l * Nalional Library
ol Canada

Acquisilions and

Biblotheque nationale
du Canada

Direction des acquisitions el

Bibliographic Services Branch  des services bibliographiques

395 Wellington Streel
Ottawa, Ontano
K1A QN4 R1A ON4

NOTICE

The quality of this microform is
heavily dependent upon the
quality of the original thesis
submitted for  microfilming.
Every effort has been made to
ensure the highest quality of
reproduction possible.

If pages are missing, contact the
university which granted the
degree.

Some pages may have indistinct
print especially if the original
pages were typed with a poor
typewriter ribbon or if the
university sent us an inferior
photocopy.

Reproduction in full or in part of
this microform is governed by
the Canadian Copyright Act,
R.S.C. 1970, c¢. C-30, and
subsequent amendments.

Canada

395, e Wellington
Qtlawa {Ontonio)

O B NoP e e

AVIS

La qualité de cette microforme
dépend grandement de la qualité
de la thése soumise au
microfilmage. Nous avons tout
fait pour assurer une qualité
supérieure de reproduction.

S'il manque des pages, veuillez
communiquer avec luniversité
qui a conféré le grada.

La qualité dimpression de
certaines pages peut laisser a
désirer, surtout si les pages
originales ont étée
dactylographiées a l'aide d'un
ruban usé ou si 'université nous
a fait parvenir une photocopie de
qualité inférieure.

La reproduction, méme partielle,
de cette microforme est soumise
a la Loi canadienne sur le droit
d’auteur, SRC 1970, c. C-30, et
ses amendements subséquents.



A Theoretical Study of
Radio-Frequency Ablation
of the Myocardium

by

Sylvain Labonté

A thesis submitted to the
Schoo! of Graduate Studies and Research
in partial fulfillment of the requirements for the degree of

Doctor of Philosophy

Ottawa-Carleton Institute for Electrical Engineering

Department of Electrical Engineering
Faculty of Engineering
University of Ottawa

©Sylvain Labonté, Ottawa, Canada, 1992



Bl e

Acquisiﬁons and

Biblicthéque nationale
du Canada

Direction des acquisitions et

Bibliographic Services Branch  des services bibliographiques

335 Wellinglon Street
Otiawa, Ontario
K1A QN4 K1AONd

The author has granted an
irrevocable non-exclusive licence
allowing the National Library of
Canada to reproduce, loan,
distribute or sell copies of
his/her thesis by any means and
in any form or format, making
this thesis available to interested
persons.

The author retains ownership of
the copyright in his/her thesis.
Neither the thesis nor substantial
extracts from it may be printed or
otherwise reproduced without
his/her permission.

335, ue Wellinglon
QOtlawa {Onlano)

ikt Pl VAN RN Y

O bl AT e

L’auteur a accordé une licence
irrévocable et non exclusive
permettant a la Bibliotheque
nationale du Canada de
reproduire, préter, distribuer ou
vendre des copies de sa these
de quelque maniére et sous
quelque forme que ce soit pour
mettre des exemplaires de cette
thése a la disposition des
personnes intéressées.

L'auteur conserve la propriéte du
droit d’auteur qui protége sa
thése. Ni la thése ni des extraits
substantiels de celle-ci ne
doivent étre imprimés ou
autrement reproduits sans son
autorisation.

ISBN 0-315-93589-8

Canada



@ UNIVERSITE DOTTAWA
| | UNIVERSITY OF OTTAWA



Abstract

Theoretical modeling of the lesion formation process during radio-frequency ablation of the
myocardium is presented. The model is axisymmetric and consists of a catheter electrode
coting in contact at right angle with the heart tissue. The electric power dissipated in the
tissue is calculated and from it the temperature distribution and the resulting lesion are
cvaluated as a function of time. The cooling effect of the blood flow and the temperature
dependence of the electrical conductivity are included in the model, making it non-linear.
The finite-clement method is used to discretize the spatial domain and a finite-difference
algorithm resolves the time dependence.

The numerical simulator is validated with a series of experiments performed on a tissue-
equivalent material. Both the measured temperature distribution in the tissue sample and
the clectrode resistance as a function of time agree well with the theoretical predictions.

The model is used to study the effect of the electrode geometry and the electrical excitation
on the resulting lesion. Theoretical predictions for the time evolution of the lesion size and the
clectrode resistance are presented for the first time. Recommendations for the improvement

of the RF ablation procedure are formulated.
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Chapter 1

Introduction

1.1 Motivation

Radio-frequency (RF) ablation is a medical procedure in which a RF electrical discharge is
used to destroy small areas of the heart in erder to cure cardiac arrhythmias. This technique
was introduced around 1986. Its appeal comes from its simplicity, safety and relative efficacy
compared to other approaches using laser or DC discharges.

This research was undertaken in 1980 and let us take a look back at the situation then.
At that time, RF ablation is at the early developmental stage. In the medical community,
much interest is demonstrated for the understanding of the mechanisms involved in the new
technique. The available literature, dealing mainly with in-vitro experiments, is characterized
by its empirical nature. Although the basics of RF ablation are known, in general very little
theory is presented to support the experimental findings. The problem of comparing the
results of different experiments and the absence of reliable theoretical data are responsible
for the rather superficial understanding of the procedure.

Despite the lack of a thorough knowledge of it, the RF ablation technique is rapidly
promoted from the laboratory to clinical trials. The interest of the main investigators for
the mechanisms of ablation itself soon shifts to the clinical studies. Within a couple of
years, the cardiologists develop a good command of the new technique. However part of the
success comes from the fact that generally, the procedure is applied until the desired result
is obtained. Today, the general attitude towards RF ablation seems to be that the lesions
that it produces are not large enough. Already, new techniques based on microwave energy

are being proposed as potential alternatives.



This research is motivated by the desire to understand the mechanisms of lesion formation
during RF ablation. The rationale is that a more thorough understanding should lead to the

identification of an optimal mode of ablation that maximizes the lesions.

1.2 Objectives and Approach

The global objective of this study is to gain insight into, and to quantify the thermal and

electrical processes occurring during RF ablation. The main questions to be answered are:

¢ How superior is RF ablation compared to hot-tip ablation?

How important is the blood flow?

How significant is the electrode geometry?

How can the applied RF power be used to optimize the lesion?

How do tissue temperature and lesion progress with time?

A theoretical approach is used to answer these questions because it is more versatile and
to some extent simipler than a study based on experimentation. Experiments would require
equipment and medical expertise that is not readily available. Furthermore, the variety and
variability of factors coming into play during experimentation often obscure the underlying
mechanisms. A theoretical approach on the other hand can better identily and isolate the
significant factors of ablation. Moreover, theoretical results (unavailable up to now) constitute
a convenient basis for the evaluation of the efficacy of the procedure.

Because the problem is too complex for an analytical treatment, numerical modeling
must be used. The first objective is thus to set-up a numerical model that is a reasonable
representation of the physical reality.

Since the whole project relies heavily on the simulation results, it is essential that good
confidence in the computer programs be developed. Simple examples with analylical solutions
are used for a preliminary verification. However, the nature of the problems of interest is so
complex that it is preferable to perform an experimental validation of the software on a more
realistic problem. The second objective is therefore to realize an experiment whose results

are used to validate the numerical simulator. This experiment must he complex enough to



lead to convincing conclusions, and at the same time simple enough to be workable. Ablation
on an artificial material is done for that purpose.

The third objective is to carry out a series of simulations to build up a bank of theo-
retical results and to answer the questions raised above, Finally the fourth objective is to
use the information obtained by the theoretical study to propose recommendations as to the

optimal modes of RF ablation.

1.3 Organization of the Thesis

Chiapter 2 of this tllésis presents background information of a medical nature. The physiology
of the heart is reviewed followed by a review of catheter ablation technigues using direct-
current, laser and RF. This section is a succinct version of the review presented in the
candidacy paper preliminary to this thesis.

Chapter 3 coutains the description of the theoretical model used in this work. All the in-
formation on the modeling is included there. The model, the governing differential equations
and the mathematical development are exposed. Little emphasis is put on the mathematics in
order to lighten the presentation. The mathematical details are included in Appendices A,B,
and C. A section is devoted to the physical properties of biological tissues which is a primor-
dinl aspect of modeling. Since this issue is rather complex, a fair amount of information is
given. The major mechanisms responsible for the properties and a repertory of published val-
ues for the tissues of interest are presented. The last section contains a preliminary validation
of the software done by considering simple cases with analytical solutions.

Chapter 4 presents an experiment performed to validate the modeling software on a
realistic, non-linear problem. It consists in the measurement of the temperature distribution
in a specimen of tissue-equivalent material submitted to RF ablation. Details are presented on
the tissue-equivalent material itself, the electrical apparatus, and the thermographic camera
used for the experiment. The results agree well with the theoretical predictions confirming
the applicability of the software to the solution of RF ablation problems.

Chapter 5 consists of preliminary numerical calculations. Their purpose is to identify the
.detcrmi:mnl factors that must be included in the simulations. Of interest are t}Ie blood flow,
the temperature dependent conductivity, the boundary conditions, and the model dimensions.

After this preliminary investigation, the model is well defined and ready to be applied for the



simulation of RF ablation.

Chapter 6 is the modeling of ablation itself and constitutes the body of the thesis. The
transient evolution of the lesion is calculated for various electrode shapes and electrical ox-
citations. The data iz nvesented so as to facilitate the comparison of various situations and
to enable meaningful conclusions. Each simulation result is interpreted individually. A suw-
mary of all the results is presented in the discussion. Their application to the determination
of an optimal method of RF ablation is discussed in the last section.

The find chapter concludes by summarizing the work done and suggesting avenues for

further work.

1.4 Contribution

This is the first in-depth theoretical study of RF ablation. Consideration is given to most
of the determinant factors of the procedure. In contrast to all previous reports which are
experimental in nature, this study quantifies the effect of a series of factors taken in isolation.

The specific contributions of this work are:

s Creation of a software environment for modeling the lesion formation process based on
the finite-clement time-domain method: automatic mesh generator, graphical mesh edi-
tor, finite element analysis software, graphics output. Most software is written in C and
X Windows on DECstation 3100 workstations. The analysis considers the temperature

4

dependence of the electrical conductivity and is therefore non-linear.

e Realization of an experiment to validate the theoretical analysis. This includes the
realization of a tissue-equivalent material at 1 MHz and the construction of the exper-

imental apparatus.

e For the first time, a theoretical evaluation of the significant factors of RF ablation is

presented: importance of blood flow, effect of electrode geometry, transient evolution.
s Well supported recommendations are made about the optimal mode for ablation.

The expertise developed in this study has fostered a growing collaboration with the Uni-
versity of Ottawa Heart Institute Research Center. Already, joint research on microwave

ablation has been undertaken.



Chapter 2

Background

This chapter provides background information on the topic of this research. Information of
a medical nature is presented in the first section and an overview of the catheter ablation

technique is given in the second section.

2.1 The Heart

Here is a summary of the medical knowledge necessary to understand the topic of this work.
By no means is it an exhaustive treatment of the material. It is intended to provide a basic
understanding of the physiology of the heart, of cardiac arrhythmias and of the catheterization
technique. Its purpose is also to introduce the medical terms used in this work. The following

references have been consulted for the writing of this section (1, 2, 3, 4].

2.1.1 Physiology of the Heart

The heart is a hollow mauscular organ whose function is to pump blood in the circulatory
syst:m of the body. Its walls are made of muscle fibers and are called the myocardium. The
inside surface of the myocardium is the endocardium. The heart can be divided longitudinally
into two functionally similar parts (the right and left heart) each containing two chambers:
the atrium and the ventricle (Figure 2.1). The two atria and the two ventricles respectively
share a common wall called the atrial and the ventricular septa. The right heart pumps the
.b]ood returning {rom the periphery towards the lungs for oxygenation. The left heart pumps
the oxygenated blood returning from the lungs towards the periphery. )

The great vessels conduct the blood in and out of the heart. They are the superior

and inferior vena cava at the input of the right atrium, the pulmonary arteries and veins,
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Figure 2.1: A schematic representation of the heart showing its principal structures. From
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respectively at the output of the right ventricle and the input of the left atrium, and finally
the aorta at the output of the left ventricle. The direction of the flow in the heart is controlled
by passive valves at the orifices of the chambers. Three of them are of a particular interest
(Figure 2.2). The right and left atrioventricular valves separate their respective atrium and
ventricles. The right one is made of three cusps (the tricuspid valve) designated by their
position as anterior, posterior and septal (near the septum) cusps. The left atrioventricular
valve comprises two cusps, the anterior and posterior. At the root of the aorta are located the
three aortic semilunar valves. The heart valves allow the passage of blood in one direction and
prevent back flow when pressure gradient is reversed. The ventricle side of the atrioventricular
valves are attached by tendinous cords, the chordae tendinae, to the interior wall of the
ventricles. This arrangement stays the valves against the ventricular pressure since the valves
have no intrinsic rigidity.

The supply in nutrients to the myocardium is done through the coronary circulation, a
network of arteries and veins covering the heart. The arterial supply is provided by the right
and left coronary arteries. They arise from the root of the ascending aorta just above and
behind two of the three aortic semilunar valves. The coronary arteries branch out and cover
the myocardium to supply oxygenated blood. The blood is then drained by the coronary
veins which for the most part accompany the coronary arteries. The principal terminus of
the veins is the coronary sinus. This is a short, wide venous channel on the posterior side of
the heart, between the atria and the ventricles (Figure 2.2). The coronary sinus opens into

the right atrium between the inferior vena cava and the atrioventricular opening (Figure 2.3).

To effectively pump the blood, the four chambers of the heart beat in an orderly se-
quence: The contraction of the atria is followed by the contraction of the ventricles and by
a rest period where all chambers are relaxed. For effective blood expulsion, the ventricu-
lar contraction must progress from the apex (the tip of the ventricles) to the base (the end
with the valves). The complete heartbeat originates in a specialized conduction system with
intrinsic coordination of the event.

Before the origin of the heartbeat is described, it is useful to say a few words about
muscle excitation. All muscle fibers including the myocardial fibers contract in response to

a sudden flow of ions in both directions across their membranes. This results in a sudden
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change in the voltage difference normally maintained across the membrane.  Accordingly,
the phenomenon is called depolarization. Because of special junctions between individual
myocardial fibers, depolarizations can propagate from a fiber to its neighbors. After a tiber
has been excited, it relaxes and remains refractory to subsequent depolarizations for a short
period of time. This explains the outward propagation of the depolarization frouts. In the
normal heart, depolarizations travel freely over the myocardivm but caun not travel divectly
between the atria and the ventricles because these ure separated by a layer of isolating tibrous
tissue. Electrical conduction between them is nonetheless necessary and is provided by the
specialized conduction system.

The structures that make up the conduction system are the sinoatrial node, the atri-
oventricular node, the bundle of His and the Purkinje fibers {Figure 2.4}, The sinvatriad
{SA) node is a swmall collection of specialized myocardial fibers with spontancous, rhythwic
depolarization. The SA node is the pacemaker of the heart and this is where the heartbeat
is initiated. It is located at the intersection of the superior vena cava and the right atrium.
The AV node is made of the same kind of tissue as the SA node and is situated in the septal
wall of the right atrium between the opening of the coronary sinus and the septal cusp of the
atrioventricular valve.

The bundle of His is a strand of specialized myocardium establishing an electrical connee-
tion between the AV node and the ventricles. It passes from the AV node into the ventricular
septum. At the top of the ventricular septum, the bundle of His gives off a left branch
and continues as the right branch. Both branches run subendocardially down cither side of
the septum toward the apex. There, they come in contact with the fast Purkinje fibers!
which difTuse the excitation to all parts of the ventricular myocardium. This diffusion makes
possible a more or less simultancous contraction of all ventricular fibers.

Figure 2.5 shows the spread of the electrical activity in the normal heart. The impulse
from the SA node reaches the atrioventricular (AV) node through myocardial conduction
in the atrium walls. The AV node is responsible for the delay between the ventricular and
atrial contraction by retarding the propagation of the excitation by 0.1 s approximately.

The impulse then follows the bundle of His to the Purkinje fibers to initiate the ventricular

'Conduction speed in the Purkinje fibers is about 4 times higher than in the ventricles in order to excite
the apex first.
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contraction.

In the normal heart, the AV node and the bundle of His (sometimes called the AV juunction)
constitute the ouly conduction pathway between the atria and the ventricles. When this
pathway is totally or partially interrupted. an AV block is said to be present. AV blocks
can take several forms and are differentiated into various degrees. The first and second
degree blocks correspond to slowed conduction whereas a third degree block is a complete
interruption. When a third degree AV block is produced, a permaneut pacemaker is essential

to maintain adequate ventricular excitation.
2.1.2 Cardiac Arrhsthmias

Various anomalies of the heart can result in the loss of synchronization and departure from
the normal pace. These are called arrhythmias. Two phenomena are associated with the
initiation of arrhythmias: an ectopic focus of excitation and reentry. An ectopic focus is
a group of cells that develops spontaneous rhythmic activity and imposes its pace to Lthe
rest of the heart. These can occur in hoth the atria and ventricles, Reentry is a defect
}.hat permits a wave of excitation o propagate continunously within a closed .cirr.uil cadled

circus movement. Zones of delayed conduction or increased refractoriness are substrate for

reentrant arrhythmias. Circus movements can also become established between the atria and
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the ventricles when, in addition to the His bundle, an accessory conduction pathway develops
between them.

Cardiac arrhythmias can take the form of an irregular or an accelerated pace (200 bpm
and more) resulting in less effective blood pumping. In the worst cases, ventricular fibrillation
can occur. It consists in an unsynchronized contraction of all ventricular fibers due to the
existence of several ectopic foci. During fibrillation no blood is pumped and unless emergency
procedures are undertaken, it is fatal.

When an arrhythmia can not be controlled by pharmaceutical treatment the abnormal
tissues responsible for it must be ablated. For atrial arrhythmias, and independently of their
point of origin, the ablation of the AV junction will prevent the excitations from reaching
the ventricles. Alternately, if the ectopic focus can be localized, its destruction will cure
the problem. Unfortunately, the resulting lesion may sometimes itsell be arrhythmogenic
because of the reentry phenomenon. For an arrhythmia due to the presence of an accessory
conduction pathway between the ventricles and the atria, the interruption of this pathway
can be a solution.

The ablation of these structures can be performed during open-heart surgery or using
catheter techniques. The latter consists in ablating the tissue with a catheter that is intro-
duced in a peripheral vessel and advanced into the heart chambers. It represents 2 higher
degree of complexity both in the access Lo the tissues to be ablated and the ablation modality.
On the other hand, it is less traumatic for the patient and less expensive than surgery. These
advantages stimulate the development of catheter ablation. The various methods proposed

for it are reviewed later.

2.1.3 Catheterization

Cardiac catheterization consists in advancing a catheter through a blood vessel in an arm,
a leg or the neck, and into the heart, usually under fluoroscopic control (real-time X-rays).
Many types of catheters are available for different functions such as blood sample collec-
tion, biopsy and pressure measurement. Of relevance to this work are the catheters used for
electrophysiological studies (EPS). They consist of a suitably insulated electrieal conductor
exposed at the distal end to form an electrode. The proximal end is connected to an elec-

tronic instrument for the recording or generation of electrical signals. So-called bipolar and
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Figure 2.6: Drawing of a 6F quadripolar recording catheter showing the 4 electrodes and the
proximal 4-lead connector.

quadripolar catheters with 2 and 4 independent conductors are common. In those cases, the
electrodes often take the form of metal rings around the catheter. Catheter size is measured
in the rather peculiar units of French {F). Three French correspond to a diameter of 1 mm.
A 6F, quadripolar catheter has four independent electrodes, and an outside diameter of 2
mm (see Figure 2.6).

