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Abstract

The thesis examines the effect of transthoracic impedance (TTI) on the success rate
of synchronized cardioversion, using retrospective analysis on clinical data and
numerical model. Synchronized electrical cardioversion is a treatment that applies an
electrical pulse to the cardiac tissue to restore normal sinus rhythm in patients
presenting atrial fibrillation (AF), atrial flutter (AFL) and ventricular tachycardia (VT).
The success of this treatment is largely dependent on the current density at the
heart, which is inversely related to TTI. Hence, during cardioversion it is desirable to
have lower TTI and deliver an "optimal" current based on the patient’s impedance;
that is, the minimum current density that provides a successful cardioversion.
Relative to a monophasic electric pulse, the “impedance compensating” biphasic
pulse used in the defibrillation technology today is understood to compensate for
variation in impedance. While the biphasic technology efficiently compensates for the
variation in impedance, the extent of its influence on positive outcomes for patients
exhibiting high TTI is still unclear.

This thesis examines the effect of TTI on the success of cardioversion in two parts.
The first part involves retrospective analysis on the clinical data obtained from
University of Ottawa Heart Institute. The second part develops a 3-D model of the
human thorax using Finite Element Method (FEM) to simulate the current density
distribution for subjects with high, average and low TTI. This work also investigates
the effect of pad placement (e.g., anterior-lateral and anterior-posterior positions)
that can better inform clinicians when developing cardioversion procedures.

Results from retrospective study and the FEM validate our current understanding on
the influence of TTI on the success rate. It was also found that one of the ways to
improve the efficacy of cardioversion would be to defibrillate the patients with pads

on the anterior-posterior position.
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1 Introduction

Synchronized electrical cardioversion is a treatment that applies electric pulses to restore
sinus rhythm in patients presenting atrial fibrillation (AF), atrial flutter (AFL) or ventricular
tachycardia (VT). Since the 1950s, this electrical therapy has been used for treating cardiac
arrhythmias, and studies thereafter have shown that the success of this treatment is largely
dependent on two factors:

1) Length of time the patient has been experiencing cardiac arrhythmia [1][2].

2) Amplitude/ Magnitude of electrical current reaching the heart [3][4][5].

The monophasic defibrillators that were traditionally used during cardioversion were found
to be limited in their efficacy. This first direct current (DC) defibrillator required higher
energy and current to successfully defibrillate the patients, and mostly resulted in cardiac
damage [6]. Also, their success rate was highly affected by the transthoracic impedance

(TTI), with reduced success for patients exhibiting high TTI [2].

A successful defibrillation requires depolarization of 95% of the heart cells. Therefore TTI
has become an important predictor for successful defibrillation, since the current reaching
the heart to achieve this depolarization is inversely related to impedance [7]. While a high
amplitude current shock ensures depolarization of the myocardium, it may cause damage to
the cardiac tissue [5]. Thus, a successful cardioversion entails lower TTI and delivery of an
optimal current based on the patient’s TTI. The monophasic defibrillators assumed the
patient impedance as 50 Q and did not attempt to adjust the current waveform in regard to
the variation in patient’s TTI. As a result, higher energy was required for a successful
defibrillation, which was also reported to result in myocardial injuries. These limitations led

to the introduction of impedance-compensating biphasic defibrillators in late 1980s [8].
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Since then it has been used for cardioversion and defibrillation, wherein the device varies

the duration of the waveform depending on the impedance of the patient [9].

1.1 Motivation

With the advent of biphasic defibrillators, studies have compared monophasic and biphasic
waveforms and it has unequivocally been shown that biphasic is superior to monophasic.
The biphasic defibrillators required lesser energy to defibrillate with less cardiac damage and
dysfunction [6-9]. Studies have advocated that biphasic defibrillators are efficient enough to
no longer consider TTI to ensure the success of cardioversion [11]. However, several
publications contradict these results and shows that although biphasic devices defibrillates
at lower energy, it is just as inefficacious for higher TTI as monophasic devices [12]. The
outcome of biphasic defibrillators being dependent on the impedance, thereby improving the

success rate of the treatment, is still unclear.

Due to this ambiguity, the clinical cardioversion protocol does not take into consideration
the TTI of the patient. As a result, it has been observed that a greater number of shocks is
required for patients with high TTI, thereby reducing the chances of successful
defibrillation[13]. If it can be demonstrated that impedance affects the cardioversion
success rate, its measurement could be incorporated into the defibrillation technology to
vary the delivered current based on the patient’s TTI. This would not only result in
delivering the optimal current required for successful defibrillation for any impedance value
but also permit a reduction in the number of shocks delivered, both of which ultimately

increase the positive outcome of cardioversion.
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1.2 Thesis Objective

While there is a strong empirical evidence to support biphasic waveforms for defibrillation
and cardioversion, there is a limited understanding with respect to patient outcomes for
wide spectrum of TTI values. The objective of this thesis aims to examine the impact of TTI
on the success of cardioversion. To illustrate the effect, we have divided our work into two
parts. In the first part, retrospective data gathered during the clinical treatment/use of
Philips HeartStart XL and Heartstart MRX defibrillators at the University of Ottawa Heart
Institute (UOHI) are used to statistically investigate TTI's effect on cardioversion outcomes.
The second part deals with 3-D modelling of the human thorax using Finite Element Method
(FEM) to show the current density distribution for subjects with high, average and low TTI.
The model is built using computed axial tomography (CAT) scans of the human thorax to try
to ensure an anatomically realistic model. This 3-D FEM enables quantitative assessment of
the current distribution pattern during cardioversion, to help explain observations made in
the retrospective analysis. In this thesis, we also seek to examine the effect different
positions of the pads have on the success of cardioversion using FEM. There is disagreement
among the researchers and physicians over the effect of pad position and most suitable
position for cardioversion. Therefore, if we could find the position that yields higher success,

it could serve as one of the method to increase the efficacy of cardioversion.

1.3 Thesis Contributions

The major contributions of this thesis are:
1. Completed a statistical analysis to examine the effect of TTI on the efficacy
of cardioversion.
The effect of transthoracic impedance on the success rate of cardioversion was
examined using Fischer's exact test and Chi-square test at significance level of

o = 0.05. With 1253 number of shocks obtained for AF, AFL, and VT, our results
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showed statistically significant difference between the success rate of low and high
impedance patients at p-value of 0.04 and 0.006 for AF and VT respectively. The
success rate was higher for low impedance patients in both these arrhythmias with
22% more success at low impedance for AF and 45% more for VT. However, the
success for AFL was more than 90% for both impedance levels. Statistically, no
significant relationship (p—value of 0.11) was observed between the success rate and
impedance for this arrhythmia. This demonstrates that even with the modern
impedance compensating biphasic defibrillators, TTI value affects the performance of

cardioversion.

. Determined the range of current amplitude that should be delivered for a

successful cardioversion.

We have examined the relationship between current and shock success in successful
cardioversions. The results show the optimal current range for a successful
cardioversion lies between 28 to 48 A for AF and 24 to 32 A for VT. Current less than
16 A, and greater than 48 A for AF and 32 A for VT results in decreasing the efficacy
of the treatment. We also found that for AFL, even low amplitude of current (< 16 A)

would result in a successful cardioversion.

. Examined the effect of TTI on current density distribution in the thorax and

defibrillation success using FEM on different patient types.

Defibrillation efficacy on patients of different sizes has been examined to analyse the
effect of TTI on success rate. CAT scans of thin, normal and large sized healthy
people were taken and FEM model were developed based on the CAT scans.
Successful defibrillation parameters were calculated and it was found that larger
people exhibiting high TTI had lower current density in the heart, thus requiring
more current and energy for defibrillation than a normal and thin sized person. The
results therefore suggest that high current should be delivered to larger patients.

Since in a clinical scenario, biphasic defibrillator can deliver current amplitude up to a
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maximum threshold, the available current is insufficient to defibrillate patients with

high TTI. This may result in lower defibrillation success rates for such patients.

. Evaluated the effect of pad positions used during cardioversion.

In our thesis, we also examined the effect of pad position on cardioversion. With our
results demonstrating that TTI influences the efficacy of defibrillation, we
investigated methods to reduce the impedance to achieve higher success rate during
cardioversion. Among many factors that influence the TTI, one of the factors is pad
position. Three positions, Antero-Lateral (AL), Antero-Posteriorl (AP1), and Antero-
Posterior2 (AP2) that are predominantly used during cardioversion were considered
for this analysis. FEM models using a CAT scan for a normal healthy male was
constructed and each of these positions were simulated in the model. When
defibrillation parameters were calculated it was seen that AL position will result in
lower performance during cardioversion as compared to both AP positions.
Comparatively, lower TTI, and lower current and energy requirement for successful
defibrillation was observed for AP2 with greater uniformity in the current distribution
within the heart. These results demonstrate that pad position affects the efficacy of
cardioversion and AP2 position could yield higher success rate. Our analysis also
suggests that the defibrillation parameters like energy, current and resistance can be
sensitive to pad placement errors done by human operators during a clinical

cardioversion procedure.

Since our results showed that different patient types/sizes and pad positions result in
different electrical activity within the body, we analysed the effect of pad position on
different patient types. We compared the defibrillation parameters calculated for
each of the sizes during the three different positions. Our results indicated that

cardioverting patients of any size in AP2 position require less current and energy
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than AL or AP1. Even for large patients, successful cardioversion could be achieved

with lower current in AP2 position.

Additional minor contributions of this thesis are:
1. Modified the existing FEM algorithm to develop a human chest mesh
incorporating heart, skeletal structures, and sub-cutaneous fat tissue. The
model was also modified to incorporate different positions of the pads used

during cardioversion.

2. Modified and implemented Electrical Impedance and Diffuse Optics
Reconstruction Software (EIDORS) algorithm to include different
conductivities of the tissues and calculate various defibrillation parameters
such as current density in the heart, minimum current and energy required
for a successful defibrillation, uniformity in the current distribution and

percentage of cardiac damage.

The statistical and FEM results shown in this work clearly indicates the effect of TTI on the
efficacy of cardioversion. We also suggest a way to improve the success rate of this

treatment by placing the pads in AP2 position.

Part of this thesis has been disseminated in the following publication:
Chaugai V, Adler A, Chan ADC, Zakutney T, “Estimation of effective pad positions during
cardioversion using 3-dimensional finite element model”, 35" Conference of the Canadian

Medical & Biological Engineering Society, Halifax, Canada, 2012.
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1.4 Organization of Thesis

Chapter 2 of this thesis reviews the background information on cardioversion, and theory
behind fibrillation and defibrillation. Chapter 3 covers the cardioversion procedure, data
acquisition, data processing and experimental measurement of voltage to calculate the
current. Chapter 4 describes retrospective statistical analysis of our clinical data and the
results. Chapter 5 deals with the mathematical fundamentals of FEM. Chapter 6 describes
the 3-D model of the human thorax, analysis of current distribution for different types of
patients and the effect of pad position on the behavior of the current in the body. Chapter 7

summaries the thesis and discusses potential future works.
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2 Literature Review

2.1 Introduction

Chapter-2 provides a background regarding the physiology of the heart and cardiac
arrhythmias, and a brief overview of the relevant research in the field of cardioversion. This
includes physiology of fibrillation and defibrillation, evolution of defibrillation technology and

several challenges that still prevail for a successful defibrillation of the heart.

2.2 Conduction System of the heart

The heart is divided into four chambers, the upper atria and lower ventricles. Located in the
right atrium is the Sino-Atrial (SA) node, which is often referred to as the natural
pacemaker of the heart. The SA node spontaneously fires electrical impulses (60-100

impulses per minute) that initiate heart contractions.

. Sinoatrial node

. Atrioventricular node
. Bundle of His

. Left Bundle branch

. Left anterior fascicle

. Left posterior fascicle
. Left ventricle

. Ventricular septum

. Rightventricle

0. Right bundle branch

Figure 2.1 Electrical Conduction System of the Heart. Credit: Patrick J. Lynch,
medical illustrator; C. Carl Jaffe, MD, cardiologist. http://creativecommons.org
/licenses/by/2.5
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The impulse initiated by the SA node travels in the atria causing the atrial muscles to
contract. This causes the blood from the atria to be ejected into the ventricles. Since the
atria and the ventricles are electrically isolated, the impulse propagates to the ventricles via
the Atrio-Ventriuclar (AV) node. Electrical conduction is delayed through the AV node,
allowing the atria to empty the blood into the ventricles before the ventricles contract. The
impulse then travels down from AV node, through the Bundle of His, bundle branches, and
then to the Purkinje fibers, which innervate the ventricular cells. The ventricles then
contract and pump the blood either to the lungs for oxygenation (right ventricle) or to the
rest of the body (left ventricle). Comprehensive information regarding the electrophysiology

of the heart can be found in [14].

2.3 Cardiac arrhythmia

Cardiac arrhythmia refers to any abnormal electrical activity in the heart which causes
irregular heartbeats. The fundamental cause of most of the cardiac arrhythmias is coronary
artery disease [14]. Also, diseased heart valve(s), cardiomyopathy, ventricular hypertrophy
and arterial embolism may contribute in generation and transmission of abnormal impulses
in the heart leading to arrhythmia [14]. Cardiac arrhythmias may prevent the heart from
efficiently pumping the blood to the rest of the body, which at first causes an increase in the
cardiac work and ultimately damages the brain and other organs by not providing sufficient
oxygenated blood. Comprehensive information regarding cardiac arrhythmias can be found

in [14].

2.3.1 Types of Cardiac Arrhythmia

Generally, the types of cardiac arrhythmias have been divided into four categories,
1. Premature beats: Premature beats are naturally occurring arrhythmia characterized

by a feeling of a skipped heartbeat .Premature beats are harmless in general.
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2. Bradyarrhythmias: Bradyarrhythmias occur when the heart rate is slower than 60
beats per minute. Normal heart rhythm is restored using either a pacemaker or a
defibrillator providing pacing assistance.

3. Supraventricular arrhythmias: This includes atrial fibrillation, atrial flutter and
paroxysmal supraventricular tachycardia. These arrhythmias can be treated by
synchronized cardioversion.

4. Ventricular arrhythmias: Ventricular tachycardia and ventricular fibrillation fall under
this category. Defibrillation is generally done for patients suffering from this type of

arrhythmia.

Among these four conditions, supra ventricular arrhythmias and ventricular arrhythmias
pose serious threats where the latter leads to imminent death if not treated on time

(~1 to 3 minutes) [14].

2.3.2 Physiology of Cardiac Arrhythmia

The occurrence of arrhythmias in the heart has been explained with the following two

theories: 1) Ectopic Foci or 2) Circus Movement or Re-entrant circuit.

Regions in the heart, other than the SA node, may also generate electrical impulses; those
areas are termed ectopic foci. The impulses generated from these foci are usually
suppressed due to higher impulse rate of SA node. However, the occurrence of ectopic
impulses during the relative refractory period of the cells, also referred as vulnerable period,
as shown in Figure 2.2, can spread disorganized depolarization waves causing irregular
heart rhythm [14]. In a normal healthy person, an ectopic pulse occurring during the T-
wave is well tolerated by the heart and SA regains its control. However in diseased heart,
these areas, if stimulated, takes over the control of SA node and send rapid impulses in all

directions resulting in flutter or fibrillation [14][15].
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During the end of a normal cardiac cycle, an impulse generated by the SA node eventually
dies out due to the refractory state of the cells and a new excitation impulse is again
generated from the SA node. There exist conditions for which the propagating pulse does
not die out after the excitation of the heart and continues to propagate in a circle to re-
excite the heart cells immediately after the repolarization [14]. This cyclic propagation
leading to the re-entry of the impulse over and over again is described as circus movement.
This leads to a sustained abnormal cardiac rhythm that ignores the pacesetting function of

the SA node. There are three conditions that facilitate this re-entry of the impulse [14]:

The safest period Vulnerable period Vulnerable period

for pulse delivery \ of the atria of the ventricles
! el

|

S

Figure 2.2 Vulnerable period during sinus rhythm

a) Longer length of the conduction pathway: This is basically seen in dilated hearts. Figure
2.3 shows propagation of the impulse in a longer conduction pathway.

b) Slow conduction velocity of the impulse: This result from ischemia, elevated blood
potassium or any blockage in the Purkinje fibres.

c) Shortened refractory period: Consumption of drugs such as epinephrine could cause

shortening of the refractory period of the cells.
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Supra ventricular arrhythmia and ventricular arrhythmia are believed to occur as a result of
either ectopic foci or re-entry or a combination of both. Although these theories attempt to
explain the phenomena behind the arrhythmias, a definitive mechanism has yet to be
defined.

