,

and reproducibility of the conductivity results in the literature.
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