A whole set of specialized EPS catheters are available depending on the particular cardiac
structure to be paced or whose electrical activity is to be recorded?. Those catheters differ
by their inter-clectrode spacing and electrode length. Furthermore, despite their fexibility
for smooth approach to the heart chambers, they have pre-formed bends to facilitate access
to the desired sites. Catheterization is not an easy technique and the situation is exacerbated
by the heart and valve movements and the blood flow which tend to displace the tip of
the catheter. Because of the intra-cardiac geometry, some structures (coronary sinus, AV
junction, ventricular apex) are easier to reach than others.

The difficulty in locating the site to he ablated by catheter techniques is also an important

problem. At the present, the approach used is to record electrograms with an electrode

IElectrode catheters are available from several American campanies such as United States Catheter and
Instrument Company, Billerica, Mass., or Mansfield Scientific Inc., Mansfield, Mass,
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catheter that is moved around until a suitable pattern of electrical activity is identified.
Depending on the type of arrhythmia, this “target pattern™ can be more ar less well-defined
and the selection of the ablation site depends on the examiner’s experience. The uncertainty
of the process comes from the combination of three factors, First, only a limited number of
locations on the endocardiutu can be reached and therefore the site chosen for ablation is the
best among the available sites. Second, the electrical activity is recorded at only one site at a
time and from this it is not always clear which location is the best for ablation. Thirdly, the
movements of the heart and the flow of blood contribute to displace the electrode between

the time the clectrogram is recorded and the ablation itself.

2.2 Catheter Ablation

The removal of undesired tissues can be perforined by several methods with various degrees
of sophistication: conventional surgery, electrosurgery, cryosurgery, laser and even acoustic
waves. These techniques offer advantages and disadvantages in terms of safety, controllability
and side-cffocts. The choice of the surgeon is therefore a trade-off based on the nature
of the intervention, the aceeptable level or risks and complications, the availability of the
equipment and personal experience. We saw earlier that it is sometimes necessary to perform
the ablation of internal heart tissues for the treatment of arrhythmias. In these cases, so-
called catheter techniques present interesting advantages because they eliminate the need for
open-chest surgery. Three methods of ablation amenable to catheter use in cardiology have
been proposed. The first one is called direct-current (DC) ablation and consists in applying a
high-current pulse at the target site. The second approach is to use a laser beam to vaporize
the target. Finally, the third method, referred to as radio-frequency ablation involves the
flow of an alternative current through the tissue to be ablated. Historically, in cardiology,
DC catheter ablation was introduced first. However, unacceptable complications stimulated
the quest for safer methods and laser and RF ablation were investigated. Today, RF ablation
seems to be the preferred solution as it combines safety, simplicity and relative efficacy.

A review of catheter ablation techniques was presented in a preliminary document [6]. A

summary is given here.
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2.2.1 DC Ablation

Catheter DC discharges have been used to ablate AV junctions, accessory pathways and
veutricular ectopic foci, Despite its relative success, this procedure is not free of complications
and animal and clinical tests demonstrated side effects including ventricular fibrillation and
rupture of the coronary sinus. Fontaine [7] and Scheinman [8] edited review books ou ablation
techniques for cardiae arrhythmins where a great deal of information and many referonces

are presented concerning the DC ablation techuique.

Description

The DC catheter ablation procedure consists of an electrical discharge deliversd through a
catheter to produce a local burn. In clinical treatments, the total energy delivered is 100-
400 J per pulse with peak voltage and current of 2.3 kV and 40-50 A for a duration of less
than 10 ms. Conventional defibrillator units (consisting of a capacitor and an inductor in

series} are normally used to produce the clectrical shock. Two modes of discharge can be
used:

e the unipolar mode where the curreat flows between a catheter electrode and a larpe

grounded electrode positioned on the chest or the back of the patient, and

s the bipolar mode where the discharge is produced between two catheter electrodes near

the target.

The flow of current from one electrode to the other elevates the local temperature. At low
power levels, Joule heating is responsible for tissue destruction. However, if enough power
is applied, an explosion takes place and the adjacent tissue is pulverized. Many investiga-
tors have described the sequence of events taking place during DC ablatjon under various
conditions and have proposed an explanation of the plly§ics behind it [9, 10, 11,12, 13]. A

particularly good treatment can be found in [14].

Clinical Experience with DU ablation -

A good review of clinical experience with DC ablation is presented by Scheinman in [15).

Clinica! details can also be found in [16) and [17] among others. The evidence suggests
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that 90% of the patients suffering from drug refractory supraventricular arrhythmias are
improved after attempted ablation of the AV junction. The procedure is as successful as
surgical ablation but is cheaper to perform and associated with lower morbidity. In a series
of attewmpts to produce AV block using catheter DC ablation, Bredikis et al [16] concluded
that the difliculty in locating the aptimal ablation site is respousible for occasional failure of
the procedure,

The clinicad experience with the ablation of accessory pathways and ventricular ectopic
fuci is more limited than that for AV junction because target location is harder. The success
rate is not as high and the complications can be very serious (rupture of the coronary sinus)

18, 9],

Physiological Etfects of DC ablation

Both anodal and cathodal discharges produce similar ellipsoidal lesions. The acute® histologic
findings consist of necrosis, edema, and inflammatory cell infiltration. The chronic! findings
include fbrosis® and fatty infiltration at the margin of the lesion. Abnormality in impulse
conduction and reflractoriness in large border zones around the lesion are also observed. For

more details on the physiologic effects of DC ablation see [8, 13, 20, 21, 22].

Advantages and Disadvantages of DC ablation

DC catheter ablation is a very attractive alternative to surgery for the treatment of drug-
refractory cardiac arrhythmias. The success of the procedure for some particular interventions
is undeniable. However, it seems that the ablation procedure is hardly controllable, and the
tissues surrounding the target site are often unnecessarily damaged.

The complications associated with DC ablation include more arrhythmias and perforation
attributed to the shock wave. Another potential complication is the gas released during DC
ablation which carries the risk of embolization. However, this has never been reported in
animals or humans. Finally, because DC current can stimulate muscles and nerves, anesthesia

is required during the intervention. These complications have encouraged the search for other

3Shortly after the ablation.

*Aftes healing.

5The farmation of fibrous tissue. This type of tissuc is usually encountered in parts of organs that play a
structural role like the fibrous rings of the heart which form its skeleton.
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forms of energy for catheter ablation.
2.2.2 Laser Ablation

Laser is another form of energy that can be used for catheter ablation. It has been used
in many clinical applications such as ophthalmology and dermatology and its application to
cardiovascular treatment has been considered. Arcund 1984 Saksena and co-workers, who
seem to be the main investigators of this technique, began experitients aimed at evaluating
the clinical eflicacy and safety of intraoperative and catheter myocardial ablation using laser,
The information presented in two review papers by this group of investigators [23, 21] is
summarized in this section. Today, the interest for catheter ablation of the myocardium

using laser seems to have faded considerably.

Description

Special optical fiber catheters are used to deliver the laser energy to the heart. Unlike for
DC ablation, the lesions induced by laser are essentially thermal in nature. The laser energy
is absorbed by intra- and extra-cellular water vaporizing the cellular fluid. The tissue surface
swells and ruptures with a popping sound and cellular debris and steam are released from
the surface. The tissue surrounding the vaporized arca undergoes thermnal damage leading
to coagulation necrosis® and charring. The gross lesions usually show a central crater lined
with charred tissue. The extent of the coagulation and charring depends on the laser source
and power level. Compared to DC ablation, the affected area appears to be much more
localized without any significant border zone of delayed electrical conduction. Experiments
where power and energy of laser irradiation are varied reveal that total delivered energy is
the primary determinant of lesion dimensions. Comparable lesion sizes are obtained with

pulsed or continuous wave laser at comparable energy levels [25].

Experiments with Laser Ablation

Only a very limited number of catheter experiments have been reported [26, 27] (none in hu-

mans). In addition to the fiber optic catheter, the technique necessitates a separate electrode

¢ Necrosis of a portion of some organ or tissue, in which a relatively small part seems to have been deprived
of the afllux of blood by the plugging of its vessels with coagula.
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catheter to aid in positioning.

Experiments in dogs show that complete or partial atrio-ventricular block can be produced
by total or partial transection of His bundle fibers [23, 27). In animal work, laser ablation has
sometimes resulted in short bursts of nonsustained ventricular tachycardia and ventricular
fibrillation [23, 26]. However it appears that these complications are less frequent than with
DC ablation. The technique is highly experimental and informaticn on long-term follow-up
is Hmited,

The photoproducts of laser ablation in human myocardium have been found to reflect a
high degree of tissue degradation: protein fragments, hydrogen, carbon monoxide and organic

gases. All of these are water soluble and rarely form bubbles.

Advantages and Disadvantages of Laser Ablation

The aser injuries do not present a wide border zone of delayed electrical conduction. This
and the comparative reduced arrhythmogenicity represent advantages over DC ablation. In
addition, the hemodynamic and mechanical deleterious effects associated with DC are not
found with laser ablation. On the other hand, the relative smallness of the lesions and the
lack of controllability of catheter laser ablation are major drawbacks. Also, the need for a
separate electrical catheter and a special fiber optic catheter and the cost and bulkiness of

the equipment limit the interest for this techrique.

2.2.3 Radio-frequency Ablation

Radio-frequency ablation is the destruction of tissue by the application of a RF electrical
curreat. In this application, the term radio-frequency refers to the range 100 kHz to a few
MIllz. Like DC energy, RF energy is easily amenable to catheter application. A significant
advantage of RF though, is that the discharges do not produce the pressure wave observed
during DC ablation. Another advantage is that unlike lower frequencies, RF signals do not
stimulate muscles and nerves. Therefore, unlike DC, the flow of a RF current through the
heart is rarely associated with the incidence of ventricular fibrillation and does not require

general anesthesia.
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Description

Except for the generator, the procedures for ablation using RF and DC currents are very
similar. RF energy can be delivered in tlie unipolar or bipolar mode by bringing the active
electrode(s) in contact with the tissue to be ablated. At power levels (less than 30 watts)
normally used for ablation, no gas bubble formation (clectrolysis) is observed during the
intervention which eliminates the harmful shock wave associated with DC ablation.

The lesions produced by RF catheter ablaticn are essentially the result of tissue destrue-
tion by protein denaturation due to overheating. No evidence of other types of chemical
or physical degradation is observed at those levels of electric fields. RI current flows in
the tissue and heat is produced by Joule effect. The resulting temperature distribution and
consequently lesion shape is determined by energy deposition and thermal transfer pheunotn-
ena that take place over the time of application. The electrode itself is heated by thermal
conduction.

The lesions produced are described as sharply demarcated and composed of homogencous
scar tissue without interspersed myocardial fibers and the tissues surrounding the ablated
area are generally completely spared. Therefore unlike the lesions produced by DC ablation,

they do not constitute a favorable substrate for reentrant circuits and potential arrhythmias.

Development of RF Ablation

The clinical use of radio-frequency energy is not new. Electrosurgery, which refers to the
use of RF energy to cut, coagulate or desiccate tissues, has been commonly utilized in op-
erating rooms for over 40 years. In many fields of medicine, heating with RF energy has
been employed to produce focused lesions or to induce hyperthermia: neurosurgery [28, 29),
gastroenterology [30, 31], oncology [32]. It is in the mid 80’s that RF energy was proposed
as an alternative to DC catheter ablation {22, 33, 34, 35, 36, 37]. The success of the first
experiments combined with the increased safety over DC ablation led to a very rapid develop-
ment of this techrique [38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51]. The clinical trials
reported in [52, 53, 54, 55, 56, 57, 58, 59] show that the technique produces good results. The
enormous increase in the number of clinical reports on the subject between 198% and 1992

illustrates that point very well. As of April 1992, RF ablation is used on a routine basis in
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many centers in the USA and Canada (refer to the proceedings of recent scientific sessions of
the American Heart Association and the American Callege of Cardiology [60, 61]). Historical

reviews of the medical use of RF energy can be found in {33] and [34].

Current Status of RF Ablation

The RF ablation procedure basically consists in repeating the application of power until the
desired offect is obtained, which partly explains the high success rates that are reported. It
appears that the number and intensity of power applications necessary to cure the arrhyth-
mias vary widely from patient to patient. The difficulty in locating the target might be the
reason of this situation. At this time, increasing the lesion size seems to be the only solution
to alleviate this problem, Despite the differences in procedures and equipment, it is possible

to draw the following list of features common to most groups:

e« Ablation is performed in the so-called unipolar mode, that is, between a catheter elec-
trode and a skin electrode located on the scapula. 6F to 7,5F catheters are used with

4 mm long hemispherical tip electrode.
¢ RF power between 20 and 30 W is applied until the desired effect is obtained.
o The resistance between the ablation electrodes is in the order of 100 ohms.

e Often, an electro-surgical unit is used as the RF generator. The output is a continuous

wave between 500 and 1000 kHz. Special generators are also available commercially.

e Voltage and current are monitored during the procedure in order to detect a sudden rise
of the resistance revealing tissue charring and boiling which occurs at 100°C [47, 50].
This situation must be avoided because it prevents lesion progression.

Advantages and Disadvantages of RF Ablation

The experimental evidence confirms that RF ablation is very promising for the non-surgical

treatment of cardiac arrhythmias. This technique offers the following advantages:
o It produces well delincated homogeneous scars with no intact myocardial fibers,
¢ it does not cause barotrauma and gas bubble formation,
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e it is less arrhythmogenic and in general safer than DC,
e it does not require general anesthesia and
e it is relatively inexpensive,

Ablation with RF current provides the ability to better control the delivery of the energy.
But the most siguificant advantage of RF over DC ablation is the reduction in associnted
medical complications [52). A multicenter study {55] concludes that the use of RF is much
safer than DC but that DC ablation is more effective for the production of atrio-veutricular
block. It is likely that the better efficiency of DC be due to the larger size of the lesions
produced. In that sense the localized nature of RF lesions is a drawback and may necessitate

a better positioning of the electrode,

2.3 Conclusion

This chapter shows the evolution of the catheter ablation technique for the treatment of
cardiac diseases. As mentioned, the use of RF energy requires relatively simple equipment
and procedures and yields good results. Today, it is used practically on a routine basis to
cure certain types of arrhythmias. However, for ablation on the ventricular walls, the lesions
produced by RF current are still too small.

Radio-frequency ablation presents definite advantages over laser and DC respectively in
terms of simplicity and safety. The main limitation of RF ablation is the small size of the
lesions. Paradoxically, it seems that little consideration has been devoted to improve this
situation. A possible reason may be the relative command of the technique in the clinical
setting which may be considered to give optimum results already. Nevertheless, from the
engineering point of view, the optimization of RF catheter ablation deserves further studies.

Microwave ablation has recently been proposed as an alternative which could potentially
produce larger lesions. No in-depth development work has been reported so far on this new
approach. Preliminary results [62] are not sufficient to confirm whether larger lesions can be
created. Major problems of catheter flexibility and loss are foreseeable since very thin coaxial
catheters must be used for this application. i

Unipolar ablation is by far the most common mode used today for RF ablation. Accord-

ingly the research focuses on this mode of operation.
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Chapter 3

Theoretical Modeling I:
Description

"This chapter presents the model used in the theoretical studies. It is divided into two sections.
The first one presents the model itsell, how it relates to the physical situation, and the
differential equations that govern it. It ends with a presentation of the material properties of
interest in this study. The second section of this chapter presents the numerical treatment
of the model: the numerical method used, the software developed for the application and its

validation by comparisons with known solutions.

3.1 The Model

This scction presents a model of RF ablation that is amenable to numerical analysis and
yet reasonably representative of the reality. The physical environment encountered during
the ablation treatment is first described. This provides the justification for the choice of the
particular model used in the study and presented in the following subsection.

The goal of the modeling process is to calculate the lesion produced in the tissue under
various conditions of ablation. In order to do that a thermal damage function based on
the history of the tissue temperature must be defined. This function is presented in the
third subsection. Finally, the model is not complete until the actual values for the physical
propertics of its compcnents are determined. A review of the thermal and electrical properties

of biological tissues is thus presented in the last subsection.
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3.1.1 Description of the Physical Situation

During RF transcatheter ablation an electrode catheter is introduced inside the heart and
moved until it is in contact with the area to be ablated. This is a diflicalt task becanse the
heart is a complex environment with an irregular shape and moving parts (Fig. 2.4, p. 1)
In practice, the catheter tip is wedged in one of the many wrinkles of the endocardium and
maintained there by exerting a pressure on it. The electric current is then applicd between the
catheter electrode and an external grounded electrode to produce a local burn, ‘Uhe externad
electrode is large in order to avoid skin burns and should be positioned to optimize current flow
through the target area. The electric current should be such that the tissue temperature does
not exceed 100°C. Indeed, this is undesirable because charring and boiling oceur, producing
a sharp rise in the resistance and limiting lesion progression [47, 50]. A maximum duration
of power application of 1 to 2 minutes is achievable in practice. Frequencies of 500 to 1000
kHz are used most of the time for the electrical excitation. These frequencies are both high
enough to avoid the undesired stimulation of nerves and muscle, and low enough to allow
easy and efficient coupling of encrgy to the tissues.

The lesion produced by RF ablation is entirely dependent on the thermal process taking
place at the point of contact of the catheter electrode and the endocardium. The source of
heat is the electric current through the tissue which depends strongly on the clectrode-tissue
configuration, and on the applied voltage, the tissue properties, and the position and size of
the external electrode. Unfortunately, catheter positioning is not easily repeatable, and the
actual electrode-tissue configuration cannot be controlled at will. The situation is globally

so complex that important simplifications must be made to allow any analysis.
3.1.2 Description of the Mode!

The first step towards the definition of an appropriate model is to limit the number of variables
to be dealt with. Of course, those variables that can be controllcd during RF ablation must
remain. Accordingly, the study is limited to the case where the catheter comes in contact
with the tissue at right angle, and tissue heterogeneity is neglected. The inclusion of these
two aspects in the model would necessitate a 3-D analysis with a large number c.)finpm. data,
Since most of the data on the detailed geometry is absolutely uncontrollable and highly case

dependent, no meaningful conclusions could ever be drawn from such an analysis.
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Figure 3.1: Proposed model. Axial symmetry is present so only the right half is considered
in the simulations.

The proposed model (Fig. 3.1) consists of a slab of homogeneous tissue with blood flowing
on one side (the endocardium) and a large grounded plate on the opposite side. The two sides
are assumed parallel. Axial symmetry is present so that the problem is two-dimensional. The
tip of the catheter clectrode touches the endocardium at right angle. In practice, the size
and geometry of the electrode are known. On the other hand, the depth of penetration inside
the tissue is not controllable during the intervention and is @ priori unknown. Despite its
limitations, this model is much more realistic than the one considered previously by Haines
a5

The lesion produced in the tissue is of a thermal nature and is a function of the temper-
ature distribution which is to be evaluated. Heat transfer mechanisms present in biological
tissues inciude conduction, convection, metabolic heat generation, storage of thermal energy
and absorption of energy from external sources. In principle, the effects of all these processes
can be combined in the bio-heat equation, to obtain the resulting tissue temperature. In
practice, in order to limit the complexity of the model and in the absence of detailed and
accurate data quantifying the various mechanisms, some simplifications are made for the heat

transfer problem.