NORMAL PATHWAY

0 00O

Absolutely refractory

Absolutely
refractory

Relatively refractory

LONG PATHWAY

Figure 2.3 Re-entrant circuit as a result of long pathway. Based on [14].

2.4 Theory of defibrillation

The main therapy for cardiac arrhythmias is defibrillation and/or cardioversion. Defibrillation
is carried out in an emergency condition for patients under ventricular fibrillation (VF).
Cardioversion is done for patients exhibiting atrial fibrillation (Afib), atrial flutter (AF) and
ventricular tachycardia (VT). Cardioversion is done on a scheduled basis and in a
synchronized way, i.e. the shock is given only during the R-wave in the ECG pulse. This is
done to avoid any occurrence of cardiac arrest or stroke. Although the procedure and
conditions for defibrillation and cardioversion are different, both these treatments follow the
same principle. At a general level, defibrillation and cardioversion works by depolarizing the

heart cells to defibrillate the patient’s heart and restore a normal sinus rhythm.
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Even though the basic idea behind defibrillation is known, the underlying mechanism still
remains unclear. There exist many theories that attempt to describe the effect of the shock
on the myocardial tissue and their relationship to the shock success, each of them
interrelated and complimentary to one another. Among many of the hypotheses, four of
those remain popular in explaining the mechanism for defibrillation.

1. Ciritical Mass Theory: This theory proposed by Zipes [16] explains that a shock need
not stop all the irregular impulses propagating in the heart. For a successful
defibrillation, it is only necessary to halt the activation wave front occurring in a
certain critical mass of myocardial cells such that the remaining mass of fibrillating
tissue would be insufficient to sustain the arrhythmia. Studies have reported that at
least 95% of the cells have to be defibrillated for a successful outcome [16][17].

2. Upper Level of Vulnerability (ULV): Chen et al. [18] observed different patterns of
post-shock activation wave fronts in the successful and failed defibrillation which led
to the formation of this theory. During defibrillation, the regions of low shock
strength (areas further away from the stimulating electrode) may get stimulated
during their vulnerable period and give rise to the new activation wave front, thus
reinitiating fibrillation. Hence, in order to successfully defibrillate the heart, it is
necessary for the shock strength to be greater than the largest strength of shock
that could initiate the fibrillation, defined as the upper limit of vulnerability [18]. It
has been found that upper limit of vulnerability for the monophasic shocks is 6 V/cm
and for biphasicis 5 V/cm [19] .

3. Refractory period extension theory: Defibrillation is said to be successful only when
the fibrillating wave fronts can be stopped. Fibrillation wave fronts, in turn can be
stopped by blocking their propagation, and the only way of achieving this is to render
the cells in their refractory period such that the wave fronts cannot re-enter again.
This is the concept behind refractory extension theory which states that a critical

shock of optimum duration and strength when delivered should extend the refractory
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period of the excitable cardiac cells so that these cells will hot be depolarized by the
incoming wave fronts [20][21]. Other remaining cells which are already in their
absolute refractory period will remain refractory to the fibrillating impulses. This will
not only cause the halting of the activation wave fronts but also puts all the cells into
their refractory state making them synchronize at one phase. This will then cause SA
node to regain its control and produce normal impulses. Taking into account the ULV
hypothesis, for a shock to be successful, it is required that voltage gradient of
5-6 V/cm be produced in low intensity regions with an optimal duration so as to allow
sufficient time for the cells to remain refractory. This postulate incorporates both the
critical mass hypothesis and ULV hypothesis making it the one of the most
acceptable theory for defibrillation.

Virtual Electrode Hypothesis: This hypothesis predicts that application of a positive
stimulus will generate a region of hyperpolarization (virtual anode) and two regions
of depolarized tissue (virtual cathodes) [22]. The depolarization tends to propagate
outward the virtual cathode region. Simultaneously, the regions under virtual anode
will hyperpolarize the tissue and there is no propagation of action potential from
those areas [23]. Now, when the propagating depolarizing pulse reaches the virtual
anode region, the charge is not sufficient to induce depolarization, as the cells are in
their hyperpolarizing state making the fibrillating wave fronts die out. The
stimulating pulse, however, has to be applied for a sufficient duration of time, as the
decay of hyperpolarization is very rapid which may cause the cell to be depolarized

by the impulse propagating from the virtual cathode region [22].

These four hypotheses are not mutually exclusive. They all agree to the underlying idea that

current density during stimulation should be sufficient enough to make all the atrial cells (in

case of atrial arrhythmia) or ventricular cells (for ventricular arrhythmia) under refractory

period so that the fibrillation wave fronts cannot propagate further and fibrillation stops.
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2.5 Defibrillation in clinical practice

Since 1900s, experiments have been carried out for defibrillating the heart using electrical
shock. However, it was used clinically on a human only in 1948, when Dr. Claude Beck of
Case Western University performed internal defibrillation using alternating current (AC). In
mid 1950’s, Dr. Paul Zoll first performed external defibrillation on a human by applying AC
across externally placed paddles. The external direct current (DC) defibrillation came into
practice only in late 1950’s when Lown [24] investigated the application and advantage of
DC shock over AC. Their results showed DC to deliver high peak current of shorter duration,

resulting in less post-shock myocardial damage and higher success rate than AC.

These observations led to the use of DC defibrillators, which electrically was an RLC circuit.
A DC defibrillator uses capacitors, charged up to a high voltage level (1000 V to 2000 V). It
is then discharged on the patient’s chest via an inductor to deliver a damped waveform of
optimum duration (~ 5 ms) with an energy dose around 100 to 360 J. DC defibrillators since

then have become a standard, widely accepted device for defibrillation and cardioversion.

2.6 Defibrillation technology

A typical DC defibrillator comprises of a power supply, capacitor and inductor (Figure 2.4).
The AC power supply voltage (120 V in North America) is converted to a higher voltage
using a step-up transformer. This variable transformer allows the voltage across the
capacitor to vary according to the energy selected by the operator. A rectifier then converts
this AC voltage to DC voltage. Electrical energy is stored in the capacitor, which is then
discharged to the patient. The function of the capacitor in a defibrillator device can be

explained by Figure 2.4.
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When switch (S) is in position 1, the DC current coming from the power supply unit builds
up charge across the capacitor until the voltage of the capacitor equals the
source..Activating the switch, by moving it into position 2, enables the current to flow
through the inductor into the paddles that are applied on a patient’s chest, thus delivering

the stored energy.

J' 1 2

Mains
220 V60 Hz Ac [@ 1
C ——

Auto Transformer Step-up Transformer

Figure 2.4 Circuit diagram of a DC Defibrillator. Based on http://coep.vlab.co.in

Without the inductor, the decline in the voltage across the capacitor plates during the
discharge occurs in an exponential manner, with more energy delivered to the heart in the
beginning of the discharge. Therefore, in order to maintain a more steady flow of energy, an
inductor is used in the circuit. It minimises the rapid exponential decay of the current and

also allows it to flow for a finite duration.

2.6.1 Defibrillator waveforms

The shape of the waveform and how the energy is delivered is more important for a
successful defibrillation than how much energy is delivered [25]. Defibrillator machines have
incorporated two types of waveform (Figure 2.5): 1) monophasic waveforms, where the
current travels only in one direction, and 2) biphasic waveforms, where the current

traverses in both the positive and negative direction.
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2.6.1.1 Clinical Studies Comparing Monophasic and Biphasic Waveforms

The damped sinusoidal waveform (Figure 2.5) that was delivered during the advent of DC
defibrillator in late 1950's was a monophasic waveform or a Lown waveform which was the

mainstay for the defibrillator devices for almost three decades [24].

RN 30

Right | [ Left

Current(A)
N oW

o o

Il |

-
o
|

\

0 2 4 6 0 2 PR
Time(ms) Time(ms)
Damped Sinusoidal Monophasic Waveform Biphasic Truncated Exponential Waveform

Figure 2.5: Defibrillator Waveforms

In late 1980’s, Jones and Jones [8] were the first to report that biphasic waveform tend to
reduce the cardiac damage seen during defibrillation. Since then, various studies have been
carried out to evaluate the efficacy of monophasic and biphasic waveforms with results
unequivocally showing the superiority of biphasic waveform over monophasic [26-36]. Many
similar studies have been done to compare the efficacy of monophasic and biphasic, all
demonstrating superior efficacy of biphasic shocks at a lower energy level. Table 2.1

provides summary of such works.
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Table 2.1 Comparison of Monophasic waveform (MW) over Biphasic waveform (BW) for
cardioversion [37]

MW ener BW
Work eray Success BW Device energy Success
selection >
selection
Scholten et al. Zoll
[59] 200,360 90 Mocorios 120,200 90
. Zoll
Mittal et a/.[38] | 100,200,300,360 79 PD-2100 70,120,150,170 94
Page et al. [31] | 100,150,200,360 85 Heart;tream 100,150,200,200 91
Ma””[g’%‘]et al- 1 100,200,300,360 90 Fleartstream | 70,100,150,200 88

The advantages of biphasic defibrillators reported from all these studies were:
a. Lower defibrillation threshold (i.e., lower amount of current and energy required to
defibrillate the heart than monophasic waveforms).
b. Low post shock cardiac damage.
c. Lower energy of biphasic as effective as higher energy of monophasic waveforms.
d. Impedance compensation: Impedance compensation was also studied for
monophasic waveforms where impedance compensating monophasic defibrillators

yielded more success than the standard defibrillators [3].

These advantages over monophasic waveforms were observed on conditions when the
duration of first phase of biphasic was greater than the second phase and for an energy
level between 100 J to 200 J [38][39]. It was found that both these waveform yielded the
same shock efficacy at lower energy level (less than 100 J), at a higher energy level (200 ]
for biphasic and 360 J for monophasic) and for a lower impedance value [28][31][33][38].
It was also observed that if the duration of first phase of biphasic was less than the second
phase, the shock was unable to defibrillate the heart [33]. Research done by Hillsley et al.

[40] and Walcott et al. [34] showed that the duration of the first phase should be between
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3.5 to 6 ms for a successful defibrillation and the waveform should be asymmetrical for

higher efficacy.

2.6.1.2 Theoretical Comparison of monophasic and biphasic waveforms

The physiological mechanism behind successful defibrillation by asymmetric biphasic
waveform has been attempted to explain by different hypothesis, such as:

1. Charge Burping theory (First phase as conditioning pulse): This is the most accepted

hypothesis which suggest that the first phase of the waveform acts as a pre-
conditioning pulse which hyperpolarizes (or repolarizes) the cells [41].
Kavangh et al. [27] demonstrated that the anodal pulse hyperpolarizes the cell
towards the membrane potential of -75 mV to -85 mV, which allows time and voltage
dependent sodium channels to recover from inactivation, thus increasing the
availability of the sodium channels. The second phase then requires sufficient charge
to depolarize the membrane back to its resting potential (-60 mV). Hence, the first
positive pulse acts as a pre-conditioning pulse that activates sodium channels and
the second pulse acts as an excitation pulse which removes the excessive charge
provided to the cells by the first pulse. This theory also explains the importance of
the duration of the waveform. The sodium channels that are activated during
hyperpolarization are time and voltage dependent. Therefore, if the duration of the
first phase of the shock is small, fewer numbers of sodium channels will be activated,
which would require larger amount of current (increase in defibrillation threshold) to
polarize the cells to -60 mV [20]. Also, larger second phase duration prolongs
membrane breakdown which potentiates myocardial dysfunction.

2. Post shock dysfunction reduction: It has been observed that the post shock
arrhythmia is a result of formation of membrane microlesions of diameter 50 A at
regions of high current density [42]. Electrically, a membrane resembles a capacitor

and a resistor. So, when a large current intensity is delivered to the cell, electrical
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charge starts to build up across the membrane. When this increases the extracellular
membrane potential above a critical value, reversible dielectric breakdown of the
membrane occurs which leads to the formation of the pores, thereby making the
membrane extremely conductive to allow exchange of ions through these pores. This
rapid, indiscriminate exchange of ions, results in depolarisation of the cell leading to
the formation of a conduction block which may ultimately lead to a temporary arrest
or re-initiate fibrillation or cause irregular contractions if it persists for a longer
period of time [20]. Referring to the explanation above, during monophasic shock,
hyperpolarization pulse induces membrane microlesion formation. This microlesion is
transient and it ultimately reseals itself. The self discharge process which depends
upon membrane time constant is slow and increases the chance of cardiac
dysfunction. With biphasic waveforms, the reversed polarity of the shock quickly
discharges the membrane capacitance. This gives lesser time for ionic exchange
through the pores, thereby decreasing post shock dysfunction. Thus it is required
that, for a successful defibrillation, the phase duration should be large enough to
render the cells refractory for the incoming wave fronts but not too large to induce
myocardial damage. The optimal duration for a waveform varies according to the
strength-duration relationship for each device, with most studies reporting between 6

to 10 ms for biphasic waveform [36][39][41].

2.7 Effect of transthoracic impedance

For defibrillation to occur, it is necessary that a significant mass (95%) of the myocardium

cells are depolarized. The mass of cells undergoing depolarization is significantly influenced

by the amount of current reaching the myocardium. Not only the magnitude of current, but

the spatial distribution of the current density in the heart also affects the defibrillation

efficacy since a non-uniform current density distribution has a higher chance of re-inducing

arrhythmia, thus leading to refibrillation [43]. This current density in the heart is mostly
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dependent on transthoracic impedance (TTI) [3][4]1[7][44]. TTI which has been recognized
as the most important element for defibrillation is the thoracic impedance or the chest
impedance of a person. The influence of TTI on current can be shown by the Ohm’s law

equation
14

I= R (2-1)
Where I is the current, V is the voltage and Ry, is the chest resistance (clinically referred as
transthoracic impedance).
It can be understood that for a given voltage, high TTI allows a small amount of current to
flow, which may not be sufficient to defibrillate the heart. Giving higher dose of current will
resolve this problem; however, such intensity may result in damaging the myocardial tissue
or induce post-shock dysfunction. Therefore, for sufficient current to reach the heart for a
successful defibrillation, lower TTI is desirable. TTI is largely affected by anthropometric
factors like chest size, phase of ventilation, amount of fat, hair coverage and factors related
to technique and defibrillator like paddle force, pad size, pad position, skin coupling gel,
number of shocks and the interval between each shock, each described in detail below.

1. Paddle Contact Force: Electrode-skin impedance largely contributes to the total
impedance of the body. A firm paddle force ensures a good electrode-skin contact, and
reduces the skin impedance and also reduces the thoracic volume, both of these
conditions resulting in overall decrease of the TTI. Deakin et al. [45] conducted a study
on paddle force that should be applied during defibrillation and they found that
applying at least 78.45 N force on adult patients, which is attainable by 80%
defibrillator operators, reduced the TTI by a mean of 12.63 Q. In children,
(1 to 17 years) force should be approximately 49 N and 29.4 N for babies [46].

2. Coupling gel: Application of a coupling gel, just like the high paddle force, decreases

the skin contact impedance. Although the application of these gels ensures good

electrical contact, use of these gels will create a low impedance pathway along the
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chest wall. This will cause very little current to flow to the heart with most of it flowing
along the chest wall, forming an electric arc between the electrodes [46]. To reduce
the smearing of the gels, it is advisable to use gel-pads for hand held paddles during
defibrillation which provides good electrical contact and are easy to apply and
minimizes this risk.

Body Hair: Chest hair increases the contact impedance due to the poor electrode
contact and air trapping. Defibrillation on an unshaved chest has higher chances of
burns than on shaved ones. Shaving off the hair minimises the TTI.

Phase of Ventilation: Ewy et al. [47] performed an experiment on dogs to show the
influence of phases of ventilation on defibrillation. They found that there was a TTI
difference of approximately 10 Q between the inspiratory phase and expiratory phase
with the former having more impedance due to the presence of air in lungs. They
observed 10% of defibrillation success rate for inspiration and 50% for expiration
concluding that phases of ventilation significantly affect the impedance in turn affecting
the defibrillation success rate.

Paddle size: Use of larger electrodes will lower the TTI and allow more flow of current.
However, using a larger electrode will facilitate larger current path with chances of the
current flowing through extra cardiac paths within the thorax, thereby missing the
heart. In smaller electrodes, lesser current flow is seen but the electrode area is small,
therefore, the current density is higher and chances of tissue injury are possible.
Research has shown the optimal paddle size to be around 8.5 cm to 12 cm [48].

Paddle Placement: Different areas of the chest offer different resistance for the current
flow. Electrodes are placed in such a position that heart is located between them. In
that way, majority of the current would be flowing through the heart and not the extra
cardiac pathway. According to the recommendations from American Heart Association

(AHA), the electrodes should be located at the apex-anterior (anterior-lateral,
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Figure 2.7) position such that the anterior electrode is placed at the right sternum and

the apical electrode placed on the apex of the heart.