'Steady-state, one-dimensional, no blood.
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The first one concerns the blood perfusion. The significance of this factor is not clear in the
context of tissue ablation. Reported experimental work concludes that the intramyocardial
blood flow does not contribute significantly to the cooling of the ablated area {45). Oune
possible explanation is the occlusion of the idcro-vasculature in the heated area by bloud
coagulation. Another one is the existence of high thermal coupling between afferent and
efferent circulation, so that the perfusing blood is at thermal equilibrium with the surrounding
tissue with no net exchange of heat between them [63]. In view of this, blood perfusion is not
considered in this study. Similarly, the metabolic heat generation is also neglected. Metabolic
heating is a determinant factor of tissue baseline temperature but not particularly significant
for hyperthermia applications [64]. It can a fortiort be neglected in ablation studies where
the heating is much shorter in duration and is applied over a much smaller area.

With the above simplifications, the temperature distribution can be found by solving the

heat conduction equation,
ar
ptpw=v'va+q (3.1}

where the following quantities are used:

p = density (kg m™3),

cp = specific heat (J kg™! °C‘1),

T = temperature (°C),

t = time (s),

k = thermal conductivity (W m~!°C-!),
g = heat source (W m™3).

Only the temperature increase with respect to the basal temperature is responsible for the
lesion production. So without loss of generality it will be assumed throughout that the basal
temperature is 0°C instead of 37°C.

The source of heat ¢ in the ahove expression is the Joule loss due to the electric current
which must be calculated. This is relatively simple because at the frequencies of interest
the guasi-static approximation is valid and the capacitive nature of the materials can he
neglected (see Appendix A). The electric source is the RF voltage (RMS) imposed between

the electrodes which may vary with time. The resulting voltage throughout the domain oheys
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Laplace’s equation:

V.oVV =0 (3.2)

where

o electrical conductivity (S m™'),

V = electric potental (V).

Hence, to determine the extent of tho lesion in the model, one must first solve (3.2) in
order to obtain the potential distribution. The distributed heat source is next calculated
with

q=0-(VV)

Then (3.1) is solved for the temperature distribution. The heat conduction and Laplace’s

cquations are formally similar to the followizg,
d¢ )
F(¢)=V-PV¢+Qar +¥ =0, (3.3)

which will be considered as a generic equation in the remaining of the formulation.

Boundary Conditions

The boundary conditions remain to be defined (Fig. 3.1). First consider the electrical prob-
lem. The electrodes constitute Dirichlet boundaries where the voltage is fixed. The vertical
boundary at r = w will be considered as a Neumann boundary, which means that no current
flows through it. Its location must be chosen adequately in order to be a reasonable represen-
tation of the RF ablation process. In the human body, the volume available for current flow
is large but the current density is by far the highest in the immediate neighborhood of the
catheter electrode. The mode! needs to reflect this situation with global dimensions as small
as possible to limit the number of unknowns. The choice of the boundary location is dis-
cussed in Chapter 5. Finally, the horizontal boundary on the blood side must be determined.
A Neumann condition will be enforced there because it is more realistic than a Dirichlet
condition. However the location of the NBC must be chosen carefully. The obvious choice of
the heart-blood interface (2 = i) may not be adequate because of the effect it may have on

the current distribution at the electrode tip. The issue is further studied in Chapter 5.
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For the thermal problem the situation is the following. At the heart-blood and catheter-

blood interfaces, heat is lost by convection to the moving blood. This is a convective boundary,

where the temperature obeys
VIdS =hb~Y-T) (3.4)

with & the heat transfer coeflicient, & the conductivity of the solid and 74 the fluid tempera-
ture. lu our case, it is reasonable to assume that the blood temperature is constant because
the flow is high so that thermal equilibrium with the body is maintained. An approxima-
tion for the convection coefficient A = 2000 W m™2 °C~! is obtained with the expression for
a laminar flow over a flat surface (Appendix B). Considering that the situation is highty
complex with variable flow, this asstmption scems reasonable as a first approximation. The
situation at the electrode root (junction between the clectrode and the catheter body) is
nct well defined and is treated in Chapter 5. On the other boundaries the temperature is

considered to be constant (Dirichlet condition).

Summary

The proposed model includes a number of significant factors affecting lesion formation:

1. electrode geometry and depth,

2. blood flow,

3. time-variable electrical excitation,

4. temperature-dependent tissue properties,

In order to be tractable, the model is a simplification of the reality of RF ablation. The

major simplifications are:
1. Axial-symmetry is assumed therefore the model is two-dimensional.
2. The electrode catheter touches the tissue at right angle.
3. A close mechanical and electrical contact exists between electrodes and tfssue.

4. The blood perfusion in the tissue is neglected in the heat transfer equation since its

significance is doubt{ul.
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5. The approximation for laminar flow over a flat surface is used to estimate the heat

transfer coeflicient at the blood interfaces.
6. Biological material is isotropic and piecewise homogeneous.

7. Material properties are independent of temperature, except the electrical conductivity

(see section on material properties)
8. Material properties are independent of state of tissue (burnt or intact).

The proposed model allows the quantification of many aspects of RF ablation which have

been unknown up to now:

o influence of the blood flow,

temperature distribution,

lesion size and sharpness,
e transient evolution.

Furthermore, this theoretical model provides a convenient standard against which experi-

mental results can be compared.

3.1.3 Thermal Damage Factor

The 2mount of thermal damage produced to living tissues is a function of both the elevation
of temperature and the duration of exposure [65, 66, 67]. A chemical process behaving in
this way is a chemical rate process. The basic postulate of the analysis of thermal damage is
that the degree of injury suffered by the tissues can be predicted by the standard expression
for a chemical rate process

L
Q=P _[ e~ SEIRT Yy (3.5)
0

where

"

arbitrary thermal damage function,

constant related to the definition of 9 (s7'),

activation energy of the process: a measure of the energy requirement
for the chemical reaction to take place (J mol™?),

ideal gas constant, 8.315 (J mol~! K1),

temperature (K),

time (s).

oo

E

™ ==
W n
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T(C) | t(s)
44 21500
45 10700
S0 344
52 8Y
60 0.5

Table 3.1: Tuble showing the tite necessary to produce irreversible danage to tissue whea
the temperature is constant,

P and AE have been evaluated by curve fitting to experimentid data for pig and human skin

published in {65, 66, 67] and the values we obtadued® aret

!)

2.3021 « 10" 571, (yes, ten to the ninety-two!)

AE 5.5691 + 10% J wmol—Y,

]

The value of P depends on the arbitrary choice that for £ > 1 irreversible damage is ob-
tained. It is also found experimentally that tissue damage is reversible when @ < 0.5. For
instance, assuming that the temperature is constant, the time before irreversible damage is
produced varies as shown in Table 3.1. These figures correspond to cell damage due to protein
denaturation [65].

The rate equation is used in the model to calculate the lesion size and sharpness during
ablation. The coefficients cited above are used since no reports have been found specifically
for heart tissue. The problem of defining what an irreversible lesion is in the context of
ablation has not been investigated because it is not within the scope of this work. It is
possible that other mechanisms than protein denaturation can lead more rapidly to the loss
of functionality of myocardial cells. This would mean that the lesions calculated in this work

may be slightly smaller than the real ones.
3.1.4 Material Properties

In order to be representative of the reality, the various components of the model must he

attributed the same physical properties as those of the real tissues they stand for. The

3The values of AE and P used here do not correspond exactly to those propused in [65] but we find that
they provide a better fit to the experimental data.
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problem here is that for a given biological material, the thermal and electrical properties can
exhibit a relatively large variability {rom animal to animal or even sample 1o sample (£10%).
Therefure one must realize and accept the inkerent inaccuracy of any calculation made for
biological materials.

This seclion countains a summary of the electrical and thermal property values of bio-
logical materials found in the literature, Averages of the published values are used in this
study. As our application involves the heating of the tissues, the temperature dependence of
tissue properties becotues an important issue, 1t is found that the variation of the electrical

couductivity with temperature can be significant and should be taken into account.

Electrical Properties

An overview of the abundant literature on the clectrical properties of biological materials is
given here. Goud reviews can be found in [68, 69}

The response of a material to an applied electric field involves the physical displacement of
charges. The movenent of bound charges produces electric dipoles and establishes a polariza-
tion inside the material. From a macroscopic point of view, the polarization is advantageously
considered by using the concept of relative permittivity ¢, relating the applied electric field
and the resulting electric displacement, D = epcE.

Since all polarization mechanisms require the displacement of particles each having a
mass, it is clear that the strength of polarization must decrease with frequency. That is, 2
particle’s inertia prevents it from following the oscillations of the applied field so that the
material polarization and the applied electric field are not in phase. In phasor notation, the

permittivity becomes a complex value
e=¢ - jé'.

The real part of the permittivity is referred to as the dielectric constant. Its imaginary part
is associated with power loss which is macroscopically indistinguishable from the loss due to

the movement of free charges. ¢’ can be related to an apparent conductivity o by

=L -
Wep

The real and imaginary parts of the permittivity cannot vary independently with frequency

and, accordingly, the frequency dependence of ¢ determines that of o and conversely. Any
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decrease with frequency in ¢ must be accompanied by an increase in ¢ (Kramers- Kronig
relations).

In biological materials, several different polarization mechanisims exist, The main oues
behave as relaxation processes. That is, the polarization exponentially relaxes towards its
steady-state value in response to a step in the applied electric field: As a function of frequency,
a given relaxation process is characterized by a sudden drop in the magnitude of ¢! at the
so-called relaration frequency. The portion of the spectrum where this occurs is called the
dispersion range of the relaxation process. At frequencies well below and far above the
dispersion range, the permittivity is relatively constant. The three polarization mechanisis

mainly responsible for the dielectric properties of tissues are:
1. interfacial polarization,

2. orientational polarization and,

3. counterion polarization.

Interfacial polarization arises at the interfaces between the various phases in the tissue such
as cell membranes. Orientational polarization is the partial rotation of permanent dipoles.
Finally the third class of phenomena arises from ionic diffusion in the double layers adjacent to
charged surfaces. In biological tissues, counterion effects are prominent at audio frequencies,
while the effects of interfacial and orientational polarization are more pronounced at radio
frequencies. Due to their complex nature, the frequency behavior of biological materials
typically displays 3 or 4 more or less distinct dispersion regions. They are called the a, 4,7
and é dispersions, and their basic mechanisms can usually be identified in terms of those
mentioned above. The frequency dependence of the dielectric properties of heart tissue is
shown in Figure 3.2.

In addition to frequency, dielectric properties also vary with temperature. The magnitude
of this variation depends on the frequency in a somewhat complicated way [69]. For ¢ the
temperature coefficient varies with increasing frequency through the dispersion range from
about —0.3% °C™' to a maximum of +2% °C™" and back to around -0.3%°C™'. The
coefficient of the conductivity is in the order of +2% °C~! (same as simple electroiytes) for
all frequencies when a tissue presents overlapping dispersions. This temperature coefficient

appears significant in a study like this one and will be considered.
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Figure 3.2: Frequency dependence of the dielectric properties of heart tissue, from [70).
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Figure 3.3: Conductivity of dog skeletal nuscle in directions normal and parallel to the fibers,
from [68, Fig. 7C, p. 59].

Many tissues exhibit an important anisotropy in their diclectric properties due to the
preferential orientation of their constituent fibers. This anisotropy is predominant at low
frequencies and gradually disappears with increasing frequency. It may persist to some degree
even at microwave frequencies, Figure 3.3 shows the conductivity of dog skeletal muscle in
directions parallel and perpendicular to the fibers. In this case, anisotropy disappears above
1 MHz. Anisotropy is neglected in this study.

Living biological tissues present an additional difficulty. Their diclectric properties dif-
fer from those of post-mortem or excised tissue. The breakdown of cellular structure and
membrane functions, ion migration and loss of moisture contribute to those changes. The
deterioration of the properties occurs faster after excision and is much more pronounced at
low frequencies, where cell membranes play a significant role, than at radio frequencies where
the water and protein content are the major determinant factors. If care is used in the han-
dling of tissue samples and especially if water content is maintained, the properties measured
within a few hours after excision are similar to the in-vivo data, within the aninla.l-to-anima.l

variability {71].
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Thermal Properties

The ability of a material to transport thermal energy is expressed by its thermal conductivity
k. The specific heat ¢, characterizes the ability to store energy by an elevation of temperature.
Whereas theories of thermal transfer in solids are available 1o predict their thermal properties,
it is not the cuse for liquids and even less so for complex biomaterials. Accordingly, there
scems to be much less literature treating the thermal properties of biomaterials than their
clectrical counterparts. Good reviews are presented in [63, 72).

The reported data on thermal conductivity exhibit a relatively large degree of scatter
due to measurement technique, normal tissue variability, anisotropy and state (in-vitro vs in-
vivo). No cxplicit data for the temperature dependence of the thermal properties of biological
materials was found. However the data for water are available and should be representative
of tissues for high-water content. In [73] we find that between 40 and 100°C, the thermal
conductivity of water varies less than 8, the density less than 4% and the specific heat is
practically constant. In view of this, the temperature dependence of the thermal properties

is neglected in this study.

Tissue Properties, Tabulated

Table 3.2 shows the published values for the properties of various tissues of interest in this
study. The values are given at a frequency of 1 MHz and a temperature of 37°C. Averages of
the published values are used in this study and are indicated. All properties are considered
to be independent of temperature except the electrical conductivity which has a coefficient
of +2% °C~'. The properties of burnt tissue (below 100°C) is assumed to be the same as
for intact tissue because no reliable data is available for it. As can be seen in the table, the
electrical properties of lung and heart are similar which justifies the use of 2 homogeneous

model. The properties of Platinum, which electrodes are made of, are also indicated.

3.2 Numerical Analysis

3.2.1 Numerical Method

-

This section briefly explains the mathematical treatment of the differential equations gov-

erning our model. Only a conceptual description is given here. More details are presented
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k

pey o € comments
| Wm™leC=! [ kgm=3 ) kg™t o0t | Sm!
FAT at 37°C

0.02-0.07

{68] dog fat at 1 Klle,
excised human tissue at 27°C

0.1-0.1 0.1 10" 63] fat
0.2 72] human fat
0.22 4] human fat in-vitro
0.2 0.4+ 10% 0.05 used in this study
BLOOD at 37°C
0.95 2700 {70] rabbit blood at 23°C extra-
polated to 37°C with +2% °C™!
0.5-0.6 63] body fluids
0.5 72] human blood {average)
0.48 74] human blood
0.55 4.0.10° 0.95 2700 used in this study
LUNG at 37°C
0.56-0.67 70] human lung
0.26 72| bovine and canine average
0.478 [74] human in-vitro
varies much with age
0.3 4.0 - 10° 0.6

| used in this study

LIVER at 37°C

0.23 2000 (75} human liver
0.2-0.4 2000 71] cat liver
0.27 1300 76} bovine liver
0.22-0.47 | 1200-2000 | [70} human liver
0.31-0.62 77} human liver
0.27-0.3 1970 68} dog and rabbit liver
0.4-0.6 1.8-10%-4 - 10° 63] internal soft tissues
0.6 3.75 - 10° 72] canine liver, average
0.51 74] human, in-vitro
0.5 3.75-10° 0.33 2000

used in this study
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& pcy - a B comments
W=t eC™! [ kgm=3 3 kg™t °C' | Sm™!
HEART at 37°C
0.53 1245 75] human heart
0.6-0.8 2000 71] cat muscle
¢.63 70} human, minced
0.65-0.79 77] human skeletal muscle
0.58-0.63 | 1900-2150 | [68] non-oriented dog muscie
0.4-0.6 1.8 1054 . 10® 63] human, internal soft tissue
0.7-1.0 63] muscle in-vivo
0.48 3.2.10° 72] dog heart
0.59 4.10° [72] human heart
0.19 3.4.10° 72] sheep heart
0.2-0.6 72] human and animal muscle
0.53 74] human in-vitro
0.7 3.9.10° 0.61 2000 used in this study
Platinum
73 | 2.8421.10° [ 94-10° | [73]
TEM at 22°C I

0.6 4.18 - 10° 0.61 Chapter 4 from 1.5 ll

to 1000 kHz.

Table 3.2: (continued) Material properties at 1MHz.
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in Appendix C. The formulation relies on the finite-element method (FEM) to discretize the
spatial domain and a finite-difference algorithm to resolve the time dependence.

The differential equations to be solved are of the generic form (Eq. (3.3))
. do Qg
F@) =V .PTo+ Qg tv=0 (3.6)

Depending on the values of P, Q. ¢ and 1, this generic differential equation is used to

calculate the electrical potential V" or the tewperature T, For the electrical problew,

6 = V (V)
= o {(Sm™)
Q =0
v o= 0
and for the thermal problem,
6 = T (°C)
P =k
Q = -pe (kg™ kgl °CY)
v = ¢ (Wm™3),

Since biclogical material car be considered piecewise homogeneous, F(¢) can be rewritten:
, d
F(¢)= PV% + Qﬁ? +1¥=0.

The solution consists in finding an approximate solution ¢', element of a suitable function
space Ji, that minimizes F(¢'). The idea is to chose F; large enough, so that ¢’ is reasonably
close to ¢. One possible way® to minimize the residue F(¢') is to force it to be orthogonal

to all the elements of a function space F3, according to a suitable inner product
<a,b>= [ abav.
v

Suppose [, is a set of functions spanning 2. Then the minimization takes the form:
a¢’
at
3An alternative is to force the residue to be zero at a number of predetermined points. It is the collocation

method but its accuracy is very dependent on the location of the collocation points, It is in general Jess
accurate than the method proposed here. :

<F(#).6,>= [ POV + QB +¥By AV =0 "
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The first term can be developed by Green’s theorem as follows:
j PO,V dV = P f B,V¢' -d5 - P j‘ V4, T dV.
V 5 ’

This constitutes a significant simplification because the admissible ¢' need only be differen-
tiable once in space instead of twice as before (¥ operator instead of ¥?). What this means
is that a larger set of functions Fy for the expansion of ¢' can be used, including linear

functions. Rewriting we get
!
Pf B,V dS - I"[‘ Vv, Vo' dV +‘/; Qﬂq%_t + 8, dV' = 0. (3.7)
s ' ’

In our case, axial symmetry applies and the space becomes a plane (r-z). This plane is
discretized into NN nodes forming NTR triangles. The next step consists in expanding

NN =1
¢ = Y wlt)ai(r,z)
=0

where the a,s constitute a suitable basis for F;. With the Galerkin procedure (F = Fa,

B, = ay) Eq. (3.7) is transformed into a set of ODE’s in () and d u,(1)/dt:

du(

) _
- +{cw =0,

(A)(u(t) + (B)(

where matrix notation has been used. The last term represents the source in the generic
differential equation. To transform the above ordinary differential equations into a set of
algebraic equations, the time variables are discretized using a finite-difference scheme. With
it, those variables are expressed in terms of their values at ¢ = n At (current value) and
t = (n + 1)At (unknown). It is called a time-stepping scheme. The final system of equations
has the form

(D)(u(n-rl) - (E)(u(ﬂ) + (F(n) + (Fin+1)

where the last two terms represent the source at the current and the coming time step.

The source terms are dropped when solving an electrical problem, but must be considered
when dealing with the heat equation. In this case the source varies with time in two differ-
ent ways. First, when the applied voltage is modulated, its magnitude varies accordingly.
Secondly, because of the temperature dependent electrical conductivity, both the magnitude

and the distribution of the heat source become time-dependent. In the first case, (F("+!) js
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simply obtained from (F{") by multiplication with a scalar modulation factor related to the
magnitude of the voltage. In the second case, the problem becomes non-linear and we need
to know (u{"*1)| the temperature itself at the coming time step, in order to calculate (Fin+1),
This difliculty is resolved by asswming that the distribution of the heat source at the next
time step is almost the same as the current one. After {ut™" is calculated, the distributed
heat source is updated by solving the electrical problem and thue-steppitig can proceed in
this fashion,
Concerning the thermal damage factor, its value is updated at each time step according
to the discretized form of (3.5) on p. 20:
N

. 2.3921 . 10%
AN) = E ATy o

This is a concise presentation of the mathematical treatment. The details of the formu-

lation are included in Appendix C for reference.
3.2.2 Software Validation

The program implementing the above mathematical formulation is developed in the C lan-
guage. The nature of the particular problem to be solved is specified at run time by initializing
the equation parameters to the appropriate thermal or electrical values. Validation of the
program is done by comparing its results to the known solutions of a number of simple prob-
lems. The electrical and the thermal calculations are verified independently, on uncoupled
problems. The problems considered all deal with homogeneous material.

To verify the ability of the program to handle electrical simulations the resistance between
pairs of conductors in various configurations are calculated. In all cases, namely two concen-
tric cylinders, two parallel disks, two parallel rings and two concentric spheres, the numerical
calculations are within fractions of 1% of the analytical values. This strongly suggests that
both the voltage and the Joule loss calculations are correct.

Analytical solutions to many simple thermal problems can be found in {78]. In particaiar,

those used to test the program are

1. 1-D, rectangular coordinates, constant heat source, Dirichlet boundary conditions,

steady-state, (p. 17),
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2. 1-D (along z) in cylindrical coordinates, no source, both convective and Neumann

boundary conditions, steady-state, {p. 18),

3. 1-D, rectangular coordinates, no source, Dirichlet boundary conditions, transient, (p.

7),

4. 1-D (along r) in cylindrical coordinates, no source, Dirichlet boundary conditions, tran-

sient, (p. 116),

5. 1-D (along r) in cylindrical coordinates, no source, convective boundary conditions,

transient, (p. 77, 95, 121)

In all these problems the numerical solutions agree very well (typically everywhere within
2%) with the analytical solutions.

The problem of transient heat transfer between two concentric spheres is also considered.
This is a one-ditmensional problem in spherical coordinates that can be handled by the pro-
gram. The numerical solution is compared to a solution obtained with another numerical
method, the finite-difference time-domain method, which is particularly simple to implement
in this case. As belore the agreement is excellent.

The valid solutions produced by the program in the various cases studied here demonstrate
its reliability. Obviously, the firer the FEM mesh and the smaller the time step that are used
in the numerical calculation, the more accurate the results. The problems considered here
are simple because they are uncoupled and without non-linearities. This is quite different
from the situations of interest in this study. The next chapter presents an experimental
confirmation of the computer simulation with coupling of the electrical and the thermal

problems.

Associated Software

It is clear that apart from the main FEM program necessary for this study, 2 number of
utility programs need be developed. In a research like this one where analysis is conducted
on many different configurations, it is essential to have a good automatic mesh generator.
One was developed in the course of this work, using the algorithm proposed in [79). Together

with a graphical mesh editor which was also developed for this research, it proved to be
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very versatile, fast and easy to use. Anotlier program for the color display of 2-dimensional
temperature distributions written with X Window, also proved very useful in this work. The
development of the software tools represents a significant portion of the total effort spent on

this project.

3.3 Conclusion

In this chapter the model used in this rescarch is presented and justified. Its geometry, the
material propertics and the differential equations governing it are outlined. The mathematical
treatment is also succinctly presented. Finally, the software developed for the application is
validated with simple problems. For clarity many details of the mathematical formulation
are omitted. They can be found in Appendix C.

At this point we have a numerical simulator for the study of ablation. Before going too
far with the modeling work, and to get a feeling for the degree of accuracy achieved by the
simulations, we felt necessary to verify experimentally the results of a relatively complex

simulation. This is done in the following chapter.
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Chapter 4

Experimental Validation of the
Software

This study of radio-frequency ablation of the myocardium relies heavily on the rumerical
modeling software presented in Chapter 3. It is therefore of paramount importance to ensure
its validity. 'To this end, a series of experiments with a complexity that is close to that found
during RF ablation is undertaken. The agreement between the calculated and the measured
time-dependent resistance and temperature distributions is found to be good. This confirms
the applicability of the simulator to the problem of RF ablation.

This chapter describes the experimental apparatus and procedures. Their conception and

realization were performed entirely during the course of this research.

4.1 Objectives

Experimentation is conducted in order to verify the capacity of the numerical simulator
described in the previous chapter to handle correctly the proposed model of RF ablation, and
to assess the degree of agreement between the reality and the theoretical results. Specifically,
an experiment is designed in which the temperature distribution obtained inside the tissue
during ablation and the resulting time-dependent resista.ce are measured and compared with

theoretical values.

4,2 Materials and Methods -

The experiment is a reproduction of the RF ablation procedure performed on a simple tissue

model. The tissue madel is made of tissue-equivalent material instead of biological tissue
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for reasons of convenience and repeatability and relatively accurate knowledge of its physicad
properties. The experiment consists in applying a pre-programmed electrical discharge at the
tip of an ablating electrode in contact with the tissue model. A large grounded electrade is
located on the other side of the material speciinen. The value of the resistance between the two
electrodes is calculated, based an voltage and current measurements made in real-time during
the pracedure. Because of the relatively small extent of the heated volume, the temperature
distribution inside the material cannot be measured with conventional tewperature probes,
The only reliable method for rapid and accurate measurciment of temperature distributions
in these circumstances is a thermographic camera. This device perforins the measurement
of the surface temperature of an object. Consequentiy, the heated specitnen must be opened
up in order to expose a cross-section of the 3-D temperature distribution. The experimentad
measurements of temperature and resistance are compared with theoretical predictions which

are easy to make with the simulator because the experimental conditions are well known.
4.2.1 Experimental Set-up

The experimental arrangement is shown in Fig. 4.1. It consists of a computer-controlled
electrical generator with output voltage and current monitoring, stainless steel electrodes
(one for ablation and one acting as ground plate and mechanical support), the tissue model
(88 x 88 x 44 mm?) and a thermographic camera. The tissue model and the supporting
plate are made of two parts that can be rapidly separated, in order to allow exposure of a
cross-section of the neated volume. The arrangement is such that the plane of separation
is centered under the ablating electrode. Therefore, the exposed surface is a vertical plane
containing the symmetry axis of the temperature field. Films ol polyethylene (= 20 um
thick) are laid on the faces between the two parts in order to facilitate their separation.
Because of the symmetry, they are not expected to interfere with the electrical and thermal
processes. Small parts of the films covering the heated area are cut out so as not to disturh
the temperature reading. The ablating electrode is installed on a sliding plate that can be
moved up and down accurately using a micrometer. Two ablating electrodes are considered
fn these experiments: a flat-tip electrode and a hemispherical-tip electrode. They both have
a diameter of 2.5 mm at their tip. A heated vernier caliper is also positioned in the field

of view of the camera. It constitutes a reference for the measurement of length on the final
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Computer-controlled
electrical generator

Ground electrode
and mechanical support

Ablating electrode

TEM split-block

Thermographic camera

Figure 4.1: Experimental set-up.
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temperature picture.

During the experiment, a pre-programmed RF voltage sequence is applied between the
ablating electrode and the ground plate. The output current and voltage are continuously
monitored and recorded by the computer for later use. After the heating sequence is termi-
nated, the split block model is rapidly opened up, typically within one second. A cross-section
of the heated area is thus exposed and the temperature distribution can be recorded by the
camera (scanning takes slightly more than one second to complete). The camera output is
digitized, displayed on a color monitor and stored on disk for post-processing. Unavoidable
cooling by conduction, convection and water evaporation occurs between the end of the heat-
ing sequence and the completion of the camera sean. 1 is minimized by acting as fast as
possible to expose the heated area. Nevertheless, this factor must be taken into account in

the interpretation of the measured temperature distributions.
4.2.2 Tissue-Equivalent Material

In this experiment tissue-equivalent material (TEM) is used instead of real biological tissue
for reasons of convenience and repeatability of the properties. The particular difliculty is that
the material must be very viscous, so that it cai be molded into a shape that is appropriate
to the measurement to be made. Also, it must be able to withstand temperatures up to 60°C
without liquefying. The TEM formulation is based on that suggested in [80]. It consists of
saline with a gelling agent to increase the viscosity.

The TEM is prepared so as to possess at room temperature the same clectrical conduc-
tivity as heart tissue at 37°C (o = 0.61 S m™', Table 3.2, p. 36). As mentioned earlier, at
frequencies lower than | MHz the diclectric constant can be neglected. Expressions relating
salinity and temperature to the conductivity of saline (81] are used to provide some guidance
in the empirical development of the TEM formulation.

To measure the electrical conductivity of the highly viscous gel a special conductivity
cell had to be devised. It consists of a cylindrical plexiglass tube with a stainless steel
plate electrode closing both ends. By measuring the resistance hetween the clectrodes, the
‘conductjvity of the material inside can bz calculated, provided the dimensions &f the cell are

known. In this case the length / is 100.840.1 mm and the internal diameter dis 31.74+0.2 mm.

46



Using R = lo~1A™! where A is the area and R is the measured resistance we have

. 128 + 2%
- R

(m~1).

Electrode-clectrolyte interfaces are very complex {82, 83, 84, 85, 86] and present an
impedance that could potentially perturb the measurement of the specimen’s conductivity. It
is known that the interface between stainless steel electrodes and saline can be modeled by a
resistor-capacitor combination. The impedance of this interface decreases with {requency and
with current density [87]. In order to assess the effect of this impedance, preliminary tests

are perfornied on standard saline solutions at different frequencies. The different methods

used to measure the conductivity of the standards are:
1. Wayne-Kerr BG42 bridge with the custom cell at 1.5 kHz,
2. W-K bridge with the custom cell at 20 klz!,

3. W-K bridge with a commercial platinum-black? conductivity probe (K=13{/) at 1.5
kHz,

4. W-K bridge with the commercial conductivity probe at 20 kHz,
5. HP3577A Network Analyzer with the custom cell at 20 kHz.

It turns out that all these measurement methods yield very similar results as shown in Fig. 4.2.
We then conclude that no significant parasitic effect is present in the conductivity cell down
to 1.5 kHz. Probably this is due to the large surface arca of the electrodes. Lor reasons
of simplicity and versatility, the HP3577A is used throughout this research to measure the
conductivity. The estimated accuracy of this measurement is £2%.

The gelling agent used in the TEM is Hydroxyetlylcellulose (HEC) known as NATROSOL®
250 HHR, by AQUALON Company, Wilmington, DE 19894. It is a non-toxic and water-
soluble powder-like polymer. To increase the polymerizing time, the powder is coated with a
special agent that must dissolve before cross-linking can begin. This dissolution time depends

on the temperature of the water. The warmer the water the faster the dissolution, For very

'An external source and an oscilloscope in the X-Y mode as the detector are used.

?platinum-black electrodes have extremely low electrode-electrolyte impedance, which is the reason they
are often used as standard electrodes. Their special property is due the roughness of their surface which
produces a large effective area.
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Figure 4.2: Conductivity of standard saline measured by the different methods defined in
the text. The data for seawater come from [81]. The offset between the curve and the data
points was not investigated but may be due to a difference in the temperatures.
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viscous mixtures like the one considered here, fast polymerization results in the trapping of
air bubbles which is undesirable, Therefore a compromise is necessary between the rapid-
ity of the preparation and the quality of the material, Au high concentration, NATROSOL
solutions have a significant electricul conductivity which cannot be neglected.

The TEM was prepared by trial and error until the right viscosity and electrical con-
ductivity were obtained. The list of ingredients is the following: water 100 g, NaCl 0.2 g,
bacteriacide 0.1 g, HEC 16 g. First, the water and the salt are mixed together. The resulting
solution has a conductivity of 0.362 S m~? at 22°C. Then the bacteriacide and the HEC are
added, and the mixture is stirred constantly until it thickens {approximately 8-10 minutes at
25°C). At that time it is poured into molds. A few hours must be allowed for cooling and
sctting. If the gel is prepared at 30°C instead of 25, stivring time is reduced by half but the
gel contains more air bubbles and shrinks much during setting,.

The TEM is trauslucent with a yellowish color. Its mechanical rigidity is sufficiently
high to permit the molding of cubes that maintain their shape for up to 1 hour if left on
a flat surface. It does not melt even at temperatures higher than 80°C. Its conductivity
measured at 20, 50 and 500 kHz with the conductivity cell and the HP3577A is 0.61 S m™}
at 22°C. This is within less than 2% of the value measurad at 500 and 1000 kHz with the
measurement circuitry used for the ablation and described later. The temperature coefficient
of the conductivity was experiment.lly estimated to be about 4+2% °C~!. The specific heat
and thermal conductivity of the TEM are assumed to be those of water. The properties of

the tissue-equivalent material are presented in Table 3.2 at page 37.

4.2.3 Thermography

A thermographic camera consists of an infra-red (IR) detector, and an IR optical scanning
system. The principic of thermometry with a camera like this is to relate the detected
radiation to the source’s temperature. Modern cameras are usually coupled to 2 computer
which performs the operations of digitizing, temperature measurement and storing. A good
description of practical thermometry with a thermographic camera can be found in [88].
Before going any further, a few comments about the radiation properties of miaterials must
be made.

For an opaque surface, the principle of energy conservation relates the absorbed and the
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reflected fractions of incident radiation of wavelength A as follows: 1 = ay + py, where ay
is the absorptivity and py the reflectivity of the surface®. In addition, Kirchhoff's relation
states that under thermal equilibrium, the absorptivity and the emissivity ¢y are equal. The
emissivity is the ratio of the radiation emitted by a real surface to that emitted by a theoretical

blackbody at wavelength A. We thus have

l=ex+pi.

For a theoretical blackbody, €y = a) = 1 and consequently gy = 0. The above relations
can be extended to characterize the radiation of the object over the bandwidth of the 1R
detector. We then talk about the absorptance («), the emittance {¢€) and the reflectance (p)
of the surface, as equivalent averages over the bandwidth of interest. This being said, let us
describe how the camera can relate radiation and temperature.

The spectral characteristics of the radiation of a theoretical blackbody source in terms of
its temperature are given by Planck’s relation {89, Chap.7), [90]. The thermograplic camera
can detect this radiation and calculate the corresponding temperature. The output signal
of a thermographic camera is a function of the magnitude of the incident radiation over
the active bandwidth of the detector. It also depends on the characteristic responses of the
detector itself, the optics and the electronics. All these are taken into account in the camera
calibration.

For real surfaces, the total response of the camera is the sum of the radiation reflected

and emitted by the subject,
t = el{T) + pl(Tybient)

where J(T) is the response of the camera to a blackbody at temperature T. To obtain T from
the measurement of i, one must know the function /(T) and the values of ¢ and T}, hiont-
The above relation is valid only when the source is opaque. If it is not, the radiation from
the background comes into play and it is then impossible to know the surface temperature
accurately. Fortunately this is not our case as will be shown later.

The camera used in this study was generously made available by Bell Northern Research,

Kanata, Ontario. It is a UTI Model CCT 9000 Computerized Color Thermograph System

3These quantities have been defined in various ways by different authors, and the complexity of the matter
is quite a bit higher than suggested by the abave statement (see [89] for example). However, we limit ourselves
to the simple case of normal viewing of 2 diffuse surface, where the above relation is valid,
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by UTI Instruments Company, Sunnyvale, Ca. The infra-red detector responds over the
bandwidth 8-14 pm (a window of low absorption in air). The camera output is digitized
and then treated by the computer. This one calculates the subject’s temperature using €
and Ty hiens entered by the user, and the distance to the object. The camera contains an
internal blackbody reference, whicl is used for automatic calibration (I(7')). The temperature
distribution is shown on the wmonitor using a user-adjustable color code. A tursor is provided
to allow the reading of the temperature at precise locations. The temperature data can be
stored on disk and a color printer is available for hard-copies.

In order to make accurate temperature readings, it is essential to perform a number of

preliminary measurements. These are presented next.

Blackbody

A blackbody reference is necessary for the calibration of the camera. Since none was readily
available, one had to be built. It is relatively simple to construct a blackbody cavity with
an cffective emittance of at least 0.999 [91, 92]. The real difficulty for metrologists is to
know with accuracy what its emissivity really is, but this is noi necessary here. A typical
experimental blackbody consists of an isothermal cavity with a relatively small aperture,
constructed with opaque material. Many designs can be considered. The simplest one in our
case is to use a rectangular aluminum box (= 70 x 110 X 50 mm®, 2 mm walls) with 2 1 em
hole drilled at the center of an end face. A cone is placed inside the box at the end facing the
aperture in order to increase internal reflections. The internal walls of the cavity are coated
with matte black lacquer with an approximate emittance of 0.97 [93]. According to [92], the
aperture of an isothermal cavity like this has an effective emittance larger than 0.999.

To ensure thermal uniformity, the aluminum box is surrounded by 5 cm thick styrofoam
insulation. It is also covered with resistive wire so that it can be heated easily. After the
box is heated, a delay is respected to let the temperature become uniform. Two temperature
probes are fixed to the walls at both ends of the cavity to permit temperature comparisons.
They had previously been calibrated against one another by inserting them in water baths
at various temperatures. The blackbody is not used until the two tempera.t.uré. readings are
within 0.1°C of each other. The thermal isolation and inertia of the blackbody result in a

thermal time constant that is long enough to allow measurement with the camera.
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Figure 4.3: Experimental set-up for the determination of the IR opacity of the tissue-
equivalent material, ‘

Calibration of lilt‘ camera is performed using the blackbody as reference. The cavity is
heated to different temperatures and the camera reading is compared to the temperature
readings of the built-in probes. At an ambient temperature of 22°C and using a blackbody
emissivity of 0.99 {this is the maximum value that can be entered in the computer system),

the camera slightly overestimates the temperature. A linear regression is applied on the

available data and yields

Tieal = 1.0412 Teamera ~ 3.0073. (4.1)

This relation is valid for temperatures in the range 20-60 °C.

Opacity

To know whether the measurement of surface temperature distribution is at all possible, it
must first be confirmed that the tissue-equivalent material is opaque. If it was not, then
the radiation emitted by deeper regions would add up to that emitted by the surface thus
perturbing the reading of the temperature. The opacity of the material to IR radiation is
not at all ohvious, as it is translucent to visible light.

" The arrangement used to determine the opacity of the TEM is as shown i;l Fig 4.3. A
thin slice of TEM (26°C} is placed in front of a hot background (29°C) and its temperature

is read by the camera. The specimen has a wedge shape with a maximum thickness of
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2 mm and a minimumn thickness of approximately 0.1 mm. To prevent rapid cooling by
water evaporation, it is covered on both its faces by a polyethylene film (“Glad-wrap”, few
tens of gm thick). The high 1R transparency of this film had been confirmed in a previous
experiient by comparing the temperature of the blackbody aperture read by the camera
with and without the film in front of it. The two differed by less than 1°C below 40°C
coufirming that the film is highly transparent. This agrees with Cetas [88] who evaluated the
transparency of a 50 gm-thick il of polyethylene to be around 0.9. Back to the experiment
depicted in Fig. 4.3, the temperature read by the camera proves to be uniform over the TEM
sample, regardless of its thickness. The recorded temperature varies sharply between the gel
and the hot background so that the contour of the specimen is made clearly visible. We
conclude that the tissue-equivalent material is opaque at least for a thickness larger than
0.1 mm. This is in agreement with the results obtained in [88] for another type of high-water
content material, and the data for water {93].

Now that the opacity of the TEM is established, its emittance must be determined in

order to measure its temperature.

Emittance

The emittance of a material is estimated by comparing it with that of 2 known material at the
same temperature. In principle the blackbody cavity could be used for that purpose but it
is very difficult 10 achieve thermal equilibrium with a TEM specimen. Instead, the approach
chosen is to spray matte black lacquer (¢ = 0.97) on a portion of the TEM surface and
compare the camera reading with that of the adjacent unpainted portion. This ensures that
the two measurement points are practically at the same temperature. Again, it is important
to cover the TEM with polyethylene filin because water evaporation results in rapid cooling
of the unpainted surface.