Anterior Posterior

Right

Antero-Lateral (AL) Antero-Posteriorl (AP1)

Anterior Posterior

Antero-Posterior2 (AP2)
Figure 2.6 Standard Paddle placement for cardioversion
In a hospital setting, there are three most common pad positions used during
cardioversion: 1) Antero-Lateral (AL) position, 2) Antero-Posteriorl (AP1), and 3)
Antero-Posterior2 (AP2) (Fig. 2.7). Several studies have been done to estimate the
most effective position that results in higher success rate for defibrillation. Some

suggest AP position to be more effective than conventional AL position [49-52]. These
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studies have shown lower TTI and higher success at lower energy level for the AP
position. However, some of the work carried out on the clinical data reports both the
positions to be equally effective, stating that the position of the electrodes does not
affect the efficacy of cardioversion [2][7][53]. This uncertainty over the effect of pad
placement and the most suitable position has made the protocol for cardioversion

clinician specific with some preferring AL and some AP position during the treatment.

These factors lead to variation in the TTI during cardioversion which ultimately affects the
efficacy of the process from patient to patient, with poor results for high impedance patient
[3]1[4]1[7]. These observations were seen to be more evident on monophasic devices. This
resulted in the implementation of “impedance-compensating” biphasic waveform for
defibrillation where the voltage and duration of the waveform changed according to the

impedance of the patient [9].

2.7.1 Impedance compensation

As much as a sufficient amount of current is important for successful patient outcome, it is
also important that the device delivers that amount of current on the first shock. Increasing
the number of shocks to more than three exacerbates the fibrillating condition by causing
sarcolemma microlesions that damages the myocardial tissue [42]. To take into account the
first shock success, biphasic defibrillators were designed such that the waveform
compensated for high and low TTI. Different companies have their own standards for
compensating impedance for biphasic waveform. We will describe about biphasic technology
for the HeartStart XL and HeartStart MRX Philips Medical defibrillators that we have used in

this study.

These biphasic defibrillators change the shape of the waveform to maximize its efficacy for

each patient as shown in Figure 2.7. Before the shock delivery, the device derives the
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impedance from the voltage and current measurement and adjusts the duration of the
waveform to deliver the fixed energy. In this way, lower impedance patients receive higher
current for a shorter duration and high impedance patient receive lower peak current for
longer duration. Therefore, by adjusting the duration of the waveform the defibrillator

compensates for the impedance, thus providing a similar dose of energy to all values of

impedances.
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Figure 2.7 Impedance Compensation by HeartStart Philips MRX for energy at 150 J.
Reproduced from [9]

2.7.1.1 Controversy regarding the impedance compensation of biphasic

defibrillators

The impedance compensated method led researchers and clinicians to believe that
differences in TTI no longer affect the success of defibrillation [2][11]. In 2003
Walker et al. [12] compared the efficacy of six different biphasic defibrillator devices on
swine and found that despite the impedance compensating schemes, the TTI still affects the
effectiveness of defibrillation. Their results were highly criticized and questions regarding
their data arose in that the shock dose given to the animals were different to the clinical
shock dose received by the patients with higher TTI [54]. Their results were contrary to

those obtained by Roger et al. [11], who tested the success rate of 150 ] biphasic
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waveform on impedance from 30 Q to 165 Q and showed that TTI does not affect
defibrillation. Instead it was the time interval between the occurrence of fibrillation and first

shock delivery that contributed to successful resuscitation of the patients.

With all these advancements in the defibrillator technology, the optimal amount of current
and energy dose for defibrillation, the best method of impedance compensation and the

effect of TTI on the biphasic waveform still remain heavily debated.

2.8 Recent Advancements

2.8.1 Finite Element Method (FEM)

The FEM is a numerical analysis technique that has been extensively used to determine the
current density distribution in the thorax during an electrical defibrillation

[51], [52], [55-66] .

Several numerical techniques have been used to solve the Laplace equation governing the
electric potential distribution, amongst which FEM has been found to be the most flexible
technique. The modelling of conductivity distribution of the thorax using such 3-D FEM has
led researchers to optimize the electrode configuration during defibrillation. The FEM has led
to significant findings in the defibrillation technique including the type, the size, and the
position of the electrodes. The circular electrodes with pad sizes of 8 cm to 12 cm that are
incorporated during defibrillation today are a result of FEM outcomes which have been found
to improve the defibrillation performance. Detail information on FEM is provided in

Chapter 5 and Chapter 6.
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2.8.2 Triphasic waveforms

Usage of truncated triphasic exponential waveform is being studied for defibrillation on
animal models. These triphasic waveforms basically consist of a combination of biphasic and

monophasic wave (i.e., positive, negative and a positive pulse, Figure 2.8).
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Figure 2.8 Triphasic waveforms used for defibrillation

Zang et al. [67] compared the biphasic and triphasic waveforms on a swine model and
found that a triphasic waveform with an equal duration as the biphasic, yields higher
success rate at a lower energy level. This results were similar to work done by Jones and
Jones [68], where they found superior efficacy of triphasic over biphasic with comparatively
less tissue damage. They postulated that the first pulse acts as a “pre-conditioning pulse”,
second pulse as “exciting” pulse and the third negative pulse as “healing post-pulse” which
amended the dysfunction caused by the first two pulses.

The impact of triphasic waveform, at present is still experimental with research limited to

only animal models.

2.8.3 Alternating Current (AC) defibrillation

In 2008, researchers in Israel built a defibrillator delivering mains-supplied AC shock for the

purpose of defibrillating the patients with VF at home [69]. They take this idea of AC shock

40



delivery from the initial days of defibrillation when AC was delivered to the heart. The AC
device uses high voltage and current switch powered from the AC mains to modulate the
current and generate a waveform similar to the DC biphasic waveform. After modulation,
the current is conducted to the high voltage transformer, where it amplifies the signal and
delivers to the pads. The use of this device was tested on five swine pigs and they found
that there was no significant difference in the shock success for 70 J from the AC
defibrillator with that of 65 J from a standard DC defibrillator. No macroscopic cardiac

damage was reported making the AC defibrillator as effective as the DC one.

One of the limitations of this device is that since it functions on AC current, it would be
difficult to deliver a biphasic pulse if the AC signal takes other wave shapes due to harmonic

distortion.

This low-cost, AC home defibrillator is an interesting concept and it could benefit the patient
in cases of emergency conditions, however, more detailed study is required to substantiate

its efficacy and safety factor.

2.9 Summary

Defibrillation and cardioversion are complicated processes. Understanding their mechanism
is indeed required for the development of better protocols to treat patients suffering from
arrhythmia. Nonetheless, with the studies that have been conducted so far, it is known that
a successful cardioversion largely depends on the duration between the occurrence of
fibrillation and delivery of a shock, and the current density. The amount of current in turn
depends of the TTI. The monophasic waveforms that were used for 30 years did not account
for the change in impedance giving a poor performance. Replacement of the monophasic
waveform by the impedance-compensating biphasic waveform was a remarkable leap in the

defibrillator technology. However, cases of unsuccessful defibrillation and escalation of
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energy for a high impedance patient are still prevalent for biphasic waveforms. Therefore
the effect of impedance on the successful patient outcome during cardioversion remains

ambiguous.

This thesis deals with examining the effect of impedance on the outcomes of cardioversion
which is carried out in two parts. The first part involves using retrospective data collected at
University of Ottawa Heart Institute to statistically determine the significance of impedance
on the performance of cardioversion. The methodology and results for this retrospective

analysis are described in chapter 3 and chapter 4 respectively.

The second methodology for studying the effect of impedance includes using Finite Element
Method to examine the electrical activity in the thorax during cardioversion for subjects with
high, average and low impedance. FEM is also used to investigate different positions of the
pads that results in higher success with lower defibrillation threshold. The methodology and

results for FEM are discussed in chapter 5 and chapter 6 respectively.
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3 Experimental Methods

3.1 Introduction

This chapter details the cardioversion process at UOHI, how the data are collected after the
procedure, and different methods carried out to extract pertinent information from the data.
This is done to thoroughly understand how the data are acquired during cardioversion in a

hospital setting which will help in interpreting the statistical results.

3.2 Cardioversion Procedure

Cardioversion is performed on an outpatient basis in UOHI. At least four (4) weeks before
cardioversion, the patient is asked to start anticoagulation medication. This is done to thin
the blood since clotting of the blood in the heart during cardioversion can cause a heart
attack. The cardioversion treatment requires the presence of a cardiologist, nurse, and an
anesthesiologist. Special cardioversion pads (Kendall Medi Trace 1710 H defibrillation
electrodes, Figure 6.2 in Chapter 6) are placed at either Antero-Posterior or Antero-Lateral
position. The selected positions are at the discretion and preference of the cardiologist.
These pads are connected to the HeartStart Philips Medical XL defibrillator through which
energy for cardioversion is applied. The external defibrillator is also connected to the Philips
Intellivue MP30 Physiological monitor that displays blood pressure, breathing, and heart
rhythm of the patient. Since a high voltage shock (>1000 V) is delivered, it is required that
the patient is sedated so that he/she does not feel any discomfort. An anesthesiologist
administers sedation intravenously and only when the patient is fully unconscious, the
cardiologist delivers a shock. The shock during cardioversion is automatically timed by the
defibrillator to be delivered only during the R wave. If the patient’s ECG returns to normal,
the procedure is successful and is stopped. Otherwise, the energy level is increased and the

process is repeated. After the treatment, patients tend to wake up quickly and they have no

43



recollection of the shocks. In cases when the cardioversion is unsuccessful after three to five
repeated shocks, the cardiologist stops the procedure to avoid any post-shock cardiac
dysfunction [13]. During such cases, they prescribe medications to keep the heart rhythm in
an acceptable range. Sometimes they also suggest medications that will make the tissues

more conductive so that sufficient current reaches the heart for next cardioversion session.

3.3 Data Acquisition

This retrospective study was carried out with the approval from Research Ethics Board at
UOHI and Carleton University. Two (2) types of defibrillators - HeartStart Philips XL and
HeartStart Philips MRX are used for defibrillation at UOHI. Both these devices are the same
technology, but the MRX device provides many additional diagnostic features and also
presents information regarding the amount of current delivered to the patient which is

useful for our research work.

Data for this study were acquired from these two devices. When these defibrillators are
used during cardioversion, de-identified information such as ECG, amount of energy
delivered, number of shocks delivered, impedance of the patient gets automatically
recorded in a memory card of the defibrillator. The data in the memory card is then
imported into HeartStart Event Review Pro (ERP) v3.3 running remotely on a UOHI server.
ERP is a data management software provided by Philips Medical Systems Inc. to

electronically manage and review the cases stored in the defibrillators.

Since 2009, 6475 cases have been collected from these defibrillators. The defibrillators
record an event as a case file as soon as it is switched on. Therefore, these 6475 data not
only include the cardioversion/defibrillation events but also cases that represent situations
where a nurse switches on a machine during his/her duty check, equipment maintenance

where the machines were used with simulators, usage of the device to view the ECG during
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the transportation of patients between different wards, or any other “non-defibrillation”
condition. Since we are interested only in those files that represent
cardioversion/defibrillation events, we separate the data using Microsoft SQL server
Management Studio Express and further sort it out by inspecting the recorded ECG

waveform.

3.4 Data Processing

3.4.1SQL

ERP software supports the use of Microsoft SQL Server for managing its database. In this
work, Microsoft SQL Server 2008 was used and an ERP database was created in the SQL
Server Database. SQL scripts were designed and executed to select only those cases which
included shock information i.e., number of shocks greater than 0, and energy greater than
20 J. Along with that, information required for our analysis including impedance, energy,
and number of shocks were also extracted from the database (Appendix-I). Cases which
were a result of a nurse’s duty check or usage of machine for transporting patients were
excluded as they do not contain any shock information (number of shocks equals 0). Only
those files where energy greater than 20 J was chosen since we did not want to include
cases that represent open heart internal paddle defibrillation. This resulted in reducing the
data volume to 1390, which now include defibrillation and cardioversion events, simulator
cases, and also cases recorded during preventive maintenance of the equipment. For our
dataset to represent only the cardioversion events, ECG waveforms for each of 1390 cases

were then visually inspected.

3.4.2ECG Analysis

Using ERP, the ECG signals of the remaining 1390 files were visually reviewed. Those cases

which had no ECG or where the ECG waveform was a straight line were rejected. Also, files
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which showed perfect ECG before the delivery of shock were rejected since they were from
a simulator used in troubleshooting purposes during maintenance and inspections. This
reduced the number of cases to 881. To ascertain that these 881 cases represent true
cardioversion events, these ECG records were sent to a cardiologist at UOHI for further
inspection. The cardiologist not only discerned the true events but also provided us with the
information on the type of arrhythmia and the end result of the cardioversion process for
our 881 data. Out of 881 cases, 775 represented cardioversion event, 20 represented
defibrillation event, and 30 were from a simulator. There were 17 cases where the
cardiologist was not able to distinguish the underlying heart rhythm. There were 4 cases of
complete cardiac block and were rejected. The arrhythmias and cardiologist annotations for
35 cases were difficult to understand by the author and were sent back for clarification.
These cases are being re-reviewed by the cardiologist and are not included in this thesis.
For our work, we only considered the 775 cases representing cardioversion events. Among
them, 574 cases were identified as atrial fibrillation (AF), 112 cases as atrial flutter (AFL),

and 89 cases of ventricular tachycardia (VT).

3.5 Measurement of voltage and waveform

Our analysis not only requires knowledge on the type of arrhythmia, success/failure of the
cardioversion process, impedance, and energy but also the current delivered during
cardioversion. This information about current is useful for determining the optimal amount

of biphasic current that is required for a successful cardioversion.

Most of the data (~99%) are acquired from the HeartStart XL machine which does not
provide any information on the amount of current delivered. Therefore, we calculated the
current experimentally for different resistance and energy levels. For this, we connected the
HeartStart XL device to a patient defibrillator simulator whose output was connected to a

digital oscilloscope (Figure 3.1). The XL device was charged to 50 J, 100 J, 150 J and 200 ]
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and then discharged to the simulator. The waveform and peak voltage of the electric pulse

was simultaneously displayed on the oscilloscope.

The resistance of the patient simulator by default is 50 Q. Since we want to measure the
current for a range of resistances, the resistor of the simulator was replaced by power
resistors of 30, 50, 70, 80, 100, 120, 150 and 200 Q. The peak voltage measured by the

oscilloscope was used to calculate peak current using Ohm’s law.

Digital
Oscilloscope

Heartstart XL
Defibrillator

Power resistor

Figure 3.1 Experimental setup for measuring peak voltage.

The experimental setup is shown in Figure 3.1 and the values of peak voltages from the

oscilloscope are shown in Table 3.1.
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Table 3.1 Resistance (R), Current (I), Voltage (V) and Duration (t) of the biphasic pulse for
given energy and resistance values for HeartStart XL defibrillator.

XL Device 2001 1501 100
R I v t I v t I A" t
(2) (A) V) (ms) (A) V) (ms) (A) V) (ms)
30 58.30 1750 6.50 50.00 1500 6.50 40.00 1200 6.50
50 38.00 1900 9.00 32.00 1600 9.00 27.00 1350 9.00
70 27.86 1950 11.00 24.28 1700 11.00 20.00 1400 11.00
80 24.38 1950 12.00 21.50 1720 12.00 17.50 1400 12.00
100 20.00 2000 14.50 17.50 1750 14.50 14.20 1420 14.50
120 16.67 2000 17.00 14.58 1750 17.00 11.67 1400 17.00
150 13.60 2040 20.00 12.30 1850 20.00 9.87 1480 20.00
200 10.25 2050 20.50 9.00 1800 20.50 7.50 1500 20.50

The impedance compensating phenomena of our biphasic device is shown in Figure 3.2.
Given the same energy level 100 ], we can see that the duration of the two waveforms are
different since they represent two different resistance levels, 100 Q (3.3 a) and 150 Q

(3.3 b).

Telk i @ Acqg Cornplete B Pos: 7.400ms CH2 Probe Telk T @ Acqg Cornplete M Pos: 7.400ms CH2 Praobe
+

-
A l¢——145 ms—>|

b. 20 ms —>|
Current Current
Attenuation Attenuation
2 =
|
1
Back Back
CH2 S.00v M 2.50ms CH2 . 240mY CH2 S.00v kA 5.00ms CH2 7 240m
3-Now-11 1554 <10Hz 3-Now-11 16:16 <10Hz

Figure 3.2 Exponential biphasic waveform for (a) 150 J, 100 Q (b) 150 J, 150 Q

We also validated our experimental protocol for calculating current by repeating the same
methodology using MRX defibrillator. Since XL and MRX are similar devices and the MRX

defibrillator gives the value of the current delivered during the operation of the device, we
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surmise that our current calculation protocol will be correct if the values we noted from the

MRX device and those from XL are equivalent.

From Figure 3.3, we can see that the current recorded from the oscilloscope and that
recorded from the MRX device are very similar with a correlation coefficient of 0.99. This
suggests that our procedure for calculating the current using the voltage recorded from

oscilloscope is correct.

Heartstream MRX and Heartsmart MRX-Oscilloscope data set
60F T T T T T

—+—MRX 200 J
—*—MRX-oscilloscope 200 J

50 =

Current{Amps)
w &~
(—] —]
T T

N
=]
T

10

0 | | | | | | | |
20 40 60 80 100 120 140 160 180 200
Impedance{Ohms)

Figure 3.3 Comparison of current recorded from MRX oscilloscope and MRX device.

49



Heartstream MRX and Heartsmart XL data set
60 T T T T T T T

—*—MRX 200 J

—*—XL 200J

Current{Amps)
©w -
= =
T T

g
=
T

10+

0 | | | | | | | |
20 40 60 80 100 120 140 160 180 200

Impedance{Ohms)

Figure 3-4 Comparison of current recorded from MRX device and XL.

Figure 3.4 shows the comparison of oscilloscope data of XL and MRX device data. Based on
our assumption, there should be no deviation in the current delivered between the MRX
device and XL data. However, this is not the case here as seen in Figures 3.3 and 3.4. This
could be the result of instrumental error induced by the oscilloscope. Nonetheless, the
difference is around 2 to 3% which falls below the 10% tolerance of the oscilloscope. These
results in the figure indicate that our protocol is acceptable and Table 3.1 can be used to

determine the current for our data set.

3.6 Curve Fitting

The current delivered is measured only for a specified resistance level, as shown in Table
3.1. Given the diversity in the patient demographic, the TTI could be any continuous value
which cannot all be simulated using a power resistor. Therefore, from the values of current
calculated for HeartStart XL defibrillator in Table 3.1, curve fitting was performed to

determine an equation and its coefficients that best fit the data points. This equation is
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needed to determine the current for any given value of TTI. Given the nature of the data,
power function and exponential function were tested for the best fit. The y value in the

equations represent current in Amperes, x as impedance in Q, and a, b and c are constants.

The results are shown in the Figures 3.4, 3.5, and 3.6. The fit using an exponential function
y = ae’® shows the highest root mean square error (RMSE) and sum of square error (SSE) of
2.412 A and 61.5 A respectively which suggests that the exponential function is not the best
fit for our data. Power function y = ax? fits the data well with a RMSE of 0.568 A; however,
the function y = ax? + ¢ best represents the data with the lowest RMSE and SSE of 0.39 A
and 0.48 A, respectively.

Curve Fitting with Exponential function y=aebx with RMSE=2.412 & SSE = 61.5265
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Figure 3.4 Curve fitting with exponential function y = aeb* for HeartStart XL defibrillator
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Curve Fitting with Power function y=axb with RMSE=0.568 & SSE = 1.3263

120 | | T | | T : T
* 100J
Fit for 100J points
+ 1504
100~ Fit for 150J points ||
* 200J
Fit for 200J points
80— =
w
o
<
= 60 )
S
2
5
(2]
40— -
20— =
0 I | I | | I | I |
0 20 40 60 80 100 120 140 160 180 200
Impedance(Ohms)
Figure 3.5 Curve fitting for power function y = ax” for HeartStart XL defibrillator
Curve Fitting with Power function y=axb+c with RMSE=0.3908 & SSE = 0.47793
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Figure 3.6 Curve fitting for power function y = ax” + ¢ for HeartStart XL defibrillator
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A plausible explanation for power function best fitting the data arises from the equation,
E = I*RT 5, (3-1)
where E = Energy ,I = current, R = resistance and T,,sc = duration of the pulse.

Re-arranging (3-1) we get,

E

Tpuise = I’R (3-2)
Since E/T,use=Power ‘P’, (3-2) becomes,
P =I’R (3-3)
I=VP+R1
[ = pO5R-05 (3-4)

Since the constant a and b are different for each energy level, for a given energy level, P%>
will be constant. So, the equation now becomes analogous to,

y =ax
where y= 1, a=P%>, x= Rand b =-0.5
However, while finding the parameters a and b, rather than b being 0.5 and a being square
root as theoretically calculated, the power values were between 0.7 and 0.8 as seen in
Table 3.2. This difference could be because the R in equation 3-1 is resistance, whereas the
defibrillator gives a value of impedance. This may make our equation not match the actual
circuit. Also, we have assumed our t to be constant, but the biphasic is impedance
compensating such that the duration of the pulse t changes according to the impedance,
which changes the power P. All of this could have resulted in the power fit y =ax? to not
be the best fit. Adding another constant ¢ to the equation could be a way to compensate for
these errors, which may be the reason for third curve fitting in Figure 3.8 to yield the best

fit among all the functions.
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Table 3.2 Values of the coefficients of y = ax? + ¢ for 100, 150 and 200 J

Energy/Coefficient a b (o
100 526.214 -0.7293 -3.8634
150J 932.264 -0.8163 -1.8825
200 968.119 -0.8096 -3.2036

With these curve fitting equations, we find the current delivered for each of the case files.
Our dataset now contains information about the amount of energy and current delivered in
each case in addition to the type of arrhythmia, number of shocks, and the outcome of the
process (Appendix-I). We then use these figures to carry out statistical analysis which is

described in the next chapter.
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4 Statistical Analysis

This chapter investigates the clinical data mentioned in Chapter 3 using statistical tools and

examines the relationship between cardioversion success and TTI.

4.1 Method

Between 2009 and 2011, 775 cases of cardioversion from the Day Unit, Coronary Care Unit
(CCU), Cardiac Surgery Intensive Care Unit (CSICU), Nursing Units, and Reference Centre
at UOHI were collected with a total of 1253 shocks for cardiac arrhythmias consisting of
atrial fibrillation (AF), atrial flutter (AFL), and ventricular and supra-ventricular tachycardia
(VT). The ventricular fibrillation events were excluded from the analysis. Additional details

of the data can be found in Appendix-I and section 3.4 of Chapter 3.

We have classified the shocks as “successful” and “failure” based on the criteria given by
the cardiologist and the Department of Biomedical Engineering at UOHI. Shocks given
during cardioversion were defined as “successful” if the shock resulted in the resumption of
normal sinus rhythm (NSR). In a few cases, shocks given during cardioversion produced
temporary NSR followed by early return of the fibrillation wave front. These shocks were
also defined as successful. When the shock did not result in restoration of NSR, they were
classified as “failure”. Since we are dealing with cardioversion data, patients are still alive

even if the cardioversion treatment failed.

4.2 Statistical Analysis

We used Fischer’s exact test and Chi-square test to compare the success rate of shocks with
the impedance level. We chose these testing methods as both our independent (impedance)
and dependent (shock success) variables are nominal/categorical variables. We used
Fischer’'s exact test only when the number of successes or failures in any cell for a given
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analysis was less than 5. All the statistical testing was evaluated at a significance level of
o = 0.05. The null hypothesis is that there is no relationship between the independent and

dependent variable.

To examine this hypothesis, we have performed statistical testing for all shocks (Table 4.1)
and first shock success (Table 4.2). Testing was done separately for each of the three
arrhythmias for which cardioversion was performed. These arrhythmias were categorized
based on energy levels; less than or equal to 150 J (50, 100, or 150 J) and 200 J. We chose
to divide the energy levels in to these categories because in a hospital milieu, the physicians
usually start the treatment with 150 J energy and depending on the success/failure, the
energy is increased up to 200 J. Sometimes energy of 50 J and 100 J could also be
delivered, which was few in our data set. These data were further sub-divided into two
categories of high and low impedance; impedance less than or equal to 70 Q as low
impedance and impedance greater than 70 Q as high impedance. We chose 70 Q as it has

been reported to be average human impedance [3].

4.3 Results

From 1253 shocks, 952 were for AF, 125 for AFL, and 176 for VT. Table 4.1 summarizes the
effect of impedance and the success rates of different selected energies for the three
arrhythmias. The statistical tests show a significant relationship between impedance and
success rate for AF and VT. However, for AFL the results do not indicate any influence of

impedance on the shock success.

It was observed that most of the cases (63%) were successful in the first three delivered
shocks. In cases where the shock was unsuccessful, three to five numbers of repeated
shocks were attempted after which the clinicians would stop the treatment even if the last

shock failed in restoring NSR.
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Table 4.1: Effect of transthoracic impedance on success rates of shocks: All shocks

. Total # of # of
Energy | Arrhythmia | Impedance shocks | Success | Failure p-value
AF <70Q 266 184 82
>70 Q 256 146 110
<70 Q 36 36 0
<
= 1507 AL >70 Q 52 47 5
<70 Q 32 26 6
VT >70 Q 48 17 31 <. oo
<70 Q 165 115 50
AF >70 Q 265 152 113 O
<70 Q 17 15 2
2007 AFL >70 Q 20 20 0
VT <70 Q 15 9 6
>70 Q 81 20 61

As seen in Figure 4.1, the success rate is higher for low impedance patients and lower for

high impedance patients for all the three arrhythmias. The treatment for VT seems to be

most affected by the impedance where the success for high impedance is one-third the

success for low impedance.

Defibrillation Success in %

100 -

60 -

40 -

20 -

Atrial Fibrillation

K<=70Q E>70Q

Atrial Flutter

Ventricular
Tachycardia

Figure 4.1 Success rate of AF, AFL, and VT for low (<=70 Q) and high impedance (>70Q):
All shocks.

Table 4.2 compares the TTI and the first shock success. The statistical results for first shock

success are very similar to all shock success. There exists a significant relationship between
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impedance and first shock success for AF and VT, and AFL again shows to be unaffected by

the impedance.

Table 4.2: Effect of transthoracic impedance on success rates of shocks: First shock

Energy | Arrhythmia | Impedance ::;3:( Suif::efss Faﬁlzie p-value
<

T e o o
<

< 1501 AFL ;7783 gg zg 160 0.75
<

D s e T
<

AF ;778;; ;Zg ;g 18876 < 0.0001
<

003 | A |=e [ L L6 F
<

L B Y O v o

Figure 4.2 also reflects on the role of impedance where its effect is more prominent for VT
and AF with more success for lower impedance. From our data, we found that for a total of
952 shocks for AF, 404 shocks resulted in first shock success, and for AFL, the first shock
success was the highest with 101 shocks out of 125 resulting in first shock success. It was
also observed that first shock success rate was lowest for VT, where only 48 first shocks

from a total of 176 shocks were successful.
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Figure 4.2 First Shock Success rate of AF, AFL, and VT for low (<=70 Q) and high impedance

(>70 Q): First Shock

We also compared different energy levels with the success rate for two categories of

impedance, Table 4.3. The statistical results show that there is no significant difference in

the success rates between the energy levels except for AFL at low impedance.

Table 4.3 : Effect of energy of the success rates for different levels of impedance: All shocks

Impedance | Arrhythmia | Energy :::zll( Sui:efss Fa'#:lzi:-e p-value
<
I e e
<1
N I v v o
<150 32 26 6
VT 500 3 15 5 6 0.1194
<150 256 146 110
AF 200 ] 265 152 113 0.9398
<150 52 47 5
>70 Q AFL 500 3 >0 >0 0 0.1506
<150 48 17 31
VT 200 ] 81 20 61 0.193

The bar graph in Figure 4.3 shows the cardioversion success rate for different groups of

impedance and energy. For AF and AFL, the success rate appears to be independent of
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energy level. The plot for VT indicates that there is more success at lower energy level than

at 200 J energy for both high and low impedance groups.
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Figure 4.3 Success rates of AF, AFL, and VT for energy > 150 J and 200 J: All shocks

We plotted the cardioversion success rate against impedance for all the three arrhythmias,
shown in Figure 4.4. The success rate is decreasing consistently with an increase in
impedance for AF and VT. However, for AFL the success rate seems to be almost constant
for different level of impedances. This plot not only helps in explaining the statistical results
shown above but also indicates an inverse relationship between success rate and

impedance.
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Figure 4.4 Relationship between Defibrillation success and Impedance for a. AF, b. AFL, and
c. VT. 'n’ represents number of shocks in a given impedance range.
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The relationship between peak current and shock success is shown in Figure 4.5. The
relationship follows a parabolic curve for AF and VT, while almost a straight line in AFL. The
curve is similar for first shock and all shock success. The different curves for the three
arrhythmias indicate that each arrhythmia has its own current requirement for a successful
treatment. In AF, we can observe that success for current less than 16 A is poor, while it
starts to increase after 16 A. The success rate between 24 to 48 A is constant which
suggests that current between this range will lead to higher cardioversion success. Though
higher current gives more success, studies have shown that giving current after a certain
level induces post-shock cardiac dysfunction, leading to poor success results [70-72]. This
observation holds true for our data, where we can see that for AF, success declines after
48 A. For atrial flutter, there was no clear relationship between current and shock success;
high success rates were achieved at all current levels. For VT, success can be obtained

between 24 to 32 A, while current greater than 32 A will lower the efficacy.
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Figure 4.5 Relationship between peak current and shock success for a. AF, b. AFL, and c. VT
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4.4 Discussion

The results of this retrospective analysis indicate that transthoracic impedance (TTI)
influences the efficacy of cardioversion when performed for arrhythmias like atrial fibrillation
(AF) and ventricular tachycardia (VT). The results also show the effect of current on
cardioversion success for AF and VT. The success rate for atrial flutter however is not
affected by the impedance and also, the delivery of high current is not influential in

increasing the success rate.

The mean thoracic impedance for our data was 80 = 28.5 Q. However, we divided our data
at 70 Q impedance, since previous studies have found this to be the average human
impedance [3]. A successful defibrillation requires 95% of depolarization of fibrillating
myocardial cells (atria for AF and AFL, and ventricles for VT). This is achieved by delivering
sufficient amount of current to the heart. When the impedance of the patient is high, less
current reaches the heart, therefore less success should be seen for such patients and this
is evident from our data too. In Table 4.1 and Figure 4.1, we can notice that the success
rate of high impedance patients is significantly lower for AF and VT for both high and low
energy levels. Even the first shock success is higher for low impedance patients. Such low
success rate for high impedance patients is likely because of delivery of insufficient current

to the heart.

With the biphasic defibrillators that are impedance compensating, the results still show the
effect of impedance on the success rate. This indicates that the impedance compensation
technique of the biphasic defibrillators today may not be adequately effective in improving
the success rate for high impedance patients. These devices compensate the energy by
extending the duration of the waveform; however there is no compensation for

voltage/current. Since current predicts the success of the treatment, we still see impedance
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influencing the success rate. This observation can also be made from Figure 4.6;
compensating the impedance by increasing the duration after 11 ms does not increase
voltage (< 40 V), therefore there will be no effective increase in the current. This
observation is consistent with studies that have indicated that once the biphasic waveform
extends beyond the optimal duration (>11.5 to 12 ms), the efficacy at that energy level
decreases, while the risk of inducing post shock myocardial dysfunction increases [70-72].

11 ms

800~
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Duration of the waveform (ms)

Figure 4.6 Relationship between voltage and duration of the waveform for 200 J energy

From our current understanding of defibrillation, we expected similar shock success rate
between < 150 J and 200 J energy for low impedance patients and higher success rate at
200 J for high impedance patients. Statistical comparison between energy levels and
success rate shown in Table 4.3 borne out our expectation for low impedance. However, for
high impedance patients the statistical results show no difference in the success rate
between high and low energy values; in fact the success rate was lowest at 200 J energy.
This observation is surprising since increasing the energy to a high value for a given
impedance results in an increase in current which ought to increase the performance of the

treatment. One of the reasons for such an observation could be that the increase in current
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from one energy level may not be sufficient to defibrillate 95% of the atrial/ventricular cells.
From the peak current - success relationship plot in Figure 4.5, the optimal current range
for a successful cardioversion lies between 24 to 48 A and current greater than 48 A will
result in damage to the heart tissue. When we compare this result with the current, voltage,
and duration data mentioned in Table 3.1, we can see that for high impedance, increasing
energy still results in current less than the optimal range, which may be the reason for
observing low success. For low impedance, a higher energy shock may result in delivering
an amount of current high enough to cause dysfunction (either persistence of fibrillation or
conversion to another arrhythmia) which may have resulted in a lower success rate for
200 J energy. The duration of arrhythmia, pathological conditions, different pad positions,

etc. could also have played a role in such an observation for the energy levels.