The results reveal that there is no difference in the temperature reading between the black
and plain surfaces. It is then concluded that the TEM and the black lacquer look identical
to the IR camera. The emittance of the TEM is therefore considered to be 0.97 in this study.

_Again this agrees with the data for water, which is its main constituent.
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Figure 4.1: Schematic diagrams of the electrical generator and the transducer box.
4.2.4 Electrical Generator

In principle the electrical generator need not function at a frequency of 1 MHz for experiments
on TEM. Because the quasi-static state prevails and the TEM conductivity does not vary
significantly below 1 MHz, a lower frequency is expected to yield the same outcome at less
expense. However, the design was originally made so that it could eventually be used for
tests on animal tissue samples. In that case, the electrical properties are not independent of
frequency and a 1 MHz excitation is necessary.

The electrical generator must be capable to provide at least 10 W of power at 1 Mllz, have
a controllable output level, allow for the monitoring of output voltage and current, and be
computer controlled. A schematic diagram of the set-up used in this study is shown in Fig, 4.4.
The arrangement consists of an HP3577A network analyzer, an Amplifier Research 25A100
power amplifier (25 W, 10kH2-100MHz), a custom-made transducer box and a computer.
The source signal of the network analyzer is fed to the power amplifier throngh a 20-dB
attenuator to protect the amplifier input stage. The RF power signal is then passed through
the transducer box before being applied to the ablation set-up. The transducer™ox has two
RF outputs, respectively proportional to the load current and voltage. These voltages are

read by two high-impedance inputs of the network analyzer. Control and data acquisition is
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done by the computer through the HP-1B interface and the HP35TTA.

The diagram for the transducer box is also shown in Fig. 4.4. To calibrate it, the voltage
divider is first calibrated at the frequencies of interest (0.5, 1.0 and 1.5 MHz). Then the
transducer box is connected to the HP3577A with a standard 50-( load at its output port.
The current transducer is then calibrated using the measured load voltage and the known
voltage-current ratio, Verifications are made with a number of standard loads to confirm the
validity of the calibration,

The computer program sets the level of the source and controls the data acquisition
according to parameters found in a user-specified command file. 1t also performs the necessary
operations to calculate the load resistance and power, and displays them in graphics form as

ablation proceeds.

4.2.5 Procedure

Let us first remind at this point thai the goal of the experimentation is to verify the numerical
predictions. Accordingly, three experiments involving different factors of interest in this
application are undertaken. In addition, a fourth one is performed in order to confirm that
the polycthylene film used to facilitate the separation of the two TEM blocks does not upset
the measurements.

In general, the TEM specimens are taken out of the molds just prior to the experiment
in order to limit drying and deformation. They are then covered with pre-cut pieces of
polyethylene fitm and fixed on the ablation set-up with waterproof tape. Great care must
be used to ensure good, level mechanical contact between the two blocks of TEM where the
ablating clectrode touches. The edges of the blocks must be as sharp as possible for this.
After the TEM is in place, the clectrode is gradually lowered onto it so that the desired
contact with the gel is obtained. This contact is verified by measuring, at low power level,
the resulting resistance.

Experiment rs. 1 consists in verifying that the presence of the polyethylene film Letween
the two halves of the TEM block does not upset the electrical heating. In order to do
that, the spherical tip electrode is positioned so as to produce an initial resistance of 208 Q
on a TEM block. This corresponds to the electrode touching the material only with the

hemispherical portion of its tip. A constant voltage of 14.5 V is then applied for 60 s, during
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which the resistance is recorded. This experiment is repeated twice. In the first case the two
TEM halves are in direct contact and in the other case they are separated by two lavers of
polyethylene fil.

The objective of Experiment no. 2 is to verify the validity of the theoretical prediction of
the resistance value during heating. The set-up is the same as for Experiment no, 1. Two
cases are considered. In the first one the voltage is initially high and decreases gradually,
1t is applied for G0 s. In the second case, the voltage is pulsed with a period of 10 s and a
duty ratio of 0.5. The amplitude of the voltage in the two cases is determined by numerical
simulations in order to produce a maximum tissue tewmperature increase of +43°C after § s
of heating aud to keep it afterwards. Unfortunately in this experiment the electrode-tissue
contact was not done very thoroughly and the resulting initial resistance departs slightly from
the theoretical value of 208 Q. However this does not affect the relevanee of the experiment.

Experiment no. 3 is again a comparison of the calculated and measured resistance but
this time with a flat-tip clectrode. The initial resistance is 177 . Two constant voltage
levels of 10.95 and 14.14 V applied during 30 s are considered.

Finally, in Experiment no. 4 the calculated tenperature distribution is compared to the
~ne obtained experimentally, This is done with 3 constant voltage levels of 10.95, 14.14 and
15.81 V, for a duration of 30 s each. A hemispherical tip electrode is used with an initial
resistance of 208 €}. Both the resulting resistances and temperature distributions are recorded
and compared to the simulation.

All the above experiments have been repeated many times. lHowever, because of the
limited availability of the camera oniy a small number of temperature distributions {Exp. 4)
have been obtained. Of those, some had to be rejected because the camera was out of focus or
the movement of the experimental set-up blurred the picture. At the end, 5 good temperature

recordings were kept.

Theoretical Modeling

The model considered for the simulations is that of Fig. 3.1 (p. 25), with the dimensions and
.physical properties of the material used experimentally. The ablating electrode is truncated

at 10 mm above the TEM surface. Its properties are those of Plalinum which are close to
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the properties of steeld,

A convective boundary condition is applied at the TEM and the electrode surfaces. The
value of the heat transfer coefficient there is that of free air convection, appraximately h =
25 W m—2°C-!. At the truncated end of the electrode, a convective boundary condition is
also applied but with a higher coeflicient of & = 100 W m~=2 °C! to take into account the
heat lost by conduction to the shaft of the electrode. This is a first approximation that does
not siguificantly aflect the outcome of the simulation because the surface area over which it
is applied is rolatively small. A time step of 1 s is selected after having verified that using

0.5 s produces no significant difference in the outcome.

4.3 Results

Fig. 4.5 presents the experimental results for the resistance between the two electrodes with
the . °M half-blocks in direct contact and separated by two polyethylene films. The applied
voltage is as shown in the figure, It is seen to decrease with time. This is an undesired effect
of the amplifier’s output impedance. The two resistance curves are indistinguishable with
an initial value of 208 and a final value of 125 Q. The agreement was expected because as
mentioned carlier, the electric current and thermal transfer should not be disturbed by the
film Lecause of the symmetry. Nonetheless, the degree of harmony between the two curves
is striking,.

The following figure shows a comparison of the calculated and the measured resistance vs
time for Experiment no. 2 (Fig. 4.6). The theoretical results have been obtained using the
TEM data given earlier, with a time step of 1 second. Apart from an initial difference of 2bout
8 Q, the theoretical and experimental curves are in very good agreement. This difference is due
to an improper adjustment of the contact between the spherical tip electrode and the TEM.
Had it been done properly in the experiment, the agreement would have been excellent for the
first 30 s or so, and slowly degrading afterwards. In particular the undershoot at six second

in the resistance curve for the modulated voltage is well predicted by the numerical model.

“The properties of Pt have historically been used in our simulations because it is Lhe metal clinical electrodes
are made of. For the simulations of interest here we forgat 1o replace them with those of steel. “The two metals
have similar pcp products but it seems that their respective thermal conductivities may be different by a factor
of 2 or so. This is not expected to produce any significant consequence on the outcome of the simulations as
the thermal conductivity of the two metals is at least thirty times larger than that of the TEM.
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Figure 4.5: Experimental resistance and voltage with and without 2 layers of polyethylene
film between the TEM half-blocks (Exp. 1).

Similarly, the amplitude of the oscillations for the pulsed voltage corresponds closely to the
predictions. The degradation in the concordance of the theoretical and the experimental
results after 30 s is partly explained by the cumulative addition of the errors from time 0.

Fig 4.7 shows the results obtained in Experiment no. 3 with the flat-tip electrode. The
application of two constant voltage levels of 10.95 and 14.14 V for a duration of 30 s is
considered. Again, the theoretical predictions agree well with the experimental results.

Finally, Fig. 4.8 and Figs. 4.9, 4.10, 4.11, 4,12 show respectively the resistance and the
temperature distributions of Experiment no. 4. In all cases the initial resistance is 208  and
decreases with time as the sample heats up. The agreement between the calculated and the
experimental resistance is, as before, good in all three cases.

All temperature distributions are spherical and concentric with the electrode tip, as shown
in Fig. 4.9 for the case where the voltage is 10.95 V. To simplify comparisons, only the TEM
temperature on an imaginary line that prolongs the electrode axis is considered. Accordingly,
the temperature is plotted against the depth in millimeters. For the voltage level of 10.95 V,

only one good quality temperature distribution could be recorded. On the other hand, for
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Figure 4.6: Experimental and theoretical resistances with modulated voltage (top) and pulsed
voltage (hottom) (Exp. 2). The voltage curves are also shown.
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Figure 4.9: Color plot generated by the thermography system. (File v120t30.004). In the
top left corner is the vernier caliper, the electrode tip is at the center. V=10.95 V, Exp. 4,
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Figure 4.10: Temperature profiles on the electrode axis, v=10.95 V, theory vs experiment
(Exp. 4).

14.14 and 15.81 V two good experimental recordings were made and both are shown in
the respective figures. No measurements of temperature at depths smaller than 1.0 mm are
presented on the graphs. The reason for this is that this region corresponds to the clectrode tip
itself (with a radius of 1.25 mm) and because stainless steel has a low emittance, the camera
is incapable of making an accurate measurement of its temperature. The experimental data
have been corrected to remove the camera’s inaccuracies (Eq. (4.1)). In addition, ali curves
have been adjusted to have a basal temperature of 23 °C.

The temperature profiles all feature a maximum at a depth of approximately 1.5 mm
and a gradual decrease at larger depths. The measured temperatures are lower than the
calculated values below 4 mm approximately, and slightly higher at larger depths. Below
3 mm, the experimental curves denart significantly from the theoretical results, while the
agreement is good elsewhere. The discrepancies below 3 mm can be explained by several

factors, discussed in the next section.
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Figure 4.11: Temperature profiles on the electrode axis, v=14.14 V, theory vs experiment
(Exp. 4).

4.4 Discussion

The results of Experiment no. 1 clearly show that the effect of the polyethylene film used to
separate the TEM blocks is truly negligible. The electrical behavior is not at all disturbed
by it. This also shows that the ablation experiments are easily reproducible. This has been
observed continuously during this research and is certainly due to the usage of a tissue-
equivalent material with controlled physical properties. This reproducibility also confirms
the adequacy of the experimental set-up and procedures.

Experiment no. 2 reveals that even in complex situations where the voltage is modulated
in time and the electrical conductivity is temperature-dependent, the simulations are very
realistic. The calculated resistance remains within a few percent of the measured one even
after 60 s of heating. The degradation in the agreement observed in the latter part of the
heating period can be explained by various factors: the thermal properties of the TEM are
not the same as those of water, the temperature coefficient of the conductivity is not constant

with temperature, the tip of the experimental electrode is not exactly spherical. Moreover,
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Figure 4.12: Temperature profiles on the electrode axis, v=15.81 V, theory vs experiment
(Exp. 4).

as mentioned abave the error of the simulation is cumulative in time as ablation progresses.
Considering all this, it appears that as far as resistance is concerned, the simulations are
realistic. This is again evidenced by the results of Experiment no. 3 with a flat-tip electrode.
In these simulations, the finite-clement mesh had to be made very dense at the electrode tip
to faithfully model the sharp corner. In spite of the added difficulty, the numerical results
again prove to be accurate. But it is the prediction of the temperature field that is the
ultimate goal of the simulations and this was considered in the fourth experiment.

The results for Experiment no. 4 again show the good agreement between the pre-
dicted and measured values of resistance during heating. The temperature profiles that
were recorded also agree with the predictions except at depths lower than 3 mm. There are
at least two reasons that can explain this. Probably the most important one is the cooling of
the TEM while it is being opened up and during the camera scan. There are three different
mechanisms responsible for cooling. First, water evaporation from the wet TEM causes an
important loss of heat. Second, the sudden flow of air on the hot surface at the opening

of the split block causes heat loss by convection. Third, heat is conducted away from the
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hot spots through the TEM itself. All these mechanisms are predominant around the point
of highest temperature. Furthermore, because the mass of material at a high temperature
is relatively small (spherical distribution) the cooling is even more rapid. All these factors
contribute to lower the temperatute of the hot spot and this type of experimental results had
to be expected,

A second factor that can partly explain the lower value of the measured temperature below
3 mm it the limited spatial resolution of the camera. The spatial resolution of a scanning
system is related to the physical size of the detector. It represents the ability of the system to
distinguish two closely separated sources. The consequence of an imperfect resolution is that
the recorded image is always a low-pass filtered (in the space-domain} version of the source.
When the source is relatively large, the recorded image is close to the reality. But for smaller
sour s there results an averaging of the temperature in the neighborhood of the source point
whose effect can be very pronounced. In this case, the hot spot is of small size and adjacent
to the electrode tip. Because of the low emittance value of stainless stecl, the electrode tip
appears to the camera as a cold area. Consequently, the inherent spatial averaging can ouly
result in the thermometry system to underestimate the temperature of the hot spot. Again,
this agrees with the observation.

Another feature of the temperature profiles is that the measured ones are all slightly
higher than the predictions between 4 and 8§ mm. The reason for this may be the imprecision
on the thermal properties of the TEM. The conduction of heat from the hot spot to the
surrounding can not account for such a large difference as confirmed by a separate numerical
simulation not included here. Experiments with much more accurate equipment would be
necessary to resolve the issue.

All being considered, the agreement between the simulations and the experiments demon-
strated above provides a good validation of the numerical model. It is likely that the discrep-
ancies that are noted can largely be attributed to the imprecision in the physical parameters
considered in the simulations: electrode shape, thermal properties, temperature coefficient.
Much more work with high precision instruments would be required to quantify these effects.
‘As far as we can practically verify, the simulations seem accurate both for the.predict.ion of

the resistance and the temperature distribution during the ablation procedure.

65



4.5 Conclusion

In this chapter we presented a series of experiments designed to test the validity of the the-
oretical modeling of Chapter 3. Measurements of the time-dependent resistance and the
temperature distribution during ablation have been compared with those predicted theoret-
ically under various conditions of voltage excitation and electrode shape. We found that a
good agreement was generally obtained which confirms the accuracy of the theoretical model.

The ablation experiments were performed on tissue-equivalent waterial instead of biolog-
ical tissue for reasons of convenience and to ensure reproducibility of the phiysicad properties,
The evaluation of the resistance during the ablation was relatively simple as it ouly involves
the measurement of electrical quantities that is easy to perform. On the other haud, the
accurate determination of the temperature distribution in the material is much more ditli-
cult. To accomplish it, a split-block arrangement was conceived to allow the expusure of
the cross-section of the heated region o a thermographic camera. This procedure turned
out to be very delicate to perforin. Problems of focusing, vibration, scanning triggering, and
unwanted cooling of the subject are regularly eucountered. In addition to the experiments
reported here, we also tried to build an experiment that included a cooling fluid around the
electrode to reproduce the action of the blood flow present in the heart. In that case, we ran
into major problems with the measurement of the temperature due to the presence of the
fluid which was opaque to IR radiation. This combined with the difficulty in quantifying the
flow around the electrode made those experimental results meaningless.

The difficulty in acquiring information about the temperature ficld in the heated material
provides by itself a good justification for the theoretical approach proposed in this research.

Now that the validity of the theoretical model has been confirmed both analytically in
Chapter 3 and experimentally here, we are ready to tackle the study of RF ablation as such.

This work is presented in the next two chapters.
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Chapter 5

Theoretical Modeling 11:
Preliminary Considerations

The numerical model is used in order to clarify a number of issues about the realistic modeling
of ablation. These include the determination of the model dimensions, of adequate bound-
ary conditions, the importance of the blood flow, and the significance of the temperature
dependent conductivity, These preliminary considerations lead to a good understanding of
the important components of the model. At the end of this chapter, the model is well defined
and can be used with confidence to investigate RF ablation, which is done in the following
chapter.

All simulations presented here are done with a time step At = 1 s and 7 = 0.5 (refer to
Appendix C for the definition of these quantities). The time step has been found adequate

by comparing with a few simulatiors using At = 0.5 s.

5.1 Model Dimensions

The geometry of the model used in this study of RF ablation is presented in Chapter 3. It
is axisymmetric and consists of a block of tissue with an ablating and a grounded electrode.
In order that the conclusions of the analysis of this model be applicable to real-life ablation,
it is essential that the current distribution (or more exactly the dissipated power per unit
volume called specifie absorption rate, SAR) and the temperature field around the ablating
electrode be realistic. All the heat transfer phenomena that are significant to the ablation
are very localized and therefore not much influenced by the distance between the electrodes.

However, the SAR distribution depends more strongly on the model dimensions, which must

67



w=h| R SAR at tip % SAR
(mm) [ (Q) | (x10°9W mm~™3) | (wrt w = h = 64)

14 98.6 24456 -34

25 94.3 2518 -1.5

34 93.5 2.541 -0.6

44 93.2 2.550 0.2

54 93.1 2.554 -0.08

G4 93.0 2.556 -

Table 5.1: Effect of model dimensions on SAR and resistance,

therefore be chosen to reflect reality as closely as possible. It must be reminded here that the
model is homogeneous as explained in Chapter 3. Tissue heterogeneities which also have an

eflect on the SAR ave not considered. The influence of the dimensions of the model on the
SAR is now evaluated.

Procedure

Numerical calculations are made using the model of Fig. 5.1. The electrode characteristics,
which correspond to realistic values, are the following: length ({}=4 mm, radius (r}=1.25 mm,
depth inside tissue (d)=1.25 mm. The tissue is homogenecous heart tissue as discussed before.
Blood is assumed to be present around the Platinum electrode. No current {lows through
the boundaries (Neumann conditions {for the voltage), except on the portions corresponding
to the electrodes where voltages of 1 and 0 V are applied. The width (w) and height (&) of
the model are varied between 14 mm and G4 mm and the resulting SAR distributions are

compared. The width and height of the heart block are kept identical.

Results

The SAR calculated at the tip of the ablating electrode and the electrode resistance (defined as
the resistance between the two electrodes) are shown in Table 5.1. As the dimensions increase,
.the SAR at the tip and the electrode resistance vary less and less rapidly, as eicpectcd. The
values of the SAR at other points around the ablating electrode present a similar behavior.
The calculated SAR with w = h = 44 mm is within 0.2% of the value obtained with w =

h = 64 mm,
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Figure 5.1: Drawing of the model with dimensions and FEM grid around the electrode.
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Discussion

Wlhen the electrodes are far apart, a further increase in their relative distance only has
a minor effect on the current distribution around the catheter electrode. The SAR then
becomes practically independent of the electrode distance, An illustration of this is provided

by the consideration of the current (J{r)) between two conceuntric spheres of radius vy and

- ™"T _l_
Jr)=a (?2 - "1) r2

where o is the material conductivity. When ry >> »y, J(r} does not depend on rp anymore,

rq, and which obeys:

The situation is analogous here and for a model with dimensions refatively larger than the
ablating clectrode, the SAR ouly depends on the size of the ablating electrode aud the material
conductivity. The electrode resistance behaves similarly.