The overall success rate of cardioversion seems to be lowest for VT and highest for AFL. The
result for AFL also indicates that impedance does not affect the performance and even the
current does not impact the first shock or all shock success rate. However, these AFL results
are difficult to interpret due to low statistical power resulting from lower number of failure
rates. Studies done in the past show a similar result for atrial flutter, where this kind of
arrhythmia has mostly yielded a success rate greater than 95% for lower energy levels
[73-76]. AFL being an uncommon arrhythmia, deriving conclusions has always being
difficult for this case due to less statistical power. Nonetheless, we believe that since low
amplitude current is sufficient for successfully cardioverting AFL (Figure 4.5 b), we see no
effect of impedance and energy on shock success. The physiological reason behind requiring
less current could be due to the fibrillation wave fronts being less irregular and that they
travel as a single wave in one direction in AFL as compared to the irregular contraction seen

during AF/VT, making these wave fronts easily stopped even with a low current shock [14].
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The clinical goal of cardioversion is not only to successfully defibrillate the patients but
preferably to defibrillate them in the first shock. As mentioned in section 2.6.1 in chapter 2,
increasing the number of shocks have more effect in inducing cardiac damage and
exacerbating the arrhythmia than in increasing the chances of success. Our data showed
42% first shock resulted in success for AF, 81% for AFL, and 27% for VT. It was also noted
that the first shock success rate was not only dependent on cardiac arrhythmias but also the
TTI where the success rate for patients with lower TTI was higher than patients with high

TTI.

4.5 Conclusion

The Chi-Square and Fischer’s tests used for statistical analysis show the effect of impedance
on the success rate of cardioversion with the effect being arrhythmia specific. While for VT
and AF the impedance largely affected the success, no change was observed in the success

rate for AFL at the two impedance levels.

With the impedance compensating biphasic defibrillator technology, the effect of impedance
on a shock success still persists. This is largely because the impedance compensation is
done for energy and not for current delivered and it is the current that results in the

defibrillation of the heart.

Our results show that giving high current (> 48 A for AF and > 40 A for VT) does not
necessarily increase the efficacy. This high level current is seen to be delivered for
impedance less than 50 Q. Since in clinical practice, the impedance of the patient is
unknown during the process, there could be a chance that defibrillating such patients even
with 100 J of energy would induce post-shock cardiac dysfunction. Therefore, in order to
maximize the results of cardioversion, it is important that clinicians take measures to

minimize the effect of TTI. This could be done in number of ways i. presenting the
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information of TTI to the clinicians so that they can select the energy level accordingly, ii.
changing the pad position and also the electrode type (e.g. hand held paddles) iii. reducing
the skin-impedance by altering the skin-prep method etc. iii. applying pressure to the

thorax to reduce the air volume in the lungs that contributes to TTI.

4.6 Limitations

There are several issues that might limit the generalizability of the conclusions. One of the
limitations of this analysis is the use of “treatment” as an independent variable. The choice
of therapy is largely driven by the clinical assessment of the patient and the cardiologist i.e.
treatment is dependent on the clinical setting. This causes inclusion of the effect of such

confounding variables in the data which makes it difficult to interpret the results accurately.

Along with current delivered, another vital parameter that has been shown to influence the
success rate is the duration of the occurrence of the arrhythmias [1][2]. One of the major
limitations of this study is the exclusion of this parameter for the analysis. Since, it is a
retrospective analysis, obtaining these data were difficult and including this information

would necessitate a significantly longer study.

Other factors like medications and patient’s pathological condition have not been considered
in this study. The collection of this information was beyond the scope of this study.
However, this information is unlikely to change the results obtained in a measurable way
because the data collected already contains important determinants for cardioversion

identified by other researchers, like energy, current and impedance [4].

Another potential limitation of this study involves evaluating data from only one
manufacturer. The biphasic defibrillators available today vary in their electrical

characteristics like peak voltage, waveform shape and impedance compensation method
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between manufacturers. Further research is indeed required for the generalisation of the
results. However, research done in the past has shown Philips HeartStart XL and HeartStart

MRX to yield better performance than other available biphasic defibrillators [77].

Despite these weaknesses, the major strength of this study is that it is the first to examine
the role of TTI on the success rate of biphasic defibrillators for different levels of impedance
and energies. Our work has attempted to clarify the controversy regarding the effect of TTI
for impedance compensating biphasic defibrillators where the shock success appears to be
inversely related to the patient’s TTI. The statistical results are reliable because of the large
dataset we have used to perform our analysis (775 cases and 1253 shocks). This suggests
the information provided by our study can be generalized to cardioversion treatment carried

out in other patients.
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5 Finite Element Method

5.1 Introduction

The statistical analysis in the previous chapter suggests the influence of TTI on a successful
cardioversion; however, it is insufficient in explaining the effect of impedance on the current
reaching the heart. One key to understanding the effect of TTI is to uncover the current
distribution in the thorax and the levels of current that actually reach the myocardium
during defibrillation. This current density is affected by inhomogeneous tissues that are
present in the thorax. Therefore, comprehension of the distribution of the current through
different tissue types in the thorax is important. This understanding may aid in interpreting
the observations noted in Chapter 4, and may also help formulate new strategies for a

“first-shock” successful defibrillation.

One practical way to investigate the electrical activity in the thorax is to construct a model
that represents the human thorax as accurately as possible. It is known that electric signals
in the body can be described by a solution to a quasi-static Laplace equation.
Computationally solving this equation on a human thorax model will foster an insight on the

current distribution during defibrillation.

Computational modelling removes the need for invasive measurements of the electrical
activity inside the body. It also allows researchers to perform different experiments not
feasible in living tissues. These advantages have contributed to the application of numerical
modelling in the medical field, aiding in development of new diagnostic and therapeutic tools

based on physiological function.
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Various techniques have been used to solve the governing Laplace equation; the common
methods being the Finite Element Method (FEM), the Boundary Element Method (BEM), the
Finite Difference Method (FDM), the Moments Method (MM), and the Monte Carlo Method
(MCM). FDM, MM and MCM are adequate for linear problems with regular geometry, while
BEM is limited to solving only the boundary value problems. FEM has been found to be
appropriate for solving both linear and non-linear problems on any arbitrarily shaped
domains. Given the complex shape and inhomogeneity of the thorax, FEM has been
extensively used for solving thoracic potential and current during defibrillation [51], [52],
[55-66]. With the help of geometric information extracted from a high resolution image,
accurate thoracic models incorporating various inhomogeneous regions can be constructed

using FEM.

5.2 Problem Formulation

In electrophysiology, the human body is described by a volume conductor. For a volume
conductor, the relation between the electric field E and the magnetic field B is given by

Maxwell’s equation:

VxE+aa—’:=0 (5-1)

For the frequency and conductance values associated with the heart tissue, time varying
electric and magnetic fields can be neglected and at any instant, the fields can be treated as

stationary. That is,

oB
So (5-1) can be reduced to,
VXE=0 (5-3)
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Since the electric field is irrotational, E can be expressed as the gradient of a scalar field u

E=-Vu (5-4)

In a conductive domain, the current densityf is related the electric field E by Ohm'’s law,

J=0E (5-5)
Substituting (5-4) into (5-5), we get

J = a(-Vu) (5-6)

Assuming that there are no current sources or sinks in the domain and only an external
source drives the current, applying conservation of charge yields,
V-j=0 (5-7)
Taking divergence on both sides for (5-6) and comparing with (5-7), we get
V:(oVu)=0 inQ (5-8)
(5-8) is an elliptical partial derivative equation known as the Laplace equation. This
Laplacian describes the relationship between conductivity and the potential distribution of

the domain (2 and is valid only when the object inside the domain has linear and isotropic

conductivity.

The potential distribution inside a domain {2 is a result of injected current density in the
boundary of the domain I'. Boundary conditions are therefore imposed on the model to
represent this excitation current applied to the electrodes present on the boundary. In our
work, we consider mixed Neumann and Dirichlet boundary conditions. The Neumann
boundary represents the conservation of charge condition defined by,

ou _ {] electrodes (5-9)

on 0 elsewhere
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]
Equation 5-9 implies that inward normal component of the current density (aa—g) is zero

everywhere except at the places where the electrodes are attached. The Dirichlet boundary
condition is applied to obtain reference condition for the potential. This is done by grounding
one of the boundary electrodes as shown below,

u=0onrly (5-10)
Here potential u on the region in the boundary underneath one of the electrode I; is set to
zero. This Dirichlet boundary condition can be alternatively applied by randomly selecting a
node in the model and forcing it to zero.
Imposing the above boundary condition, (5-8) is numerically solved for the potential

distribution in the heart using FEM.

5.3 Computational Modeling using FEM

The solution of (5-8) using FEM follows the following steps:
1. Discretizing the domain:

The first step in FEM is to discretize the domain {2 into finite non-uniform, non-

overlapping elements connected to each other by nodes. The elements can be
triangle or rectangle in 2-D and tetrahedron or hexahedron in 3-D. In this thesis,
we use simplices, i.e., triangles for 2-D and tetrahedron for 3-D, to represent the
finite element mesh. The finite element mesh is usually described as several
arrays containing information about the nodal co-ordinates, nodes representing

the element and element conductivities.
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Figure 5.1 Example of FEM discretization a) 2-D mesh with 467 elements and b) 3-D mesh
with 37874 elements

2. Selecting the interpolation functions:
The potential to be solved is approximated within each element using an
interpolation function defined by the values of the potential on the nodes
representing that element. For this work, a linear interpolation function is used
for simplicity.

3. Formulation of element matrices:
This step involves calculating local stiffness matrices for each element (details in
section 5.4).

4, Assembling local matrices to obtain overall system equation:
Here, the element matrices are assembled to form a system matrix denoted by Y.
The final assembled equation is written in a matrix form, V=YQ with V
representing vector of nodal potentials, Y as system of matrix and Q as vector of
input current. This equation is then modified to incorporate the boundary

conditions.
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5. Solution of the overall system of equations:
The last step includes solving the finite element global equation system which is
solved using MATLAB R2010a. The mathematical descriptions are mentioned in
section 5.4.

6. Calculation of the potential and current density of each element:
The solution of the system equation yields the nodal potentials. Using these
values, the potential gradient in each of the elements is determined using linear
interpolation. This potential when multiplied with the conductivity, gives the

current distribution in each of the element.

The next section describes the mathematical approach based on the step-by-step procedure

described above. The finite element formulations are heavily borrowed from [78] .

5.4 Numerical Methods

For 3-D FEM analysis, the first step involved discretizing the domain Q into a 3-D mesh
consisting of N, tetrahedral elements formed by N, nodes. The FEM mesh is generated using
NETGEN v.4.9.13 [79] using the EIDORS version 3.5 [80]. Each element is represented by
Np+1 humber of nodes, Ny being the dimension of the model (3 for 3-D, and 2 for 2-D). The

conductivity 0. is assigned to each element and it is assumed constant over the element.
Along the boundary of the model I, two electrodes are attached, each of which are

represented by multiple nodes. The position of the nodes are denoted by n,=[n,, n,, n,]

where n,, n,, n,are the x, y, and z co-ordinates of the nodes, respectively.

The next step after domain discretization involves the calculation of local matrix of each
element S, defined as,

20.B"B

e = Npl|deta] (5-11)
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where, A is defined as,

-1
N n}n n;ﬂ
nazcz n3212 ngz I

3 3 3
Ny3 ny3 nzBJ

_

4 4 4
1 ny, ny, ng

—
[E

Matrix B is the sub matrix of A with the top row deleted.

The local matrix S, is then assembled to form a system matrix Y which is,

Y=CTScC (5-12)

where C is the connectivity matrix associating global nodes j to local nodes i of each
element,

C.. = { 1if global node i corresponds to local node j
Y0  elsewhere

and S is block diagonal of local matrix of all the elements defined as,

S 0 -« 0
0 S 0
S=1. :2 :
0 0 - Sy

e
The equation to represent the behaviour of the domain is described by Ohm’s law which is

represented in a matrix form as,

V=Y1Q (5-13)

where V is vector of nodal potentials, Y is the system matrix and Q is the vector of current

inputs to each node (with Neumann Boundary condition).

Inversion of Y is required to solve (5-13). Therefore, a reference node is selected so that Y
becomes a non-singular matrix. This is done by selecting a node and setting the voltage on

that node to 0.
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5.5 Imposing Boundary Condition

Under realistic conditions, electrodes on the skin have associated skin-electrode contact
impedances. To incorporate this impedance in our model, Complete Electrode Model (CEM)
is implemented which takes into account the effect that the contact impedance z; has on the
electrical potential of the domain.

The measured potential on the boundary now becomes,

u+ZCGZ—Z=U, onE,; l=1,2.... ,L (5-14)

Here, z,. is the contact impedance, [ is the electrode number, U, is the constant potential on

a . .
the electrode [. The outward normal term ﬁ denotes that the contact impedance is only a

factor for current passing across the electrode-skin boundary dr.

The boundary condition (5-9) is implemented in CEM by taking the integral of (5-9) where
the integral of current density over the surface of each electrode must equal the applied

current,
[ oZdr=1,,forl=1,2 L (5-15)
E, % on I y Lty san nne )

where, I, is the current sent to the /" electrode and E, denotes the region on the boundary I

that corresponds to the /" electrode. In the inter-electrode gap where there is no electrode,

the following boundary condition is applied.

o2 =0 ondl\ UL, E, (5-16)
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5.6 Derivation of Linear Interpolation function ‘¢’

At N;
Ui(X1,Y1,21)

ANy,
] U4(X4ry4;zi)'——,\

At N; @At N,
Us(X3,Y3,23) Ua(Xa,Y2,22)

Figure 5.2 A tetrahedral element

Using the concepts of Barycentric co-ordinates, the potential within a tetrahedral element

(Figure 5.2) can be approximated by the linear function as,

Ux,yz)=a+bx+cy+dz=[1 x y 2z (5-17)

QL AT Q

The above equation must hold true for each node where U=U; when (x, y, z) = (x;, Vi Z)).
The coefficients a, b, ¢, d can now be found using four independent simultaneous equations
formed from the four nodes N;, N ,, N3 and N, representing the element. Assuming that the

values of the potential at the nodes are U;, U, Us, U,, (5-17) can be written as,

U, 1 x4y y1 z1]fa
U, X2 Y2 Zz||b
= 5-18
Usl I X3 Y3 Zs‘ lc ( )
d

X3 Y4 Z

(SN

Using inverse matrix, the coefficients a, b, ¢, d are determined by

X1 y1 2] " [Uq
‘: X2 Y2 2y U,

(5-19)
X3 Y3 Z3
Let the inverse of the coefficient matrix be denoted by D,

Qa8
e

X3 Ya 24
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1 x4 y1 24
1 x y2 2,

D= =[D,D,D;D det (D
1 x3 ys z3 [D,D; D3 D,]/ (D)
1 x3 Y4 24

With D; being the following column vectors,

—(X2Y324 — X234 — X3Y2Z4 + X3Z3Y4 + X4Y223 — X4Z3Y3)
(V324 — Z3Ys — V2Zs + Z2Ys + VaZ3 — 23)3)
— (X324 — Z3Xy — XpZy + ZpX4 + X323 — Z3X3)
(X3Y4 — V3X4 — X2YVa + Y2Xg + X2¥3 — Y2 X3)

D1:

[(x1y3z4 — X1Z3Y4 — X3Y1Z4 t X3Z1Y4 + X4Y1Z3 — x4Z13’3)]
D, = | — (V324 — Z3Ys — Y124 + Z1Ys + V123 — Z1Y3) |
2 l (X324 — Z3X4 — X124 + Z1 X4 + X123 — Z1X3)
—(X3Ys — Y3X4 — X1Ya + V1X4 + X1Y3 — Y1X3)

—(X1Y2Z4 — X1Z2Ys — XoV1Z4 + X2Z1Ya + X4Y1Z4 — X4Z1Y7)
(V224 — ZoYa — V124 + Z1Ya + V122 — Z1Y3)
—(X2Zy — ZaXy — X124 + Z1Xy + X125 — Z1X3)
(X2Ys — 2x4 — X1Y4 + Y1X4 + X1Y2 — Y1X2)

D3:

[(le’ZZ3 — X1Z2Y3 — X2Y123 + X2Z1Y3 + X3Y1Z3 — xszl)’z)]

— (V223 — ZY3 — Y123 + Z1Y3 + V12 — Z1Y2) |
(X223 — ZpX3 — X123 + Z1X3 + X912 — Z1X3)

— (X33 — Y2X3 — X1Y3 + Y1X3 + X1V — Y1X3)

"]

The determinant of D is equal to six times the volume of the tetrahedron V.

(5-20)

det(D) =6V=x,Y324 — X323Ys — X3YV2Z4 + X3Z3Ys + X4V223 — X4Z2Y3+X1Y3Z4 — X123V

o TX3Y1Z4 + X3Z1YV4 + X4 Y123 — X4Z1Y3 T X1Y2Z4 — X1Z2Y4 — X2V1Z4 t X2Z1Ya

Xy Y124 — X4 Z1Y2 T X1Y2Z3 — X1Z2Y3 — X2Y12Z3 + X2Z1Y3 + X3Y1Z2 — X3Z1)2

Substituting the above terms into (5-17) gives the potential over the element,

D11 D1z Diz D] [Uy
D D D D

U X, ,Z — 1 X 7 21 22 23 24

wy2) =11 x ¥y Zlp " D, Dy Dy

Dy1 Dz Dyz Dag
where D;; are the elements of D. This equation can be written as

U(x, Y Z) = Z?:l Ui ¢i(x' Y x)

(5-21)
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In (5-21), interpolation functions, ¢;(x,y,x) i € (1,2,3,4) are defined as,
1
¢i(x,y,%) = Dy; + Dyyx + D3;y + Dyiz = —; (D1; + Dagx + D3y + Dyyz) - (5-22)
This interpolatory function ¢; have the property:
1 i=j
¢i(x}' 'y}') = {0 i#j

5.7 Methods of Weighted Residuals

The potential within the mesh J is a linear combination of a piecewise linear interpolationg;
function weighted by the potential at the nodes u;.

1 on vertex i

~r=\ _ I.V i i —> L= _
(@) = I wdi(®) where ¢ ={ 2 700/ (5-23)

Equation 5-23 is a finite approximate of the potential. The Laplace equation would not be
zero due to the error or ‘residual’ produced from using the interpolation function. Therefore,
the method of weighted residual is used to obtain solution of the FEM by deriving weak form
of the Laplace equation through multiplication of the equation 5-8 with some weighted

function ‘v’ and then integrating over the domain Q as expressed in equation 5-24.

J,v(V (Vi) d2 =0 (5-24)

Here v is an arbitrary function that weighs the residual such that it is zero in some weighted
or average sense. Among several methods used in weighting residuals, the Galerkin method
of weighted residuals is used here since the weighted function v uses the same interpolation

function ¢; as in equation 5-21, i.e.
v(X) = T, wii(X) (5-25)

where w; are the coefficients that weigh the interpolation functions ¢;.
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By substituting the value of v in (5-24) and applying the vector derivative identity, the

second-order derivative can be separated into two terms as,

[V (voVii)] = Vi - Vv + vV - (6VU) (5-26)

Substitution of equation (5-26) in (5-24) and rearranging gives,

J,V - (vaVi)d2 = [, oVii- Vv d2 (5-27)

Applying Divergence theorem to the left hand side of the equation permits the introduction

of boundary conditions,

J,V-Fdv = [, FdS > [ voVi-adl = [ oVii-VvdQ (5-28)
. ~ 09 . ,
Since Vg -7l = PPy the above equation can be written as
aﬂva%dl‘= J,0Vi-Vvd2 (5-29)

The right hand side of the equation is applied for the entire mesh whereas the boundary

integral is carried out only for the elements underneath the electrodes.

Substituting the values of J and v in equation (5-29) and examining for a single tetrahedral

element k, the right hand term can be represented as,

fEk UkVﬁ -Vvd = fEk O'kv Z?:l ul(l)l(f) ' VZ;-}:l W]ﬁ](f) an (5-30)

Since the conductivity o, is constant over an element, nodal voltages u;, the weighing

function coefficients and the summations can be moved outside the integral,
O Z?zlui Z;-l'zl W] fEk V¢l ' Vd)] dn (5-31)

Applying the equation over the entire domain Q,

J,oVi-Vvd2 = Y Eo1 0k D1 Xfeg Uy S (5-32)
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where Sikj the local matrix of the element defined as fEk Vo, -V, dQ

Likewise, the boundary integral term can be written as,

ou ~
Joavo5-dl = 6, T S w; [, @V, - L dT (5-33)

5.8 Implementation of CEM

Equation 5-14, 5-15, 5-16, 5-32 and 5-33 can be combined to form a system of equations

for CEM which can be written as,

it -

Here, u is the vector of unknown nodal potentials, U is the vector of unknown potentials on

the electrodes. A.; is the system matrix (identical to Y defined in equation 5.12),

Acl = f,ﬂ V¢l ' V¢] d.ﬂ (5'35)

Since Ac; does not include any information on the boundary condition, Ac; is added to

represent the effect of the contact impedance on the system matrix.

Aca(if) = Thay f, Gihy T (5-36)

and A, represents the weights of the voltage on the electrodes,

A3, )) = —le [, ¢:dr i€[1,N]andj € [1,L] (5-37)

Finally A4 is a diagonal matrix where the values of the main diagonal are the ratios of the

electrode lengths |g/| to respective contact impedance,

Iellzl fori,je[1,L]
l

Aq(i,j) = { (5-38)

0 otherwise
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This mathematical formulation is implemented using EIDORS algorithm [56] in MATLAB

Acl + ACZ Ae

where the system matrix A= T
Ae Ad

] is calculated and Cholesky factorization is

applied to solve for the nodal potentials V= [S] The nodal potentials are then used to

determine the potential and current density in the elements representing the heart.

5.9 Example of FEM

4 n3
35f
3.
E2

E 25¢
%]
F]
©
£ 2 n2 ¢ 4
el
£
o
(=]
Q 15F
> E1

1_

E3
05}
n1
oF nS
aiad . . . . .
0 1 2 3 4 5 6

x-coordinates {m)

Figure 5.3 2-D FEM with 3 elements. Green circles represent point electrodes
The above 2-D mesh is constructed to illustrate the calculation of voltage and current
density. The mesh has 5 nodes n1, n2, n3, n4, and n5 with 3 elements E1, E2, and E3.
Nodes representing E1 are n1, n2 and n4, for E2 are n2, n3 and n4, and for E3 are n1, n4
and n5. Conductivity for E1, E2 and E3 are assigned as 1 S/m, 2 S/m and 3 S/m
respectively. Node nl is grounded, and n2 and n4 represents point electrodes. Current of 3
mA was simulated in the electrode and using equations 5-11 to 5-13, voltages on each of
the nodes were calculated as shown below.
The location of nodes are defined as,

nl=[0 0], n2=1[1 2], n3=1[2 4] nd=[4 2] n5=1[6 0]

The location of the elements is,
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ny
el = [m] )
n,

The connectivity matrix C is,

Q
[\
I
—
S S
SN

ny
l , 63 B Ins]
ns; Ny

1 0 0 0 O
0 0 0 1 0
01 0 0 O
01 0 0 O
cC=(0 0 0 1 O
0 01 0O
1 0 0 0 O
0 0 0 0 1
‘0 0 0 1 O
The current vector is,
0
[ 0.003 }
Q= 0 Amperes
| _0.003]
L o |

The inverse of matrix A is determined which is defined as,

1 nl11 !
A =11 n4
|1 n2l

1 n2] !
A, =1 n4
|1 n3l

1 n1]™?
A3 =11 n5
11 n4l

The matrix By, B,, and Bs are created which is the submatrix of A;, Ay, and Az with the top

row deleted.

We now substitute these values in equation 5-11 which is,

g = B,"B,

1= 2 |detA1|

G 2B,"B,
27 2 |detA,|
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G _ 3B;'B;
37 2 |detAs]

The system matrix Y is then calculated using 5-12.
Y=CTSsc
Here, S is the block diagonal matrix of the matrices S;, S, and Ss.
The voltages in the nodes are then calculated using 5-13
V=Y1Q
The voltage on n1, n2, n3, n4, and n5 were reported to be 0 mV, 0.6842 mV, 0.1053 mV,
-1.0526 mV, and -1.2632 mV respectively.

Using these values and equations 5-17 and 5-5, the current density in the first element was

calculated as,

X4 y4]_1 U4]

1
Vel(x'y) = [ U2

1 x; Y,
where V;(x,y) is the potential gradient of el, X,,y, are x and y co-ordinates of node n2 ,
X4,Y4 are co-ordinates of n4, and U2 and U4 voltages of the nodes n2 and n4 respectively.

]el = Oe1 * Vel(x:y)

— 1. [0.5789
0.6319

- [0.5789
0.

6316 ] mA/m*

The magnitude of the current density in then calculated as,

= /]elxz -|']ely2

= \/(~0.5789)% + (0.6316)>

= 0.857 mA/m?
Similarly, the current density in element 2 and element 3 was calculated to be 1.1579

mA/m? and 0.7061mA/m?.
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In the same way, the current density in the heart for our 3-D thorax model is calculated.

5.10 FEM Validation

FEM is used in this work to simulate electrical activity in a human thorax model. To verify
this approach, we compare the potential difference obtained from the simulation to the

analytical solution.

Figure 5.4 3-D FEM cylindrical model with two electrodes (in green) enclosing a smaller
cylindrical object

Figure 5.4 represents a simple 3-D cylindrical model enclosing a smaller cylinder. Two
circular electrodes are attached to the bases of the cylinder. The conductivity of the outer
and inner cylinder is taken to be 1 S/m and 5 S/m respectively. Current amplitude of 2 mA

is simulated and the potential difference was recorded.

Figure 5.5 Electrical representation of the model

This 3-D model can be electrically represented as Figure 5.5 where Z. is the contact
impedance, R; is the resistance offered by the outer cylinder and R, is the resistance of the
inner cylinder.

The resistance is calculated by the formula,

R=_L (5-39)
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where [ is the length , ¢ is the conductivity and A is the area of the object.

For the analytical solution, the resistance is calculated and multiplied with the current to
give the potential difference, as shown below

V=Ix+2Z.+2R{+Ry) (5-40)

The potential values from the analytical and FEM approach were compared and a relative
error of 0.24% was found. This shows that the results are in good agreement and hence the

FEM is validated for this type of problem.
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6 Finite Element Method Results

In this work, FEM was implemented to further the understanding of the electrical activity in
the body during cardioversion for different individuals exhibiting different transthoracic
impedances and also examining different positions of the electrodes that could be helpful in

increasing the success of cardioversion.

This chapter describes the generation of the FEM mesh, the different defibrillation

parameters calculated, the results on sizes and position, and their respective analyses.

6.1 FEM Mesh

6.1.1 Mesh Generation

2-D CT SCAN OF THORAX

@ MATLAB

Figure 6.1 Summary of the FEM mesh generation process

3-D FEM MODEL OF
THORAX

The FEM models for this work are constructed using the Electrical Impedance and Diffuse
Optics Reconstruction Software (EIDORS) package [80] running within the MATLAB R2012b

environment. EIDORS v3.5 is interfaced to FEM generation tool Netgen [79] which
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constructs the model using the contours extracted from the 2-D thoracic cross-sectional
Computerized Axial Tomographic (CAT) scan data. Assuming that the body is translationally
symmetric in z-direction (vertical direction), 3-D model of the chest comprising of the
thorax wall and lungs is constructed from the 2-D image. The translational symmetry

assumption holds only for lungs, thorax and fat tissue in the model.

The FEM algorithms used were already available in EIDORS. Those existing algorithms were
modified to incorporate internal anatomical structures mentioned above. The model was
also modified to simulate different pad positions used during cardioversion. In addition, the
algorithm was customized to include different conductivities of the tissues and calculate

various defibrillation parameters mentioned in section 6.2.

6.1.2 Electrodes

Two electrodes are modelled on the surface of the thorax wall to deliver the current in the
heart. They are rectangular electrodes of size 11.1 cm X 6.9 cm, similar to the Kendall

Medi-Trace 1710H Defibrillation Electrodes (Figure 6.2).

Figure 6.2 Kendall Medi-Trace 1710H Defibrillation Electrodes used during defibrillation

89



6.1.3 Sensitivity

The model has been constrained to be isotropic (i.e., the conductivity of the tissues are the
same in all the directions). Therefore, a scalar conductivity value is assigned to each
element that corresponds to the region in the body that the element represents. The model
takes into account six (6) different types of tissue: cardiac muscle, lung, bone, fat, skin, and

soft tissue.

Different literature reports different conductivity values for the lungs and the heart, as
shown in Table 6.1.

Table 6.1 Conductivity values reported for lungs and heart

Tissue Conductivity (S/mm)
Lungs | 0.050 [57] | 0.070 [58] | 0.078 [52] | 0.083 [61] [ 0.089[81]
Heart 0.167[57] | 0.220 [82] | 0.250 [58] | 0.500 [61]

The mean, maximum and minimum of the conductivity values of the heart and lungs were
simulated in the FEM model to select the optimal conductivity for these tissues. The FEM
results obtained for these conductivities are shown in table 6.2

Table 6.2 FEM results for Mean, maximum and minimum conductivity for lungs and heart

Mean Maximum Minimum Minimum
Conductivit Current Current current Current for
y Density Density density defibrillation
(mA/mm?) | (mA/mm?) (mA/mm?) (A)
Mean 0.4613 0.8696 0.3309 16.5
Maximum 0.5757 1.3860 0.4245 12.8
Minimum 0.3756 0.6866 0.1778 25

From Table 6.2, we can see quite a large variation in these electrical parameters which
indicates that these parameters are very sensitive to the conductivity values. Therefore, it is
important to choose an optimal conductivity to obtain a good approximation of the

defibrillation parameters. For our work, we selected the conductivity by simulating all the
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values reported in table 6.1. The potential difference for each of these conductivities were
calculated and compared with the experimental voltage recorded from the HeartStart XL
defibrillator (Refer to section 3.5 in Chapter 3). It can be seen from section 3.5, that
voltages between 1350 V and 1950 V are required to drive a current of 25 A. For
conductivities of 0.089 S/mm and 0.500 S/mm for the lungs and heart (maximum
conductivity values), respectively the voltage falls in the range of experimental values. The
impedance of the electrodes was taken to be 50 Q, as reported in the literature [83] . The

conductivities of the tissues considered for this work are listed in Figure 6.3.

Fat: 0.05S/mmi52]

Heart: 0.5 S/mm

Soft tissues: 0.25 S/mm(52]
Lungs :0.089 S/mm

Bone: 0.01 S/mm [58]

Figure 6.3 Conductivity of different tissue regions

6.2 Computation of Defibrillation Parameters

For our analysis on different patient types/sizes and pad positions, the following parameters
are calculated.

1. Mean, maximum and minimum current density in the heart: These parameters are
determined by passing a current of 25 A through electrodes. This input current is
considered the average of the range of current required for a successful defibrillation
for a biphasic defibrillator. The current density in each of the elements representing
the heart is calculated and the average, maximum and minimum values are

determined (Figure 6.4).
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Heart

Electrodes

Figure 6.4 Thorax Model showing only the heart. Elements colored in maroon represents the
heart region and current density is calculated in those blue elements.

2. Minimum voltage, current and energy required for a successful defibrillation: Studies
have shown that defibrillation is successful only when an electric field of 5 V/cm is
achieved for 95% of the heart. From this information, the minimum current density

required to defibrillate the heart J;, was calculated as shown below.

J = oE (6-1)

= 0. * (. = 0.
Jen mA/mm

mm
The current where 95% of the elements representing the heart showed at least

0.25 mA/mm? of current density was taken to be the minimum current and
simultaneously the voltage for that given current amplitude was taken as the
minimum voltage. The minimum energy, or defibrillation threshold energy (DFT) is

calculated using the energy equation, E = %CV2 where C is the capacitance, measured

as 100 pF for the HeartStart MRX defibrillator [84], and V is the minimum potential
difference across the electrodes that defibrillate 95% of the heart.

3. Uniformity of current density: Uniformity of the current density distribution in the
myocardium is essential to avoid re-fibrillation. This is measured using the
Heterogeneity Index (HI). HI is a normalized estimate of heterogeneity and has been

used as a measure of uniformity in various defibrillation studies [52][85][43] .
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HI = P55 (6-2)

Pso

where, Ps, Psg, and Pgs is the 5™, 50", and 95 percentile respectively of current
density (Figure 6.5).

P5 P50 P95

30r

25

20F

151

10F

PERCENTAGE OF CARDIAC ELEMENTS (%)

[,]
T

0.2 03 0.4 0.5 0.6 07 0.8 08 1
MEAN CURRENT DENSITY( mA/mm?