Dimensions in the order of 64 mm would be expected to produce realistic results be-
cause they are comparable to those encountered during catheter ablation on humans. The
simulations show that the SAR obtained with w = h = 44 is practically the same as with
w = h = 64 mm. The smaller dimensions are preferred for the remaining of this research
because it is easier to work with a small structure than with a large one.

These dimensions are expected to be valid for the thermal problem as well. The bound-
aries are located far enough from the electrode tip that they should not interfere with the
temperature distribution of interest. In fact, for the thermal problem, the bourdaries are

practically at infinity.

5.2 Boundary Conditions

In general, in order to use the FEM, it is necessary to have a closed solution domain, with
appropriate boundary conditions {BC's). Sometimes, the numerical boundaries correspond
to real physical ones like is the case for the clectrodes in the electrical model considered
in this study. In these cases, the BC to be applied is ‘obvious. However, in other cases,
2 solution is sought for a problem with no natural or convenient physical boundaries. In
these so-called open problems, artificial boundaries must be applicd Lo definé the solution
domain. The location and type of the artificial boundaries must be chosen carefully so as not

to introduce artifacts in the numerical solution. When the artificial boundaries are adequate,
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the solution in the area of interest can be very close to the solution of the real open problem.
The definition of appropriate artificial boundaries must be done in this study. As mentioned
in Chapter 3, the BC's to be applied on this model of ablation are relatively obvious except
at the heart surface for the electrical problem and at the root of the electrode for the thermal

problem. Tlese issues are considered here.
5.2.1 Electrical Boundary Condition

The concern here is the location of the boundary that is appropriate to limit the solution
domain in z. During real catheter ablation, the current flows out of the ablating electrode in
all directions and not only directly towards the grounded electrode, However, it is clear that
the current is the most intense inside the lieart, at the clectrode tip. In view of this, one may
wonder if enforcing a Neumann boundary condition (NBC) at the heart-blood interface does
not represent a valid simplification (Fig. 5.1). To use a NBC there significantly facilitates
the whole solution because then, the same grid can be used for the thermal and the electrical
problems, with a simple change in the types and the values of the BC's. What must be
evaluated is whether the SAR around the clectrode is significantly modified when the blood

around it is removed and replaced by a NBC at the heart-blood interface.

Procedure

Numerical calculations are carried out to compare the SAR distribution at the electrode tip
with 1) consideration of the blood surrounding the electrode which is the realistic situation,
and 2) a NBC at the heart-blood and the electrode-blood interfaces which may constitute
a valid simplification. Simulations are done with the following dimensions: | = 2.5 mm,
r=d=125mm, w=h =44 mm. The thickness of blood considered is 1.25 and 2.75 mm.

For the simulations with blood, a NBC is enforced at the top of the blood layer.

Results

The SAR distributions are shown in Fig. 5.2. (The irregularities in the curves are due
to the inter-elemental discontinuity of the electric field in the FEM so!ution,- see p. 125).
The electrode resistance is 207.9 and 127.5 Q with and without the blood (1.25 mm thick)

respectively. The figure shows that the SAR with the blood layer has a lower gradient and
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also a lower magnitude at the tip than in the other case. With blood, the SAR at the tip is
2.993-10"* W mm=, while without it a value of 3.989-10~* W mm ™3 is obtained (+33%). In
addition to those differences, the spatial distributions of the SAR are also different. Without
blood a spherical distribution is obtained while with the blood the SAR is more concentrated
at the tip than close to the heart-blood interface (68% higher). The discontinuity in the SAR
at 2 = 44 mm when the blood is present is due to the different conductivity of the blood and
heart tissue.

When the blood layer is increased to 2,75 mm, an intense and very localized electric field
is produced on the corner of the electrode root. To resolve it adequately would require an
extremely fine grid. We used a relatively crude one so that the SAR in that arca could
not be calculated with a high precision. Nonetheless, the calculation reveals that this new
contribution to the current distribution is too localized to have a significant effect on the

SAR at the tip. On the other hand it has a non-negligible effect on the resistance.

Discussion

When a NBC is placed at the leart-blood interface, the resulting SAR distribution is very
close to the one obtained between two concentric conducting spheres. The calculations show
that this overestimates the SAR by as much as 33%. Therefore, it is not a valid simplifica-
tion concerning both the SAR distribution and the electrode resistance. In order to obtain
accurate and realistic results, it is necessary to include the blood surrounding the electrode.
This means that two different FEM meshes are required for the electrical and the thermal
preblems.

The blood layer included in the calculation does not need to extend beyond the electrode
root in the case studied here. The reason is that the extra contribution to the electric field
is concentrated too far from the area of interest {the electrode tip) to be significant. This
reasoning can a fortiori be extended to electrodes longer than 2.6 mm and inserted more

deeply than 1.25 mm inside the tissue.

5.2.2 Thermal Boundary Condition -

The BC's for the thermal problem have all been presented in Chapter 3 except for the elec-

trode root. There, heat generated inside the tissue and conducted through the electrode itself
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flows towards the body of the catheter which is cooled by the blood flow. This heat transfer
is governed by the properties and the exact geometry of the electrode and the catheter. In
absence of these data, it is possible to create an artificial boundary which can provide a
valid simplification. Certainly it can neither be a Dirichlet nor a Neumann condition because
the temperature is not constant, and heat flow is present, However, an artificial convective
BC (CBC) can be enforced (Eq. (3.4), p. 28). An appropriate value for the heat transfer

coefficient (h) is determined by modeling.

Procedure

Simulations are performed with various values of & at the root in order to compare the
resulting temperatuve distributions, and draw conclusions as to the most appropriate vilue,
The dimensions are as follows: [ = 25 mm, r = d = 1.25 mm, v = h =I4 mm. This is
the shortest electrode considered in this study, the one for which the root BC has the most
significant contribution on the final temperature distribution, A constant voltage of 25.5 V is
applied on the electrode for 30 s. This value is sclected because it is similar to what is used in
practice and therefore yields realistic temperature distributions. The particular choices of &
are 0, 500 and 2000 W m~? °C~! which refiects the expected order of magnitude of the heat
flow. A value of h = 0 means no flow of heat and & = 2000 W m~2 °C~! is the cocflicient for
the heart-blood interface. These two values certainly bracket the effective coefficient at the
root which may be in the order of 500 W m~2 °C~!. Because it is only the thermal problem
that is of interest in this section, the electrical problem is simplified by considering a NBC
at the heart-blood interface and neglecting the temperature dependence of the conductivity.

The SAR is therefore constant and need only be calculated once.

Results

The temperature profile vs depth for the three values of i are shown in Fig. 5.3, The
temperature is the increase from a basal temperature of 0°C. Depth is measured on the z
axis, from the heart surface at 44 mm. The figure shows that the maximum tissue temperature
at a depth of approximately 2 mm, varies by 3°C and the electrode temperature by 4°C. In
all cases, the temperature difference between the electrode and the tissue is more or less the

same. As expected, the higher the value of k, the lower the resulting temperature.
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Figure 5.3: Tewmperature increase (25.5 V, 30 s) vs depth on the z axis with various h
(W m~2°C!) at the electrode root. Solid: & = 0, chain: A = 500, dash: A = 2000.

Discussion

A rough evaluation permits to conclude that i at the electrode root is between 0 and
2000 W m~2°C~?, These simulations do not reveal what its actual value really is. However,
they demonstrate that these two extremes result in maximum tissue temperatures that differ
by less than 3°C. The reason this boundary is not very determinant on the temperature dis-
tribution is that it only represents a small percentage of the whole boundary surfaces. The
possible error made by imposing A = 500 W m~2 °C~? is in the order of only 1°C which is
acceptable. All subsequent simulations are done with h = 500 W m~2°C™! at the electrode

root.

5.3 Importance of the Presence of Blood

The presence of the circulating blood around the ablating electrode certainly contributes to
cool the tissue. But how important is this effect and how much more power is necessary

because of it? How does this influence the ultimate lesion shape? In this section simulations
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are carried out to answer these questions.

Procedure

To demonstrate the effect of the blood flow, two simulations are doue. In the first case, blood
flow is neglected by setting & = 0 at the heart-blood interface and in the second case, the
cooling effect of blood is included (A = 2000 W wm=? °C~1), Since it is the thermal behavior
that is of interest, the electrical problem is slightly simplified. The electrical condunctivity
is considered constant so that the SAR does not vary with time. To enable a meaningful
comparison, in both cases the SAR is the same and is calculated with the blood present. The

geometryis{ = 4 mm, r =d = 125 mm and w = & = 4 mun. In both simulations, a constant

voltage is applied, and its value is selected so as to produce a maximum tssue temperature
of +43°C after 30 s.

Results

Fig. 5.4 shows the temperature distributions around the electrode with and without blood
flow, respectively. In the first case, the voltage necessary to heat the tissue to +43°Cis 28.3 V,
while in the other case it is 19.5 V (-31%). Witlout the flow, the temperature distribution is
practically spherical, while it kas the shape of a meniscus when the flow is considered. The
departure from a puré spherical distribution in the former case is due to the eccentricity of
the SAR (refer to the top of Fig. 5.2 for an illustration of the SAR). The point of maximum
temperature is deeper (by about 0.5 mm) and the electrode is colder when the blood flow is

considered (12°C compared to 40°C).

Discussion

These results show that both from the point of view of the applied power and the lesion
geomelry, the cooling effect of the blood flow is very significant. In the above example, twice
as much power is necessary to produce the same maximum Lssue temperature when blood
flow is considered. It can also be said that the effect of the blood flow is to push the heat
pattern deeper inside the tissue, conceivably resulting in deeper lesions. It is clear that the
blood flow is a determinant factor of power and of lesion geometry during ablation. It is

expected to be less important when the electrode is inserted deeper inside the tissue.
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5.4 Temperature Dependence of the Conductivity

The temperature dependence of the electrical conductivity is approximately +2% °C~'. Dur-
ing ablation, temperature clevations of the order of +40°C and more are produced so that
at some points, the conductivity of the tissue changes significantly. It is therefore likely that
this variation have an influcuce on the overall process of ablation. Iu order to evaluate this

effect, two simulations are performed.

Procedure

The two simulations consist in heating the tissue by applying a constant voltage of 24.5 V for
30 5. In the first case, the temperature dependence of the conductivity is taken into account
while it is neglected in the second case, This means that at every time step, the tempera-
ture information is used to update the material properties, and a new SAR distribution is

calculated. The geometry is the following: =4 mm, r =d = 1.25 mm, w = h = 44 mm.

Results

Fig. 5.5 shows the temperature distributions at ¢t = 30 s for cach simulation. The overall
aspect of the temperature fields is similar, except for the magnitude. With o(7'), the tissue
reaches +43°C while in the other case, the maximum temperature is no more than 33°C. In
both cases the electrode temperature is more or less the same, approximately 12°C. The hot
point in the tissue is in both cases located at z = 42 mm.

The SAR distributions at ¢t = 30 s are shown in Figs. 5.6 and 5.7. The SAR is much
more intense (+80%) at the electrode tip when o(7) is considered. The reduction in the
resistivity of the tissue has the effect of concentrating the current density. The evolution of
the clectrode resistance is shown in Fig. 5.8. At t = 0, it has a value of 93.2 Q and at ¢t = 30 s,

82.5 Q (-11.5%).

Discussion

"As the tissue heats, the electrode resistance diminishes because of the increase in the con-
ductivity. This results in an elevation of the Joule loss and in a relative augmentation of the

SAR at the hot points. In the case of interest here, the augmentation is very significant over
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a small region around the tip (roughly within a distance of 0.5 mm). This leads to differences
in the tissue temperature,

It is interesting to note that iu spite of the important difference in the maximum tissue
temperature, the +-5°C isotherm is similar in both simulations. This illustrates the fact that
in an axisyminetric problem like this one, the incremental heating at larger values of the
radius is increasingly difficult. The reason is that the corresponding incremental volume to
be heated is increasingly larger.

In view of these results, it appears necessary to consider the temperature dependence of

the electrical conductivity, even though this significantly complicates the calculations,

5.5 Conclusion

‘This chapter presented the results of a number of preliminary simulations, aimed at defining
the determinant factors in the model of ablation. First, the appropriate dimensions have been
determined. It was found that for large dimensions, the SAR around the electrode tip did
not vary significantly. The particular dimensions w = h = 44 mm retained in this study are
in agreement with those found in reality in humans and at the same time offer an acceptable
limit to the model size.

Secondly, the issue of boundary conditions was addressed. A Neumann boundary condi-
tion at the heart-blood interface in the electrical problem facilitates the modeling, because it
allows the use of the same FEM grid as for the thermal problem. However the simulations
showed that this simplification is invalid, and that the blood surrounding the electrode must
he considered. It was also shown that this blood layer need not extend beyond the root of
the clectrode for an accurate evaluation of the SAR at the tip.

In the thermal problem, the boundary at the electrode root was considered as a convec-
tive boundary. Calculations done using various values of the heat transfer coeflicient were
undertaken to determine an adequate value. Tt was found that a value of 500 W m~2°C~!
is reasonable.

Thirdly, the caoling effect of the blood flow was assessed. It is now clear that it is a
determinant factor in the ablation process because of its incidence on the required power and
the temperature distribution.

Finally, the significance of including the temperature dependence of the conductivity in
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the calculations was investigated. The results show that it has a strong effect on the maximum
tissue temperature and the power level, and therefore must be included.
With these preliminary considerations, enough confidence in the model has been acquired,

The next step is to apply it to study RIT ablation.
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Chapter 6

Theoretical Modeling 1II: Study of
RF Ablation

One of the difficulties in characterizing RF ablation is the large number of parameters which
play a significant role in the procedure, Qur investigative approach is to isolate the individual
offects of these parumeters. To do that, a control simulation with standard conditions of
operation is compared with one where only the parameter of interest is varied. Many of
those parameters are considered including the electrode geometry and the maximum tissue
Lemperatuare,

The basis for comparisons is the lesion that is produced and the electrode resistance,
both as functions of time. But in all cases these are very strongly dependent on the level
of clectrical heating that is applied. In order to establish a meaningful foundation for all
comparisons. it is necessary to define the voltage excitation that is used. This is explained
in details in the first section on voltage modulation.

The lesions produced by RF ablation are more or less ellipsoidal in shape. Accordingly,
lesion volume is approximated with the expression for ellipsoids which is V = 4/3 n(abc)
where a, b, ¢ are the lengths of the semiaxes. Because of the axial syminetry of the numerical
model. these correspond to D2, W/2 and W/2 where W and D are the maximum width and
depth respectively.

An effort was made to present the simulation results on plots that have uniform horizontal
and vertical scales where possible. This facilitates direct comparisons between~different sets
of conditions of operation.

The first section of this chapter is a discussion on the modulation of the applied voltage
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during ablation. It is followed by the presentation of the control simulation. After that,
a section is devoted to the comparison between ablation with a hot-tip catheter and RY
ablation. This convincingly demonstrates that the latter approach is much superior.

The next section presents a study of the electrode geometry: the radius, length and shape
are considered. Following that is a section investigating varions aspects of ablation with a
constant applied voltage. This particular electrical excitation is interesting because it is
simple to implelent in practice,

The following two sections study the effects of the maximun tissue temperature and the
depth of the clectrode inside the tissue. Then follow a section summarizing the simulation
results and recommendations for the optimization of RF ablation.

It is important to mention that only the conditions of operation that are compatible with

the clinical application of the RF ablation technique are considered in this study.

6.1 Voltage Modulation

A useful way of comparing different conditions of ablation is to consider the largest possible
lesion that can be produced in each case. The mechanism by which a lesion grows in the
tissue is thermal conduction. Heat from a hot area flows to the colder surrounding tissue to
rise its temperature. Thus, the largest lesion that can be produced is when the maximum
tissue temperature (MTT) is maintained at its highest accepiable level during the whole
heating period. In this case, heat flow from the hot spot to its neighborhood is as large as
possible and the resulting lesion is maximized at all times. Of course, the location of the hot
spot itself may vary with time according with thermal transfer phenomena.

In our case, the highest MTT that may be applied is 100°C (an increase of +63°C with
a basal temperature of 37°C). Beyond this value, tissue boiling and charring occurs and a
corresponding sudden increase in the resistance of the electrode-tissue interfice limits any
further lesion progression.

In order to maintain the MTT at the desired level at all times, the applied voltage mmst

be properly modulated. Initially, it must be high to rapidly heat the tissue. It is then

gradually decreased to reach a steady state where the Joule loss just cancels the heat lost
by conduction and convection through the boundaries. The optimum voltage function can

be determined only in real time during ablation and using a knowledge of the current MTT,
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This is possible during a simulation but unfortunately not experimentally. However since this
modulation produces the largest possible lesion at all times, it provides a convenient standard
for comparing different conditions of ablation. In this study, this approach is used. For all
the different conditions of operation of interest, the optimum voltage function is obtained
and the largest possible lesions are compared.

Any voltage function (such as a pulse train for instance) that does not maintain the MTT
at the desired Jevel at all times, produces a suboptimal lesion. These functions are therefore
not of interest and no further study of them seems justified at this point. However the special
case of a constant voltage may be interesting from a practical point of view because of its

simplicity. Hence it is investigated later in this chapter.
6.2 Control Case

As mentioned above, the approach used in this study is to isolate the parameters of ablation
one at a time and to establish comparisons between a control case and the simulations where
the isolated parameter is varied. The control case which forms the basis for comparison is

described in this section. It uses a 7,5F electrode which is representative of the clinical reality.

Procedure

The arrangement is similar to the one illustrated in Fig. 5.1. It consists of a hemispherical
tip clectrode with [ = 4 mm and v = d = 1.25 mm. The block of tissue has dimensions
w = 41 and h = 41 mm. Calculations are made using a time step of 1 s. The applied voltage
is modulated so as to produce the largest possible lesion. This is accomplished by adjusting
the voltage in order to. maintain the MTT at &= +63°C. Because the simulations are time
consuming (= 2 minutes per time step), the applied voltage is only updated every 5s. The
MTT is therefore = +63°C at t = 5, 10, 15, ... s.

Two simulations are performed. In the first one, the voltage is turned off at ¢t = 60 s,
and the cooling phase is observed until £ = 70 s. In the other case, the voltage is applied for
120 s, in order to show the trend in the evolution of the lesion. The temperature distribution,
the resulting lesion depth and width and the electrode resistance are recorded periodically

during the simulations.
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Figure 6.1: Temperature distribution at ¢ =10 (left) and 60 s (right) for the control case.
The electrode tip is the top left corner.

Results

The simulation results are presented in Figs. 6.1, 6.2, 6.3, 6.4 and 6.5. Fig. 6.1 shows how
the temperature distribution evolves between 10 and 60 s. The isotherms are in the shape of
a meniscus. The hot spot in the tissuc is = +63°C as desired, and is located away from the
clectrode tip. The tissue surface is relatively cold due to the presence of the flow. For the
same reason, the electrode is 40°C colder than the adjacent tissue.

The distribution of the lesion factor at t =10 and 60 s is illustrated by the contour plots of
Fig. 6.2. Let us remind here that this factor has a value between 0 and 1 and that below 0.5
the lesion is reversible. In this research we consider that the lesion border is the 0.5 contour.
The distance between the 1.0 and the 0.5 contours gives an indication of the lesion sharpness.
Sharpness is seen 1o decrease sensibly with time, from about 0.2 mm at 10 s to 0.3 mm at
60 s. The lesion depth (D) is measured from the tissue surface at z = 44 mm, and the lesion
width (W) is measured where it is the largest. At 60 s, D=6.97 and W=9.96 mm.