Figure 6.5 Calculation of Heterogeneity Index of the mean current density in the heart.

4. Percentage of cardiac damage: Potential gradients of approximately 50 V/cm or
higher have been shown to damage the cardiac cells [19][20]. Using equation 6-2, it
was found that the current density in the heart of 2.5 mA/mm? or greater results in
cardiac damage. The number of heart elements having current density greater than
this value is divided by the total number of heart elements to calculate the

percentage of cardiac damage in the heart.
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6.3 Effect of different patient size and impedance on the current

distribution in the heart

6.3.1 Modelling

Soft
Tissues
Heart
Lungs

Electrode

(a) (b)

Figure 6.6 FEM Models of a i. thin, ii. normal, and iii. larger patients. a. View from above b.
View from front. Colours blue represent lungs, maroon - heart, green-electrodes, and
white- soft tissues.

2-D CAT scans at T8 level were taken from three 17 years old male subjects weighing 50.3
kg, 67.5 kg and 125 kg (Credit: CT data were measured by Christian Woitzik at University
of Giessen, Germany). We chose the CAT scans of same sex and age to avoid any bias in
the results that may occur due to the difference in these demographics. The Body Mass
Index figures of these patients were measured to be 17.51, 21.3 and 34.8 kg/m? classifying
them in the thin, normal, and large (obese) category respectively. To preclude

misinterpretation of the FEM results that may occur due to the difference in the height, the
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contours extracted from their scans were scaled to a height of 1.695 metres, which is the
height of the thin patient. The electrodes were placed in AP2 position and FEM models were
generated for the three cases, as shown in Figure 6.6. For this comparative analysis, the

model was constituted of lungs, heart, soft tissue, and fatty tissue.

6.3.2 Results

The current density and voltage distributions for a thin, normal and large patient are shown
in Figure 6.7. The mean current density for a current input of 25 A were reported to be
1.3315 mA/mm? for the thin patient, 1.1562 mA/mm? for the normal patient and
0.8089 mA/mm? for the large patient. No cardiac damage was seen for the large patient
while 1.33% cardiac damage was seen for thin patient and 0.32% for the normal sized

person.

The minimum current and energy required to achieve successful resuscitation is shown in
Figure 6.9. It can be seen that larger patients require more current and energy than thin
and normal patients. Between thin and normal sized patients, there does not seem to be a

big difference in their current and energy requirement.
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Figure 6.8 Mean Current Density for thin, normal, and large person for 25A input current.
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Figure 6.9 Minimum current and energy requirement for thin, normal, and large person. No
cardiac damage was seen for all cases.

The resistance for the thin and normal patients were found to be similar, 43.74 Q and

43.95 Q respectively while the larger patient had a resistance of 42.18 Q. This resistance is

calculated when no fat tissues are assigned for a larger person. When we fill the large
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thoracic space with fat tissue, which is the case for the larger person, the resistance and
energy are found to increase by 24% and 8% respectively. There is a decrease in the
current requirement by 6%, nonetheless the requirement is significantly higher than for the
other two sizes.

Table 6.3 Difference in the defibrillation parameters in larger person with and without fat

Mean current Minimum Ener Resistance
Large Size density current (J)gy (Q)
(mA/mm?) (A)
Without 0.8089 11.5 11.76 42.18
Fat
With Fat 0.8494 10.8 14.61 50.04

6.3.3 Discussion

It is intuitive that the current distribution in the thorax varies according to the shape and
size of individuals. This work has been designed to investigate this difference, where it can
be seen from Figure 6.7 that the mean current density in the heart is approximately 32%

less in large person and 16% more in thin person than a normal sized person.

When a current level of 25 A is simulated, more damage in the cardiac tissue is seen for a
thin size, which suggests that while delivering shock under real conditions, it would be
advisable to start with a lower current (or lower energy) to avoid any cardiac tissue damage

for thinner patients.

The minimum energy and current required for successful defibrillation is found to be 17%
and 9% lower for a thinner person with respect to a normal sized patient. For a large size
patient, the energy requirement is almost three times higher with 62% more current
required for defibrillation. Even while modelling 20 mm thick fat tissue in the thorax, these

values do not change drastically (Table 6.2).
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Such a difference in the values between the sizes is suggestive from the variation in
thoracic circumference and thoracic space (Figure 6.6). In a thin person, the thoracic
circumference is the least when compared to the other sizes. This results in a narrower
thoracic space between the surface and the organs (lungs and heart). Though this thoracic
space is conductive soft tissue, the current when delivered takes the shortest route via the
lungs and heart, as seen in Figure 6.6, rather than passing along the narrower and longer
pathway of the chest wall. As a result, we can see large current influx in the heart than in

any other region.

The same observation is made for a normal person. However, the current density in the
heart is slightly less than that of the thin person. This could be due to an increase in the
circumference which causes the current to get diverted along the conductive chest wall as

compared to what it would be for a thin person.

For a larger person, the circumference is significantly larger, therefore the thoracic space is
also larger. With a broader conductive pathway, most of the current seems to follow the
extra cardiac pathways along the thorax wall rather than traversing through the lungs and
heart, resulting in lower current density in the heart in this case. When this large space is
filled with soft tissue, there is less resistance offered to the current flow, which explains the
lower resistance for the larger person. However, the difference in resistance between large
and normal/thin is small (only 1 Q) since the distance between the electrodes has

significantly increased due to the increase in thorax diameter.

As previously mentioned, in a human body the larger thoracic space is a result of deposition
of the fatty tissue. When we add sub-cutaneous fat tissue along the thorax wall, we see a

significantly increased potential difference between the electrodes and resistance (by 24%)
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which result in an increased energy requirement. Nonetheless, the current density in the
heart has reduced, but only by 5% indicating that the current still traverses more through

the thorax wall than through the heart.

6.3.4 Summary

The three models representing three different healthy patients of same age, gender and
height but different weight and BMI had distinct current distribution in the body with

noteworthy variation in the values of the defibrillation parameters.

While the patient having larger BMI and weight required more current and energy for
defibrillation, the patient with the lowest BMI and weight needed the lowest amplitude of
shock. One of the primary reasons for such a result is the variation in the thoracic diameter

between the patients.

The deposition of fat in a larger sized person results in enlargement of the thoracic
diameter, thus giving more room for the current to flow along the chest wall. This not only
increases the distance for the current to travel, which exacerbates the total body impedance

but also reduces the current density in the heart.

This suggests that when a larger patient undergoes defibrillation, there is indeed a reduction
in the current reaching the heart which ultimately results in lower resuscitation success. On
the other hand, for a thin sized person, high current and energy shocks should be avoided
to reduce chances of cardiac damage unless fibrillation have occurred for a longer period of

time.
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6.4 Effect of pad positions

The results in section 6.3 imply that larger size patients exhibiting high thoracic impedance
have a smaller current density in the heart, therefore more current and energy is required
to achieve a successful defibrillation. Given the limitation of the biphasic defibrillators to
deliver current and energy up to 27 A and 200 J respectively for a patient having a thoracic
impedance higher than the average (70 Q), it is important to reduce impedance in such
larger patients. Among the many factors that influence the impedance, we have studied
different positions for the pads used during cardioversion and have examined the position
that gives the lowest resistance, lowest current and energy requirement, and yields the

highest success.

This will not only act as a way to improve the performance of cardioversion for higher
impedance patients, but will also help to reduce the uncertainty that exists in the

defibrillation field regarding the most optimal pad position.

6.4.1 Modelling

Three pad positions (Figure 6.10) which are predominantly used for cardioversion are
AnterolLateral (AL), Antero-Posterior 1 (AP1), and Antero-Posterior 2 (AP2). In AL position,
one electrode is placed at the right sternum and the second electrode is placed on the apex
of the heart. In AP1 position, the electrodes are placed at the anterior and posterior side
towards the middle of the thorax. The AP2 position is similar to AP1, only the posterior

electrode is placed towards the left of the thoracic cavity.
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POSTERIOR VIEW

(a)

ANTERIOVIEW (b) | (c

Figure 6.10 a. AL, b. AP1, and c. AP2
These three electrode positions were modelled on the FEM model generated from the T7
slice of a CT scan of a healthy and normal sized person, (Figure 6.2 and Figure 6.11). These
positions were compared in terms of the defibrillation parameters mentioned in Section 6.2.

FEM MODEL OF THORAX FEM MODEL OF THE HUMAN THORAX

) ' (b)
Figure 6.11 3-D Human Thorax Model in AL position: a. Anterior view, b. Posterior Side
(Right). Dark Blue represents Ribs and spine, Red-Heart and Blue- Lungs

In a clinical scenario, a physician need not always place the electrodes exactly in the
positions we have modelled. There would be slight shift in the position either to left, right,
upwards, or downwards. Considering this variation, we shifted the electrodes 20mm left,
right, up, and down from their original location, shown in Figure 6.12. This resulted in 5
shifts for each electrode and since there were two electrodes, we got a total of 25 different

placements in the electrode for each of the AL, AP1 and AP2 position. The defibrillation
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parameters were calculated for these 25 values which were then used for statistical and

analytical comparisons of the electrode positions.

- ‘, m‘.‘

o ——

Figure 6.12 Shifts in the electrode positions.

6.4.2 Statistical Analysis

The minimum current and energy required for successful resuscitation, resistance, and HI
for the three positions were compared using one-way Analysis of Variance (ANOVA). Our
hypothesis is that there is no significant difference between the three positions for all these
parameters. If the results are statistically significant, post-hoc Tukey’s Honestly Significant
Difference (HSD) test is performed for pairwise comparison of positions. All the statistical

testing was evaluated at a significance level of a = 0.05.

6.4.3 Results of pad position

Figure 6.13 shows the current density and voltage distribution in the thorax for all the three
positions. The mean current density in the heart is shown in Figure 6.13 with AL showing

0.6100 mA/mm?, AP1 0.5498 mA/mm?, and AP2 0.5788 mA/mm?Z.

It was found that minimum and maximum current density were respectively higher than Jy
and lower than J,.x which implies that entire heart was defibrillated without causing any

damage to the cardiac tissue.
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VOLTAGE DISTRIBUTION CURRENT DISTRIBUTION CURRENT STREAMLINES

Figure 6.13 Voltage and Current distribution for a. AL (Top), b. AP1 (Middle), and c. AP2
position (Bottom)
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Figure 6.14 Mean Current Density in heart for AL, AP1, and AP2 positions. The 25 bars in
each positions shows the mean current density when the location is changed to 20 mm left,
right, up and bottom.

The HI is largest for AL with a value of 0.872 indicating a higher non-uniformity in the
current distribution as compared to AP1 and AP2 which were 0.5600, and 0.470 respectively

(Figure 6.15).

The minimum current required to defibrillate 95% of the heart is lowest for AP2, as shown
in Figure 6.16 and highest for AL. Calculating defibrillation energy threshold, it was seen
that AL requires 53.72 ] to defibrillate which is 59% more than AP1 which requires 33.59 ]

and 86% more than AP2 which requires 28.78 J.
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Figure 6.15 Box plot showing variation in Heterogeneity Index (HI)between the three
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Figure 6.16 Variation in current requirement within and between the three positions
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Figure 6.17 Comparison of pad positions with respect to resistance

Figure 6.17 shows the comparison in the resistance value measured for the three positions.
The highest resistance was observed for AL (64 Q) and the lowest for AP1 (56 Q). We can

also see that the resistance offered by AP2 (58 Q) is very close to the resistance in AP1.

We also correlated HI and energy required for minimum defibrillation. Linear regression and
Pearson correlation coefficient was performed to determine the relationship between Energy
and Heterogeneity Index. The correlation coefficient was calculated to be 0.92 and R? as

0.86. This suggest a strong positive correlation between these two parameters.
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Figure 6.18 Correlation between Heterogeneity Index and Energy

The comparison results were then statistically compared using one-way ANOVA, as shown in
Table 6.4. Since p-values for all the three dependent variables is less than 0.05, null
hypotheses mentioned in section 6.4.2 is rejected which suggests that significant difference
exists between these three positions with respect to all the three dependent variables
(p < 0.05 for all the three variables). Since ANOVA does not tell us between which pair the
difference exists, we performed Tukey’s HSD test, Table 6.5. The results suggest that a
significant difference exists in the defibrillation parameters between the three positions.

Table 6.4 Results of one-way ANOVA

Current reqd. to defibrillate
959% of heart

<0.0001

Resistance

< 0.0001

<0.0001
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Table 6.5 Results of Tukey’s HSD test

Positions Dependent variable
AL-AP1 . o

AL-AP2 Current requweﬂ tohdeflbrlllate 95% of
AP1-AP2 the heart

AL-AP1

AL-AP2 Heterogeneity Index
AP1-AP2

AL-AP1

AL-AP2 Resistance

AP1-AP2

6.4.4 Discussion

The results of this study suggest that each of the three pad positions that were investigated
could defibrillate the entire myocardium when stimulated with 25 A current amplitude. It
was noted that AL position offers the highest range for current density (Jmax - Jmin). This
indicated that in AL position, some portion of the heart receives a very high current and
some very low. This is more evident from Figure 6.13, where we can see that the current
pathways are more concentrated along the thorax wall and the ventricles than the rest of
the myocardium. One plausible explanation for such an observation could be the placement
of electrodes. The electrodes are placed in such a way that the current can complete its
path via the conductive tissues of the heart and the chest wall rather than traversing
through other portion of the heart that is surrounded by a very resistive lung region. For the
AP positions, it can be seen that current streamlines traverse well within the heart,
especially in case of AP2, as shown in Figure 6.13. Also, there is no large difference in the
values of current density for shifts in the electrode location for all the three positions, which
indicates that a change in the pad position by a few millimeters does not produce a

significant variation in the current density in the heart.

In terms of uniformity in current distribution, AP2 offers more uniform conduction as

compared to AL and AP1 since it exhibits lower HI. Calculating the HI for the intra variation

109



in electrode position, it can be seen from Figure 6.15 that variation in HI for AL is not large
as the width of the box (inter-quartile range) is fairly small; for AP1 and AP2, the inter-
quartile range is large and the whiskers are away from the upper and lower quartile range
indicating that the some of the values for these case are varying largely with the change in
the electrode placement. The upper whisker in AP1 towards the range of 0.7 is the result of
the pad shift towards the right and the lower whisker below towards the range of 0.3 to 0.4
as a result of shift towards the left. The same observation was seen in AP2 where maximum
HI was seen in shift towards the right and lowest towards the left which has made the max
and min deviate largely from the median value. Since the heart is located slightly towards
the left in the thoracic cavity, the change in the position of the electrode towards the right
(slightly away from heart) results in more non-uniformity in the distribution and towards left
results in more homogenous conduction and higher mean current density as well. These
results indicate that the current uniformity in the heart is very sensitive to placement errors.
In a clinical scenario, such electrode shifts are prone to occur by human operators.
Therefore, the pads have to be cautiously applied on the chest and care must be taken to

not place the electrodes further right from the ideal position.

There also exists strong positive correlation between HI and energy. From our data, we
found that the more uniform a distribution is, the less energy will be required for
defibrillation. AP2 which offers highest uniformity defibrillates the heart with energy 86%
and 18% lower than AL and AP1. This observation is also consistent with the results shown

in [49-52].

Though AL position shows the highest mean current density, it is the AP2 position that best
fulfills the requirement of successful defibrillation with the least current. AP2 has been found
to offer more uniformity, lesser energy and current than the other two positions. The

electrodes in AP2 are placed at the left side of the posterior position. This position matches
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with the orientation of the heart, which is also situated towards the left, there by

defibrillating more volume of the heart than the other two positions.

With the shifts in the electrode position, there is no large variation in the current
requirement for AL as the width of the box plot is small and the distance of the minimum
and maximum value from the box is not large. The whiskers in AP1 and the outlier in AP2
show variation in current within these positions. These large variations were seen only when

the electrodes were shifted away from the heart towards right and upward direction.

Comparing these three positions in terms of resistance, AP1 is found to offer a lower
resistance pathway than AP2 or AL. The path taken by the current in AP1 position is via soft
tissue, bones and heart. In AL, the current takes the path of the lungs, bone, chest wall,
and with AP2 bone, heart, a lung and connective tissue. As a result the potential drop is
smaller for AP1, as compared to AL or AP2. However, the box plot in Figure 6.16 also shows
that the resistance value in AP1 and AL is more prone to vary with the shift within the

placement of the pads.

6.4.5 Summary

The results in this study suggest that electrode position is an important factor for a

successful defibrillation.

Statistical analysis conducted shows significant difference in the values of the defibrillation
parameters yielded by these positions. This suggests that electrode position makes a major
difference in defibrillation, contradicting the results in [2][7][53][86] which claims that

electrode position makes no difference in cardioversion.

111



The results also indicate that the defibrillation parameters can be affected by the placement
errors especially towards the shifts in the right position. Comparing the three pad positions,
the standard AL position has been found to be not as effective for cardioversion as AP.
There is more current flowing towards the ventricular region for AL with 50% lesser

conduction uniformity and 40% more defibrillation energy than AP positions.

Comparing the two AP positions, the current density values are very close to one another;
however, in terms of homogeneity, resistance and minimum energy required for
defibrillation, AP2 is found to be more suitable during cardioversion. This result is in
consistent with the results shown in [50][53][57]. Work by Botto et al. on clinical data
showed that lower DC energy were required to defibrillate patients in AP position (which is
AP2 for our case) with a higher success rate than AL position. Hunt et al. showed similar
results for AP2 using FEM where this position required lesser current and energy for a

successful defibrillation.

6.5 Pad position and sizes

With AP2 position proving to be more efficacious for cardioversion, we also tried to confirm
the results by examining all three positions on the different patient sizes that we considered

for the analysis in section 6.3.

As we can note from Figure 6.19, the amount of current density in the heart for a larger
person seems to be the highest for AP2 position. For normal and thin sizes, the current
density for AP1 and AP2 are relatively similar to each other and AL shows the lowest current

density.
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The current and energy required to achieve 95% of depolarisation in the cells for AP2 on a

larger person is similar to the requirement for AL on a thin and normal person (Figure 6.20).
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Figure 6.20 Current and energy requirement for different pad position and sizes

These results indicate that placing the electrodes in AP2 position is an optimal position

which can largely improve the success rate for patients showing higher impedance.

6.6 Limitations

Our FEM model has attempted to match a real cardioversion procedure including the
electrode shape, size, and position that is used clinically. It also includes the calculation of
different defibrillation parameters (section 6.2) and has graphically shown the voltage and
current density distribution in the thorax during defibrillation which is a vast improvement

over the models shown in the previous FEM studies.

However, it is limited by the accuracy of the tissue conductivities and anisotropic properties.
The true anisotropic representation of the human thorax may alter the results. The model
also does not account for factors such as patient’s history of arrhythmia, effect of anti-
arrhythmia treatment, duration of arrhythmia, temporal variation of biphasic waveform,
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which in a clinical scenario affects the cardioversion efficacy. Also, the symmetry of the
body along the chest may not be present in larger patients due to irregular deposition of fat
in the thorax. Nevertheless, our FEM model gives a fairly good approximation for the

electrical activity in the thorax.

6.7 Conclusions

This chapter presented a model of the human thorax using FEM and measured different
defibrillation parameters to investigate the effect of size and pad position during

cardioversion.

When the same current amplitude was applied to individuals with differently-sized thoraxes
exhibiting different impedance values, larger patients showed less current in the heart and a
higher requirement of current and energy to achieve successful defibrillation. This
underscores the influence of thoracic geometry on the body impedance which ultimately

affects the current reaching the heart.

Among the three pad positions, AL, AP1 and AP2, it was observed that AP2 position was
more effective during cardioversion since it required less energy and current for
defibrillation and offered more uniformity in the current distribution. The results also
suggested that changing the electrode position in large impedance patients to AP2 would be

more favorable for gaining successful results during cardioversion.

To summarize, the pathway the current takes for different sizes of patients and different
pad positions result in variation in the defibrillation parameters which is significant enough
to affect the performance of cardioversion. Since the current conduction is largely affected
by the resistance offered to the current flow by different tissues, our results in this analysis

suggests that resistance does affect the efficacy of cardioversion.
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7 Thesis Summary and Future Recommendations

7.1 Summary of conclusions

In this thesis, we have explored the effect of trans-thoracic impedance on cardioversion

through statistical analysis and Finite Element Method (FEM) analysis. The results are

summarized below for each investigation.

1.

Retrospective Statistical Analysis.

The clinical data comprising of 775 cardioversion cases with total of 1253 shocks for
atrial fibrillation (AF), atrial flutter (AFL) and ventricular tachycardia (VT) was
evaluated for the relationship between impedance and success rate using two
statistical tests, Chi-square tests and Fischer’s exact test. This data was divided into
two groups of impedance; less than or equal to 70 Q as low impedance group and
greater than 70 Q as high impedance. Statistical tests were performed at significance
level of o = 0.05. With TTI as an independent variable and success as a dependent
variable, the results showed significant relationship between TTI and success rate for
AF (p= 0.04) and VT (p=0.006). For cases representing AFL, the success rate was
more than 90% for any given impedance and energy level, and the results were not

significant (p= 0.11).

The statistical testings was also performed with energy as an independent variable
and success rate as a dependent variable. Our statistics showed no difference in the

results between the two energy levels on the success rate.

The peak current-success relationship that we have plotted in Chapter 4 indicates
that delivering current between a range (28 to 48 A for AF and 28 to 32 A for VT)

improves the efficacy of the treatment. Delivering current outside the given range
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causes a decline in the success rate. This optimal current and its relationship with
shock success helps explain our results obtained from the statistical testing. The
success rate was higher for low impedance and lower for high impedance for AF and
VT because of the delivery of current outside of the optimal current range. The
success rate was not affected between the energy levels for the same reasons.

FEM Modeling.

A 3-D model of the human thorax was constructed using FEM in order to study the
distribution of current in the heart and the thorax. The defibrillation parameters such
as current density in the heart, uniformity in the current distribution, minimum
current, and energy required for a successful defibrillation, and potential damage to
the cardiac tissues were measured. These parameters, which are considered to be an
indicator of the success of defibrillation, were used to compare the cardioversion
results in different sizes of the patients and also different pad positions. It was found
that a lesser amount of current and energy were required to attain a successful
defibrillation in a thinner patient having lower impedance as compared to larger
person exhibiting higher impedance. Since more current reaches the heart for a
thinner patient, more predicted cardiac damage was observed in this case and no

damage was seen for a larger person.

Among the three pad positions that are predominantly used during cardioversion, AL,
AP1 and AP2, it was found that AP2 position was more effective since it required
lesser energy and current for a successful defibrillation and offered more uniformity
in the current distribution. Our results also suggested that the defibrillation
parameters can be sensitive to placement errors, especially if the shift in the pad is

towards the right.
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When different positions were tested on patient sizes, the results suggested that
changing the electrode position in large impedance patients to AP2 would be more

favorable for gaining successful results.

The course of current in the thoracic cavity varied according to the sizes and
positions which resulted in the variation of the defibrillation parameters for each of

these cases.

The overall conclusion that can be drawn from this work is that impedance affects the
performance of cardioversion, with success rate and TTI being inversely related to each
other. One of the ways to clinically increase the success rate of the treatment could be to

cardiovert the patients in Antero-Posterior position.

7.2 Recommendations for future work

There are number of significant works that can be undertaken to better understand and
improve the defibrillation treatment.

1. Prospective Study: Our work focuses on retrospective analysis on clinical data to
explore the effect of TTI on cardioversion success rate. One of the directions that the
future work could take is on prospective data analysis. This would help measure
other important statistics (like duration of arrhythmia or pathological condition of the
patient's heart) that could influence the efficacy of cardioversion. The prospective
study can also include clinical evaluation of the pad position. This would help affirm
the result that has been seen in this work for pad positions using FEM.

2. Current based defibrillators: 1t is well known that electrical current is a precise
indicator of defibrillation success. However, defibrillators are based on the amount of
energy delivered. The impedance compensation of these devices therefore deliver

same amount of energy by increasing the duration and not the magnitude of the
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current. This has led to impedance still affecting the success of cardioversion (Refer
to Chapter 4). Future work of this thesis could include developing a prototype for
current based defibrillators, where the descriptor of defibrillation threshold is current
and not energy. This could be further supplemented by impedance compensation
phenomena with the magnitude of current being adjusted according to the
impedance of the patient. The current based defibrillators could be helpful in
reducing the impact of impedance and increasing performance of the defibrillation
treatment.

. Measurement of the impedance before the cardioversion procedure: Our
results define the impact of impedance on a cardioversion treatment. Measuring and
displaying TTI to the clinicians prior to shock application will allow the clinicians to
take measures to reduce the impedance. The biphasic defibrillators today, though
compensates for the impedance, however the value of impedance is not displayed in
the device during the cardioversion procedure. This limits the clinicians to use the
same energy delivery protocol regardless of TTI, which results in more number of
shocks to defibrillate high impedance patient. Knowledge of the impedance before
the delivery of the shock may allow the clinicians to start with a higher energy level
for high impedance patients, and lower the energy level for low impedance to avoid
any tissue damage. This approach may not only increase the success rate of
cardioversion but also increase the safety of this treatment.

. Refining the FEM model: We have made a sincere effort in trying to match the
FEM model to the real human thorax and obtain a good approximation for the
electrical activity in the body. However, the model has its limitations (as mentioned
in section 6.6 of Chapter 6) and more work is required to improve the capabilities of

the existing FEM model.
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5.

In our work, only the contours of lungs and thorax wall are given to the NETGEN for
the finite element mesh generation. The heart, bony structures and fat tissues are
then manually modelled based on the dimension of these tissues in the CAT scan.
The future work for this study could include developing algorithm so that NETGEN
takes into account all these structures and generates a model that accurately

represents the human body.

Our assumption regarding the translational symmetricity of the body along the chest
might not hold for large patients due to an uneven deposition of fat in the body. One
of the potential areas for further research could be to develop an anatomical 3-D
model using all the 64 slices of the chest CAT scan. Anatomically detailed and
accurate 3-D model can also be constructed using MRI images since this imaging
technique provides higher resolution and more finer anatomical details than CAT

scan.

The conductive properties of the tissues affect the electrical parameters. Therefore,
the future work should incorporate modeling the anisotropic behaviour of the tissues
for the electrical activity in the model to exactly represent the electrical behaviour in

a real human body.

The defibrillators today deliver current that changes its direction and magnitude with
time which is not how the current is simulated for our model. One of the areas for
future work could be inclusion of this temporal variation of the current in our model.
Overcoming these limitations in our model will help us accurately understand the
electrical behaviour of defibrillation during its clinical use.

Analysis of pad shape and pad size: Our FEM model can be used towards

examining different pad shapes, for e.g. rectangular, square, circular, and ellipsoidal
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along with different pad sizes that would be useful in obtaining higher cardioversion
success.

6. Finding current in the heart: The idea to determine the amount of current
reaching the heart has been preliminary explored. However, due to time constraints,

its implementation could not be carried out in this work.

To calculate the current reaching the heart, we have to calculate the normal current
in each of the surfaces of the elements that make up the boundary of the heart. The
current in each element is calculated by multiplying the current density J with the
surface area of the element dS having a normal unit vectori. The current in each of

the element is then summed to calculate the current in the heart, as shown below.
I= f I, -fds
S

where, I is the current in the heart, fe is the normal current density in the element,

dS is the surface area and i is the unit vector.

Figure 7.1 Calculation of current in an object. Blue represents a spherical ball and black is a
boundary element.

7. Comparison of FEM results with the clinical data: The results of the
defibrillation parameters obtained from the FEM could be compared with the clinical
data to evaluate the model in terms of its clinical applicability. This would require

construction of the thorax model for a patient who has had a previous CAT scan and
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will be undergoing cardioversion. Defibrillation parameters like energy and current
required for successful defibrillation could be calculated using the methodology in
this work. These values could be then compared with the clinical values obtained
during cardioversion. This could also find its application in reverse engineering where
using CAT scans of the patients and FEM, the best cardioversion scenario (pad
position and defibrillation parameters) for the patients could be predicted
retrospectively or prospectively to improve the success rate of this treatment.

. Greater diversity in the subjects for examining the effect of TTI: In our thesis
we considered only three FEM models, each for small, normal and large sized patient
to explore the effect of TTI using FEM. The future work could include in-depth
analysis of the effect of impedance by incorporating greater diversity of subjects in
the small, normal and large body sizes.

. Inclusion of Defibrillation events: Our analysis was focused only for cardioversion
which is a non-emergency situation and the risk to the patients is less. We have not
considered any defibrillation (ventricular fibrillation) cases which are more life-
threatening. These situations require 100% success rate at least within the first
three shocks. Using the retrospective clinical data together with the FEM model could
be an interesting way to explore ways to improve the success rate for this cardiac

arrhythmia.
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Appendix I: CLINICAL DATA

Appendix I include a detailed description of the clinical data that we have acquired from UOHI. We have shown only 26 cases

with a total of 50 shocks due to the length constraint of the thesis. The abbreviations used in the table are mentioned below:

AF - Atrial Fibrillation

AFL- Atrial Flutter

CV- Cardioversion

ERAF - Early Return of Atrial Fibrillation
NSR- Normal Sinus Rhythm

PAC - Premature Atrial Contractions

. Details of .
Case number Location Arfzntj;lar:lia the S::;le;_:/ Nsur:r(:g;r Imp(esczl?nce g:::’e"g; CU(";‘)*“t
y treatment gy

UsS00102857- .

07181515 Day Unit AF NSR restored Success 1 92 105 15.58
US00102857- Day Unit AFL CV failed Failure 1 86 72 11.87

07221427 Day Unit AFL NSR restored Success 2 84 103 16.92
US00102857- Day Unit AF CV failed Failure 1 84 101 16.92

07231440 Day Unit AF NSR restored Success 2 74 207 22.91
UsS00102857- .

07241509 Day Unit AF NSR restored Success 1 61 101 22.38
Us00102857- .

07251510 Day Unit AF NSR restored Success 1 72 100 19.39
US00102857- Day Unit AF CV failed Failure 1 73 104 19.16

07291434 Day Unit AF NSR restored Success 2 70 150 24.06
Us00102857- .

07291606 Day Unit AF NSR restored Success 1 56 149 29.25
US00102857- | Day Unit AF IR LU Success 1 75 155 22.64

ERAF seen
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07301310

Day Unit AF CV failed Failure 74 156 22.91
. NSR but
Day Unit AF ERAF again Success 74 207 22.91
US00102857- Day Unit AF CV failed Failure 63 152 26.39
08061459 Day Unit AF NSFF}Ag'th Success 60 203 27.54
. . . 9.83
Day Unit AF CV failed Failure 106 52
. . . 14.30
US00102857- Day Unit AF CV failed Failure 101 104
08131426 Day Unit AF CV failed Failure 100 157 17.51
Day Unit AF CV failed Failure 98 209 17.83
Us00102857- .
08151520 Day Unit AF NSR restored Success 77 155 22.12
Day Unit AF CV failed Failure 86 204 20.05
US00102857- . . .
08261403 Day Unit AF CV failed Failure 86 204 20.05
Day Unit AF CV failed Failure 87 203 19.84
Day Unit AF CV failed Failure 79 206 21.62
US00102857-
08281455 Day Unit AF CV failed Failure 80 205 21.38
Day Unit AF CV failed Failure 78 206 21.87
. NSR , then
Day Unit AF ERAF Success 101 105 14.30
Us00102857- . . .
09021438 Day Unit AF CV failed Failure 75 103 18.71
Day Unit AF CV failed Failure 72 207 23.47
US00102857- Day Unit AF CV failed Failure 124 161 14.38
09041518 Day Unit AF CV failed Failure 121 215 14.71
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Day Unit AF CV failed Failure 121 215 14.71
Day Unit AF CV failed Failure 118 215 15.06
US00102857- Day Unit AF CV failed Failure 65 100 21.19
09051440 Day Unit AF CV failed Failure 62 202 26.76
Us00102857- . 15.58
07181515 Day Unit AF NSR restored Success 92 105
US00102857- Day Unit AFL CV failed Failure 86 72 11.87
07221427 Day Unit AFL NSR restored Success 84 103 16.92
11061214460
9bb19 MRI;(E?:-IFBEMI AF NSR restored Success 66.5 202.7 25.17
Us00102857- .
03151310 Day Unit AFL NSR restored Success 38 146 40.84
Us00102857- .
03160902 Day Unit AFL NSR restored Success 75 52 13.41
Us00102857- .
03161036 Day Unit AFL NSR restored Success 68 50 14.62
US00102855-
02030650 CCU A VT NSR restored Success 107 207 16.46
Us00102852- NSR
01031846 CCUA Vi Restored Success 69 99 20.12
Us00102852-
01052154 CCUA VT NSR restored Success 60 151 27.54
CSICU B VT Failed Failure 158 155 11.46
Us00439460- . .
02061549 CSICU B VT Failed Failure 160 206 11.33
CSICU B VT Failed Failure 159 206 11.40
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