The temperature vs depth on the z axis is shown at various times in Fig, 6.3 (voltage off at
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Figure 6.2: Lesion function at ¢ =10 (left} and 60 s (right) for the control case. Lesion
function varies between 0 and 1. Contour interval = 0.1,

t = 60 5}, The difference in temperature between the MTT and the electrode is in the order
of 40°C. The hot spot is located at a depth of around 2 mm in the tissue, that is 0.75 mm
below the electrode tip. As heating proceeds, the liot spot moves slightly towards larger
depths. As a consequence, the electrode temperature also decreases, by about 2°C. When
the applied power is turned off at t = G0 s, the tissue temperature drops rapidly, especially
close to the surface because of the flow. The MTT at ¢t = 65 and 70 s is approximately
+38 and +28°C respectively, compared to +62°C at { = 60 s. During the cooling phase, the
temperature increases very slightly at depths larger than 8 mm.

Fig. 6.4, shows the electrode resistance and the applied voltage vs time. The resistance
decreases continuously during heating, reflecting the increase in the tissue conductivity (93.2
Natt=01t0755Qati=060and 74.6 Q at ¢t = 115 s). The change is most pronounced
-in the first 5 s. A sharp increase in the electrode resistance accompanies the gooling phase
(85 2 at £ = 70 s). The applied voltage is initially high (40 V) in order to heat the tissue
to = 63°C within 5 s. It is then decreased to avoid excessive heating. The rate of change is

also high initially (-25% at 5 s) and gradually decreases with time. Between 60 and 120 s the
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Figure 6.5 Width (W), depth (D) and volume (V) of lesion vs time. The lesion volume at
70 s when the voltage is turned ofl at ¢ = 60 s is also shown by the square.

voltage is practically constant around 25 V (63% of the value at 0 s). The electrical power
at 0 and 645 is 17.2 and 8.5 W respectively. '

The lesion depth (D) and width (W) obtained during the simulations are plotted against
time in Fig. 6.5, The lesion volume (V) is also shown in the same figure. At ¢t = 10, 30
and 60 s, Vis 100, 208 and 328 mm?, respectively. The lesion growth rate decreases as time

3

progresses (6.7 mm® s™V at t = 105 and 2.75 mm® s~ at ¢t = 120 s). Even after voltage is

turned off. the lesion keeps enlarging slightly.

Interpretation of the Results

Due to the smallness of the electrode, the energy is deposited in a thin layer of tissue around
it. Part of the energy is absorbed locally, and the remaining flows by conduction to the
adjacent tissue and metallic electrode, and by convection to the flow. Initially, the applied
voltage needs to be high to rapidly raise the MTT to the desired value, and at the same
time to compensate for the heat lost by conduction. As time progresses, the voltage must be

decreased towards a value that yields the desired MTT at steady-state. An additional reason
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for the necessary reduction in the applied voltage is that the dissipated energy for a given
voltage increases with the tissue temperatuie (because of the increase in a). This is clearly
illustrated in Fig. 5.7, p. 81 where the SAR after heating is significantly higher than initially.

To gain insight into the heating process, let us cousider the steady-state. At steady-state
all the energy dissipated inside the tissue flows out through the convective and the Dirichlet
boundaries. The temperature distribution is delicately adjusted to maintain this state of
affuir. In a non-lincar problem like this one, it is not paossible to compute the steady-state
temperature directly. The reason is that the power distribution varies with time. However
as an approximation, let us directly caleulate a pseudo steady-state! with the simplification
that the power distribution is constant and equivalent to that obtained at ¢ = 120 5 in the
above simulation. This distribution includes the effect of the elevated o in the hot arcas
of the tissue. In order to obtain a MTT of +63°C at the pseudo steady-state, the applied
voltage must be 24 V. This means that all the energy dissipated by the 24 V source is going
out of the domain through the boundaries, The real steady-state certainly requires a voltage
slightly lower than 24 V because of its own higher SAR distribution. All this is in agreement
with the voltage modulation presented in Fig. 6.4 which has a stightly higher value of 245V
at t = 120 s.

The displacement of the hot spot inside the tissue is a consequence of the reduction in the
applied voltage. Since the immediate surroundings of the electrode are heated directly by the
heat source, a reduction of it necessarily entails a temperature reduction. As a consequence,
the electrode temperature also decreases. It is important to note the large difference between
the temperature of the electrode and the MTT. It is due to the high thernal conductivity
of the platinum compared to the tissue. Clearly, the electrode temperature by itself is not a
good measure of the tissue temperature.

It is also of interest to examine the evolution of the temperature after power is turned off
at t = 60 s (Fig. 6.3). Clearly, convective loss to the flow is largely responsible for the rapidity
of the cooling. This effect is even more pronounced because of the smalluness of the hot spot
which globally does not contain much thermal energy. Heat conduction from the lol areas
to the surroundings is still present and is illustrated by the modest increase in temperature

around 8 mm and decper.

'This is easily done numerically by neglecting the d/&t term in the heal equation p.26.
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‘The electrode resistance drops rapidly during the first 10 s of heating. This illustrates
the fact that the vicinity of the electrode has a large contribution to the total resistance. It
is evident that, in this setting, the measurement of the resistance alone cannot be a good
indicator af the lesion progression because it remains practically constant between 10 and
120 s.

Lesion progression as illustrated in Fig. 6.5 is an interesting set of data. It shows that
the combined evolution of the lesion depth and width is such that the resulting volume grows
at an appreciable rate for all the duration of the procedure. After voltage is turned off, the
lesiun even continues expanding but at a progressively smaller rate. This is a consequence of
the lesion factor being expressed as a time integral. It is therefore clear that the longer the
duration of power application, the larpger the lesion, even for durations up to 120 s.

The control case studied in this section provides a good understanding of the phenomena
occurring during ablation. Let us now compare the temperature distributions produced by

RF ablation and by a hot-tip catheter.

6.3 Hot-Tip Ablation

Hot-tip ablation refers to the use of a catheter with a heated tip to burn undesirable tissue.
Oue can think of direct resistive heating or of a more fancy approach using inductive heating
of a ferromagnetic bead [94]. In principle, this method can be used instead of RF ablation.
The temperature of the heated tip can be ecasily controlled which may represent an advantage.

The temperature distribution by this technique is compared to that of RF ablation.

Procedure

A simulation is done with an electrode that is maintained at +63°C for 60 s. The arrangement
and the dimensions are the same as for the control case discussed above. The electrode is
considered as u Dirichlet condition. The heart surface is cooled by the same blood flow as
before. The temperature is calculated as a function of time. It turns out to be significantly
jower than the one produced by RF ablation in the control case. A second simulation is then

carried out with a larger electrode with r = 2 mm.
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Figure 6.6: Temperature profiles on the = axis for the hot-tip catheters (chain: » = 125 mm
and dot: r = 2 mm) and the coutrol case (solid) at £ = 60 5. The hot-tip catheters are
maintained at +63°C.

Results

Fig. 6.6 shows the temperature profiles on the z axis for the hot-tip catheter and the control
case at t = 60 5. Clearly, the temperature distribution extends more inside the tissue with
the control case than with the hot-tip catheters, even though the MTT is the same in both
cases. The simulations show that the distribution with the hot-tip is more abrupt. Fven with

r = 2 mm, the hot-tip catheter does not heat the tissue as deep as a 1,25 mm RF electrode.

Interpretation of the Results

With a hot-tip catheter, heating only occurs by thermal conduction whereas with RF ablation,
energy is directly dissipated inside the tissue. Furthermore, in RF ablation the electrode arts
as a heat sink, eflectively pushing the hot spot deeper inside the tissue. The two effects
combine to produce a higher temperature elevation at depth and conceivably a larger lesion.
The results clearly identify RF ablation as a superior approach.

Let us now investigate the influence that a number of parameters have on the lesions
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produced by RIT ablution. The first parameter of interest is the electrode geometry.
6.4 Electrode Geometry

The geametry of the catheter eectrode used for ablation is one of the parameters that can
he selected by the operator. I this section we investigate the influence of the electrode
geametry on e resulting lesion. A hewmispherical tip electrode with different radii and

lengths is cousidered, Also, an electrode with a flat tip is studied.
G.4.1 LElectrode Radius

It is recognized in the literature that the lesion size increases with the electrode radius
138, 45, 46]. However, no reliable data is available to quantify the relationship between these

two quantities. This issue is considered here,

Procedure

Luesions are caleulated for three hemispherical tip electrodes with radii of 1.0, 1.25 (control)
and 1.5 mm using the same arrangement as before (Fig. 5.1). These correspond to catheter
sizes 6 F. 7.5 F and 9 F. The electrodes all have a length { = 4 mm and are inserted at a
dopth d = 1.25 mum inside the tissue. The applied voltage on the electrodes is modulated so
as to keep the MTT = +63°C. As discussed above, for practical reasons, the applied voltage

is updated every 5 5. The heating duration is 60 s.

Results

Fig. 6.7 shows the results of the simulations. The lesion is seen to increase in volume with
a larger electrode radius. At 10 s, V is 80(-23%), 104 and 132(+27%) mm?3, and at 60 s, V
is 2129, 362 and HT(+23%) mm? for r = 1.0, 1.25 and 1.50 mm respectively. With
r = 1.25 mm the depth and width curves are halfway between those of the other two radii,
and so is the volume curve.

A difference in the clectrode resistance is observed. Initially, it has values of 101.9, 93.2
and 86.5 Q for r = I, 1.25 and 2.5 mm respectively. As heating proceeds, the evolution of
the resistance in the three cases parallel each other, After G0 s, the resistance values are 82.5,

75.5 and 70.3 Q, in all cases 81% of the initial value. The voltage necessary to produce a
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Figure 6.7: Results vs time with various electrode radii (r). Top: lesion width (W), depth
(D) and volume (V). Middle: electrode resistance. Bottom: voltage,
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constant MTT is higher when the radius is enlarged and obviously related to the change in
resistance. The optimum voltage functions are all similar. The voltage assumes its highest
value at the onset of ablation and is progressively reduced afterwards. The rate of change is
the highest at 5 5 (-20 to -25%) but rapidly diminishes. At 60 s, the voltage is between 60

and 70% of its initial value.

Interpretation of the Results

There are two reasons for the lesion to be larger when the electrode radius increases. First,
the contact area with the tissue is enlarged so that the electrical current flows over a larger
surface (and the resistance diminishes). Consequently heating occurs over a larger volume.
Second, because of the increased radius, the SAR at the electrode tip decreases less abruptly
with distance away from the electrode. This is shown in Fig. 6.8, This resu.lt.s in energy
deposition that is proportionally deeper inside the tissue with an electrode of larger radius.

The amplitude of the SAR at the electrode surface is reduced when the radius is enlarged.
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This explains why. in order to maintaiu a given tissue temperature, a higher voltage must be
applied on a larger electrade. This fact, in conjunction with the reduced resistance, means
that the necessary power is significantly larger when a larger electrode is used, At = 0, the
power for 7 = 1.0, 1.25 and 1.5 mm is 13, 17.2 and 20.8 W,

The simulations show that the lesion can be effectively made lirger by iucrcasing the
clectrode radius. The results for intermediate values of the electrode radins can be easily

interpolated from the plots,

6.4.2 Electrode Length

The length of the ablating electrode is also a determinant factor of lesion size. 'The literature
contains one report of an experimental study of the eflect of electrode length [51]. Wts con-
clusions are ambiguous but scem to suggest that larger lesions may be obtained with longer
electrodes. The issue is resolved here by caleulating the lesions produced with electrades of

various lengths,

Procedure

The simulations are performed with three ablating electrodes with » = d = 1.25 mm and
three different lengths | =2.5, 4 (control) and 1¢ mm (Fig. 5.1}, The largest possible lesion
is simulated, using the voltage modulation scheme described before. Power is applied during

60 s.

Results

The results are shown in Fig. 6.9. The lesion volume is seen to increase with the electrode
length. Even though at 10 s all lesions are similar in size with 96 (-8%), 101 and 112 (+8%)
mm?, the difference at 60 s is much more important (310 (-15%), 362 and 454 (+25%) mm*).
The lesion size for the control case is closer to the short electrode than the 10 mm one, The
calculations show that even after G0 s, the lesions are still progressing, albeit at a slower
rate than before. Fig. 6.10 shows the temperature profiles on the z axis for each electrode.
Notice how the electrode gets colder as the length increases (= 30, 20 and 15°C for { = 2.5,

4, 10 mm).
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98



70.0

60.0

50.0

40.0

30.0 -

20.0 4

10.0

Temperature tncrecse {(C}

0.0 T T T T T
0.0 2.0 4.0 6.0 8.0 10.0 12.0

Depth (mm)

Figure 6.10: Temperature profiles on the z axis at t = 60 s for varions electrade fengths,
Solid: = 4.0 mm (control). Chamn: ! = 2.5 mm. Dot: { = 10 mm.

The resistance values vary largely between the electrodes, the longer ones having a lower
resistance. At t =0, R = 127.5,93.2 and 51.2 Q and at t = 60 s, R = 91.0, 75.5 and 46.6 Q.
As scen previously, the electrode resistances decrease as heating progresses. The first 5 s
of power application are associated with a much more abrupt resistance variation with the
short electrodes than with { = 10 mm. The total resistance variation is more important in
percentage for the shorter electrodes.

The voltage amplitude required to maintain the MTT increases significantly with the
electrode length (at t = 0, the voltage is 35.7, 40.0 and 47.1 for I = 2.5, 4.0 and 10 mm
respectively). The power values at ¢ = 0 are the following: 10.0, 17.2 and 43.3 W for [ = 2.5,
4.0 and 10.0 mm. As before, the voltage is reduced as heating progresses in order to avoid
overheating. The rate of change is -25% at 5 s and decreases rapidly afterwards, AL 60 s, the

voltage is approximately G5% of its initial value.
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Interpretation of the Resulis

Unlike electrode with different radii, electrodes with different lengths have SAR levels which
are lower in magnitnde but with similar distributions (Fig. 6.11). Therefore the major differ-
ence hetween electrodes of different lengths comes from the difference in the convective losses.
Indeed, the longer the electrode the higher the convective loss, the colder the electrode and
the deepe- (by only a small amount) the hot spot. The resulting lesion is therefore bigger.
This effect is expected to saturate with growing lengths. Calculations made with { = 20 mm
reveal that the electrode temperature is almost the same as with { = 10 mm.

The difference in lesion size for the various electrode lengths is minor at 10 s but increases
gradually with time. It means that the benefit of using a longer electrode is not obtained
for short durations of heating. This is unlike the case where it is the electrode radius that is
changed. There, significant differences in the lesion sizes were obtained after only 10 s. The
two behaviors are explained by the differing levels of convective loss.

The large variations in resistance between the electrodes studied here is explained by the
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difference in their surface areas. Also, lang electrodes have a larger portion of their current
that flows to the blood, compared to short electrodes whose current is concentrated in the
tissue. It means that the variation in the tssue conductivity has o smaller contribution to
their total resistance. This explains the observation that the resistance varies less in time {or
the longer electrodes.

The reduced SAR of long electrodes necessitates a larger voltage in order to produce a
given MTT. (The ratio of the SARs at 0 s is the satue as the ratio of the square of the applivd
voltage,) This, in conjunction with the lower resistance value means that the total power is
significantly higher. 1t is worth noticing that a larger portion of this power is dissipated in
the blood when the electrode is longer. In this study it is assumed that the blood flow is
large enough that its temperature remains constant, The results show that if enough power
is available, the use of a longer clectrode produces a bigger lesion. The benefit is not obtained

for short durations of application.
6.4.3 Electrode Shape

No studies seem to have been reported concerning clectrodes with tips other than hemispher-
ical. Yet it would appear that alternative designs such as an electrode with a Rat tip could be
compatible with the application in terms of safety and mancuverability, The lesion produced

by this new electrode design is calculated here.

Procedure

Calculations are done with two electrodes having r = d = 125 mm, and { = 4 mun. In the
first case, the tip is hemispherical (control) while in the other case the tip is flat (the edpe
has a radius of 0.253 mm). A FEM mesh with very high density is used aronnd the electrode
edge to yield good results. The simulations are similar to the ones presented hefore and are

done over a period of 60 s,

Results

The results are shown in Fig. 6.12. After G0 s, the lesions are still progressing, although at
a slower rate than before. The lesion is larger (+26% at ¢ = 60 s) with a flat tip clectrode

than with a spherical tip. The flat tip electrode has a resistance that is slightly less (89 vs
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Figure 6.12: Results vs time with flat and spherical tip electrodes. Top: lesion width (W),
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3.2  at t = 0) than the control electrode. The voltage functions required in the two cases

are virtually the same.

Interpretation of the Results

The diflerence in lesion size is a consequence of the diflerence in the SAR distributions.
With the flat-tip electrode, a larger portion of the power is deposited around the edge of
the tip compared to immediately beneath it {on the & axis). The sitnation is very similar to

increasing the radius to 1.5 mm.

6.5 Ablation with a Constant Voltage

Another aspect of REF ablation that deserves some thoughts is the evolution of the lesion
when the applied voltage is constant. Indeed, this approach may be of interest because it is
simple to implement in practice. It is not clear if the lesion rapidly saturates or if its size
is comparable to the largest possible lestons discussed previously. Calculations are made to

answer these questions.

Procedure

Stmulations are performed with the same geometry as the control case presented above. In
this case however, instead of using a modulated voltage that produces the largest lesion at
all times, a constant voltage is applied. Various voltage levels are considered one at a time,
For every voltage setting, the heating is stopped when tissue boiling occurs (MTT=463°C).
The lesion size and clectrode resistance are recorded periodically. Only heating times smaller
than 180 s are considered since longer durations are not applicable in practice. The time
steps in these simulations are: v=394 VAL =055, v=30.0 V AL =1 5, v=209 V Al = 25,
v=25.5V AL =35, v=215V Al =3 s,

Results

The results are shown in Fig. 6.13. The voltage is varied bhetween 39.4 and 24.5 Voand the time
of heating ranges from 5 to 180 s. At all voltage levels, the lesion size progresses practically

linearly with time. The largest achievable lesion at each level is indicated by the markers.
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This is the point where the MTT=4063°C(for 20.5 V' the MTT at 180 s is 61.1 and rising
slowly). There is an important difference in the lesions achievable with the ditferent voltage
levels. As expected, high voltage causes rapid tissue boiling with limited lesion formation
(57 mm® after 5 s at 39.4 V). On the other hand, a lower voltage may be applied for a mwuch
longer period without causing excessive heating, The resulting lesion grows more slowly but
ultimately can be much larger (594 mm® at £ = 180 s with 245 V), The plot adso shows
the coutrol case which corresponds to the largest possible lesion that can be produced at all
times. For t > 20 s, the extent of the lesions obtained with a constant voltage is significamly
smaller than the control case (around -20%).

The results show that the resistance decreases monotonically during heating. As expected,
the rate of change of vesistance is proportional to the applied voltage. At = Us, the resistance
is 93.2 @ in all cases. At the end of the heating sequence, it varies between 7405 amd 80 42
depending on the voltage. As an illustration of the amount of power required, let us consider
the case with 26.2 V. At t = 0, the power is 7.4 W and at { = 60 s, it is 9 WL The cliange
in resistance is responsible for this variation since the voltage is constant. It is interesting to
see that the resistance curve for the control case almost coincides with the extremitios of all

the other curves.

Interpretation of the Results

This set of results is of interest because in practice, it is simple to apply & constant voltage on
the ablating electrode. The results are quite clear about the relation between the amplitude
of the voltage and the largest achievable lesion. A lower voltage will, alter enough time,
produce a larger lesion than a high voltage. The reason high voltage lesions are smaller is
that thermal conduction is not important enough to dissipate all the heat that is generated
locally. There results an excessive temperature elevation close to the electrode and boiling
soon limits lesion progression. On the other hand, at a lower voltage, the dissipated energy
is conducted away from the electrode and ultimately the lesion grows bigger.

It is worth noticing how a small variation in the applied voltage leads to a large variation
-in the ultimate lesion size and the time where it is reached. For instance, ihcmasiug Lhe
voltage from 24.5 V to 26.9 V (4-10%) accelerates the heating from 180 to 46 s (-75%) but

diminishes the lesion size from 594 to 226 mm? (-G0%).
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Another way of interpreting the results is by considering a fixed duration of heating. Then
of course, of all the voltage levels that do not produce boiling within that period, the highest
ane produces the largest lesion. The difference can be important, Consider a time of 10 s.
With 26.9 V, the lesion grows to 191 mm®. With 2.5 V (-9%), the lesion has a volume of
only 125 nun? (-35%). A small deviation from the optimum voltage in this case can lead to
an appreciable lesion reduction,

As puinted out above, the control resistance curve follows the tips of the other curves,
But the electrode resistance is closely related to the temperature distribution around the
clectrode tip, ‘T'his means that the temperature distributions at these points must be similar.
T'his is dospite the fact that the lesions are very different. It follows that the resistance is not

sensitive enough to the lesion size to be a puod measure of it.

6.6 Effect of MTT on Lesion Size

In the control case, the largest possible lesion is obtained by keeping the MTT at +63°C
whicl is the point where tissue boiling occurs, In this section we limit the MTT to a lower

temperature and observe the effect on the lesion size.

Procedure

The procedure is identical to the control case except that the MTT is limited to +43°C

instead of +63°C. The simulation is done over a period of 60 s.

Results

The results are shown in Fig. 6.14. The calculations show that even after 60 s, the lesions are
still progressing, but at a slower rate than before. The lesion volume with the lowest MTT
is roughly everywhere 50% that of the control case. Both the depth and the width of the
lesion are reduced significantly. This difference increases with time. The resistance values
after 60 s are 81.3 and 75.5 Q, again a small difference compared to the lesion difference. The
two voltage functions display the same decreasing behavior with time, only their levels differ.

For the lowest MTT the voltage varies between 83 and 90% of that for the other case.
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depth (D) and volume (V). Middle: electrode resistance. Bottom: voltage.
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Interpretation of the Results

A temperature increase of +43°C corresponds to an absolute temperature of 80°C in the
tissue, Obviously, this is more than enough to produce irreversible damage. Yet, the extent
of the lesion is only half of what it is when the MTT is +63°C. This highlights the importance

of heating the tissue as much as possible in order 10 muaximize the lesion,

6.7 Effect of Electrode Depth Inside the Tissue

A paraeter that certainly has an tmportance in the process of ablation is the depth at which
the electrode is pushed inside the tissue. Unfortunately this parameter is not coutrollable by
the operiator, It depends partially on the pressure that is applied on the catheter and partially
oit the properties of the tissue itsell: its toughness and the irregularity of its surface. In order
o assess Lthe significance of this parameter, a simulation is performed where the electrode is

placed deeper into the tissue than for the control case,

Procedure

The simulation is essentially the same as for the control case except that the electrode tip is
2.5 mm below the tissue surface instead of 1.25 mm. The calculations are done over a period

of 60 s.

Results

The results are shown in Fig. 6.15. Both the depth and the width of the lesion with the deep
clectrode are larger than the control case. The lesion with the deep electrode is 65% bigger at
10 s and 53% bigger at 60 s than the control case. The electrode resistance is initially 97 Q,
4% more than the control case. However after heating, its value decreases to 68.8, compared
to 75.5 £} for the control. The necessary voltage is lower for the deep electrode than for the
control case. Again, it is initially high (37.4 V), drops by 25% at 5 s, and gradually stabilizes

to its lowest value (22.5 V, 60% of initial voltage).
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lesion width (W), depth (D} and volume (V). Middle: electrade resistance. Bottom: voltage.
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Interpretation of the Results

When a given electrode is pushed deeper inside the tissue, the SAR distribution at the tip is
not siguificantly changed. This is because the conductivity of the blood and the tissue are
relatively close in value. Therefore, this cannot not be the cause for the difference in lesion
gize observed here. On the otlier hand when the electrode is deep the hot spot created in the
tissue is not confined at the electrade tip but extends along its sides as well, This facilitates
lesion progression sideways and results in a wider lesion. Of course the lesion is deeper when

the electrode is pushed further inside the tissue,

6.8 Discussion on the Simulations Results

The modeling offort described above dealt with the identification of the relative influence of
various parameters during RF ablation, A summary of the main findings is given here.

First of all. it has been clearly demonstrated that the RF ablation technique is superior to
hot-tip ablation in terms of the lesion size it can produce. Fig. 6.6 (p. 93) shows that with a
2 mm electrode heated to +63°C, the tissue temperature is lower than with RF ablation with
only a 1.25 mm clectrode, The difference is significant as shown in the figure and justifies
the extra effort of using RF ablation. It must be kept in mind however that the temperature
distribution presented is the optimum achievable with RF ablation. In practice, it might
not be easy to reach that point. On the contrary, with hot-tip ablation no optimization is
necessary, apart from the temperature control of the electrode. Nouetheless, the evidence
strongly supports RF ablation as a superior technique.

The modeling results reveal that in general the lesion progresses as long as power is
applied, up to durations of 120 s. Of course the growing rate has a tendency to decrease
with time (except with constant voltage). This means that in the model considered, the
steady-state distribution is reached after a period longer than 120 s. Oune of the reasons for
this is the temperature dependence of o. As tissue heats up, the SAR distribution changes
which forces the temperature distribution to change accordingly. Notice that in the case of
Jhot-tip ablation, the steady-state temperature distribution is reached much faster.

It is worth noticing that in all cases where the largest lesion is sought (MTT is maintained

constant), the applied voltage functions were similar. That is, the voltage is high for the first
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5 s, decreases by 25% at § s, and then gradually to -10% at 60 s. It is quite interesting that
this is almost constant in all cases. This finding may represent a certain interest in practice.

Another general observation is that the electrode temperature is sipnificantly lower than
the maximum tissue temperature (see for instance Fig, 6.0, p. 99). The reason for this is
the blood flow which has been shown to have an huportaunt cooling eflect (Fig, 5.0, p. 77 1
follows from this that the electrode temperature is not a good indication of the ML unless
some kind of correction is uswd, On the other hand, the electrode resistance is closely related
to the MT'T but not to the lesion size. This inding may be of interest in practice.

The geometry of the clectrode used for RE ablation is vue of the sigaificant parineters
that can be selected by the operator. Specifically, the effect of the tength, the radius and the
shape of the electrode have been studied and the results are summarized here,

The use of an electrode with a larger radius is an effective way of enlarging the tesion,
The improvement comes mainly from the SAR distribution which becotnes less abrupt whea
the radius is larger. Going from r = 1.0 mm to r = 1.5 mm can increase the lesion after
60 s by 60% (Fig. 6.7, 95). Morcover, the advantage of using a larger radius is visible right
at the onset of heating and for the whole period. Using a flat-tip clectrode instead of one
with a hemispherical tip produces the same type of result. The SAR distribution results in a
significantly larger lesion. This finding is of importance because it is not always possible to
enlarge the electrode radius.

Increasing the electrode length enlarges the lesion in a different way. For short duration
of power application, no real difference is visible because the distribution of the SAI is not
changed much (apart from a multiplicative factor). However, the lesion with i longer electrode
grows at a faster rate. This is due to the increase in the convective loss. Consequently, no
benefit can be aobtained by using a longer electrode over a short period. Significant benefit is
obtained if the application lasts long. This is quite different from the case where the electraode
radius is enlarged. The modeling results show that after G0 s, increasing the leagth from 4
to 10 mm produces a larger lesion than increasing the radius from 1.25 to 1.5 mm (compare
the figures in p. 95 and p. 98). The increase in power requirement is important due to the
teduced resistance and reduced SAR of longer electrodes. N
The investigation of the effect of a suboptimal MTT reveals a strong influence of this

parameter on the lesion size. In the case of interest, the lesion turned out to be 50% smaller

111



when the MI'T s reduced from +63 to +43°C (p. 107). All that is produced with an applied
voltage that is between 83 and 90% of the optimum voltage, depending on the time. It shows
that the valtage must not vary much from its optimum value in order to produce a large
difference in the lesion,

The study of constant voltage excitation reveals interesting results (p. 104). Over the
whole duration of heating the lesion progresses lincarly, with a rate proportional to the
applicd voltage. At high voltage, the growing rate is high but the power must be interrupted
carly to avoid overhieating. ‘The aclievable lesion turns out to be smaller than for a lower
voltage which can be applied for a longer period of time. The results also show that a small
difference in the voltage leads to a large difference in the size of the achicevable lesion and the
titne to produce it. 11 the time of application is limited, the highest voltage which does not
exceed the AMUTT litnit shoudd be used. Yet, the lesion achievable with a constant voltage are
20% smaller than the optimum lesion achievable over the same period.

The depth of the electrode turns out to be a determinant factor in the lesion size (sce
Fig. 6.15, p. 109). Unfortunately, this is not a parameter that can be controlled in practice.
In the simulations performed here, its effect on the lesion are larger than the effects of the
other parameters considered. Ou the other hand, the variation in the depth should not affect
the nature of the conclusions reached about the effect of the other factors. Only their relative
magnitude may be altered.

The shape of the lesion is apparently not something over which much control can be
exerted. At early times, the various electrode geometries produce slightly different width to
depth ratios, varying roughly between 1.5 and 1.7. As time progresses, these diminishes to
about 1.35 and 1.5. Obviously the geometry of the model and the thermal transfer phenomena
dictate this behavior. Similarly, the lesion sharpness decreases with time (Fig. 6.2, p.88), but
there does not seem to be any ways of avoiding this.

The simulations carried out in this chapter provide a new insight into the mechanisms of

RE ablation. The extension of these results to real life ablation is discussed next.

6.9 Recommendations for RF Ablation -

It makes no doubt that the results obtained in this study must be extended with care to

the real-life. In order to be tractable, a number of simplifications had to be included in the
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model. In view of the complexity of the matter and the nuber of factors coming into play,
the significance of all results must be confirmed experimentally. Yet, the simulation results
can advantageously be used to orient the experimental work. Indeed, it is much easier Jdo
carry out experiments when one knows exactly what to look for. The expertise and resources
necessary for experimentad work of this nature is unfortunately not available for the time
being. 1ln the mean time, we offer here a few comuments based on the results of the theoreticad

analysis which may maximize the lesiouns.

o The catheter electrode should be as long as possible, and as big as the application

allows. The level of the applied voltage must be adjusted accordinglys
e An clectrode with a flat tip is superior to an clectrode with o spherical tipy
o The power should be applied as long as possible since the lesion grows continnously;

s Modulating the voltage can produce considerably larger lesions. The preferred approach
is to apply a relatively high voltage {and power}) at the onset and decrease it gradually

during ablation;

e A correction must be applied to the electrode temperature in order to evaluate the

tissue temperature;
o The electrode temperature alone is not a good indicator of lesion size;

o With modulated voltage, the electrode resistance must not be used as an indication of

the lesion size but as an indication of the tissue temperature;

o With the application of a constant voltage, the clectrode resistance should vary contin-

uously indicating tissne heating and lesion progression;

Some aspects of the problem which turn out to have a considerable importance on the
lesion size will always remain more or less uncontrollable: the depth of the electrode inside
the tissue, the variability of the tissue properties, the instability of the contact. One has to
accept these inherent limitations of the technique. On the other hand, some ifsuns hrooght
up in this study may prove to have a practical significance that has been neglected in the
past. It is the case for the electrode geometry which undoubtedly affects the lesion size. It is

also the case lor the electrical excitation and the clectrode resistance.
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In practice, the electrode resistance has two componeats: the resistance of the heart and
lung tissues which has been calculated in this study, and an additional contribution from
the fut and skin layers which is not known. Qbviously, these act as a voltage (and power)
divider between the two electrodes. The effective voltage appearing across the heart layer
{(the one considered in this study) is therefore only a portion of the total applied voltage. 1t is
possible, by making a few resistance measurcinents before ablation is performed, that the fat
compouent could be quantified. This information, in conjunction with the simulation results,
would help in the evaluation of the magnitude of the voltage to be applied. Furthermore,
since the optimum voltage modulation is practicatly always the same in all cases studied here,

this modulation could be used with a potential improvement of the outcome,
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Chapter 7

Conclusion

7.1 Summary of the Research

In this research a theoretical approuch is used to iuvestigate the RF ablation technigue.
There are a few reasons for this. The first one is the absence of reliable theoreticad results
to support the experimentid observations reported in the literature. Another reason is that
a theoretical approach provides a more thorough understanding because it permits to study
individually the effects of various parameters. Finally, an experimental research necessitates
medical expertise and equipment that is considerably more important than what is readily
available,

The model of ablation is axisymmetric and consists of an electrode coming in contact at
right angle with a slab of homogencous heart tissue. The blood flow around the electrode
is also considered. The most appropriate values for the physical properties in the model are
determined after a review of the literature on that subject. The thermal lesion is calculated
with an expression developed to predict the extent of human skin burns and is based on the
phenomenon of protein denaturation. A numerical simulator based on the method of finite-
elements is developed to solve the differential equations governing the physical processes
of interest. The complexity of the simulations (time-dependence, non-linearity, coupling of
electrical and thermal problems) is such that no analytical methods is available to validate the
software in a convincing way is available. Because the whole research relies on the modeling
software, an experimental proof of its validity is sought. -

The experiment consists in comparing the predicted and measured electrode resistances

and temperature distributions produced by RF ablation on a tissue-equivalent material,



Tissue-cquivalent watenal, developed during this work, is used because of the repeatability of
its propertios, A thermographic camera is used for temperature measurements. Continuous,
modulated and pulsed electricad excitations are considered. ln all cases a good agreement is
obtained which condirius the applicability of the software to the study of RF ablation.

Preliminary ealeulations are performed with the simulator in order to assess the signifi-
cance of & number of factors, These calculations lead to the identification of the blood flow
and the temperature depedence of the conductivity as two signiicant factors that must be
cousidered in the modeling,

The investigation of RE ablation as such is carried out by calculating the effects of a
nutber of parameters taken in solation. Among the parameters under study are the elec.
trode peatiietry awd voltage modulation. The time evolution of the lesions are presented.
Comparisons with a common coutrol case reveal how increasing the length and the radius
of the ¢dlectrode can produce larger lesions. The results also reveal that the use of a flat-tip
clectrode is preferable to a spherical tip. The lesions obtained with the optimum voltage
modulation are shown to be considerably larger than with a coustant voltage.

The objectives of this work have been realized. A numerical model for the calculation
of the time-dependence of the lesion produced by RF ablation has been developed. An
experimient has been realized to confirm its validity. The software has been used to study
the effect of various factors on the final lesion and recommendations have been formulated
to improve the existing procedure. The theoretical results of this thesis are the first to be
published and can certainly help the investigators of the RF ablation technique who rely on

an experimental approach.

7.2 Future Work

It is the anthor’s opinion that the jesions currently produced clinically by RF ablation are
not maximized. A thorough experimental research should be undertaken in order to assess
the full potential of the technique. In light of the results presented here, those studies could
be more focused and eflective than those presented so far in the literature. However one
must realize that experimental research of this nature involves many people, is complicated
to set-up and is costly. It is not clear whether the potential benefit of better controlling the

procedure outweighs the cost of the research.
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The author does not think that further theoretical work on the lesion formation process
itself is justified. The major aspects of the procedure are fairly well known now. The
uncontrollable factors naturally oceurring during ablation seem too numerous and important
to justify more in-depth anadyses.

New methods of catheter ablation of the myocardium using wicrowave energy hive boen
suggested recently. A lot of issues on this topic remain to be clarified: can it really be superior
to RF? 1s it at all feasible with the existing technology? What type of antenna should be

used? These can constitute interesting avenues for further research.
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Appendix A

Quasi-Static Approximation for
the Electric Field

The following presents a justification for the use of Equation (3.2) to obtain the voltage
distribution. Interesting discussions about the quasi-static approximation can be found in
[95, p.455].96, p.225],[07].

The solutions for clectromagnetic ficlds comprise a phase delay term of the form

kRY  JkR)®

-3kt _y _anp ( _ J

< =1-jkit 3 7

which describes the retarded nature of the harmonic fields away from the sources. Close to
the sources, when kR << 1. we have ¢/ = | and no retarded effect is observed. That is,

the field solution is everywhere in phase. much like the situation obtained for static fields.

This 1s the quasi-static approximation whicl transforms Maxwell's equations into:

-vV

tmy
[H

= p

v.
v.J

—Jjwp

where the conventional notation has been used for the variables. ” Using the constitutive
relations we get

v-(c+.i) vV =0. (A.1)
ju -

In aur application, it is required to compute the power dissipated in the tissue by the electrical

current. Due to the geometry, most of it is deposited very close (< 1 e¢m) to the catheter
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electrade. Using published data for the heart's electricad propertios at 1 MUz (Chapter 3)

we have: ¢ = 2104, ¢ = afug = L1 10Y K = W gl = Jd), and
k=224 - 308",

With & = 1074 m, we get AR << 1 and the guasi-static approximation is justified. Purther
more for heart tissue we have

.

"
T > 0

We assume that ¢

is negligible with respect to ¥ and we can use the approximation
V.a¥xV' =0

instead of {AL1).
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Appendix B

Evaluation of the Heat Transfer
Coeflicient at Blood Interfaces

This appendix derives the value of & at the interfaces where blood is flowing (electrode and
heart). For simplicity, it is assumed that the prevailing conditions are those of laminar flow
over a flat plate. As the situation in the heart is wmuch more complex than that, this yields
only a first order approximation.

When a ffuid is moving over a solid at a different temperature, a transfer of heat occurs
between the two (convective heat transler}. The rate of heat transfer per unit area from the

solid to the fluid has been observed experimentally to obey

¢ =h (Tgolid = Tiuid)
where A (W m™2°C™!) is the heat transfer coeflicient which depends on the interface, the
flow regime, the fuid viscosity and various other factors. Many authors treat the problem
of heat convection and develop mathematical expressions to evaluate &t for idealized cases
[98, 99]. Our particular problem is to quantify h around the catheter electrode. This is a
very complex problem because of its geometry and because the blood flow is complex and
pulsatile. Morcover, all conditions depend on the particular location in the heart where the
ablation takes place. It is therefore not possible to evaluate i with any precision in this
case. Instead, it was decided to compute the order of magnitude of ii. For that, we used the
approximation for a steady, laminar flow over a flat plate. This certainly constitutes a lower

bound for the heat transfer coefficient in our application.
The plate is assumed to be held at a constant temperature. As tlie fluid progresses, its

temperature tends to equilibrate with that of the plate. Beyond a certain distance down the



plate surface, the

balance equation

temperature distribution in the fluid remains constant. Writing the energy

for an elemoental control volume inside the Huid, we obtain a ditferential

equation for the fluid’s temperature. The spatial derivative of the temperature at the solid

liquid interface is

then used to evaluate a local trunsfer cocflicient by an a particular position

z on the plate. An average transfer cocflicieut over the whole plate can also be caleulatel.

It is given by

where

In the above, the

Cp

H

. |n’\'

h = 0.664 PriY Rot/? T
Pr = Prandtlvumber = eppe/k,
Re = Reynolds number = Lep/u.

symbols used are

= specific heat (J kg=' °C™Y),

= absolute or dynanmtic viscosity (kg m™!s™'),

= thermal conductivity (W m=! e,

= length of plate (i),

= velocity of the fluid outside the boundary layer G s7'),

= density (kg m™).

In our case the following values are used:

o cp =180 J

kg™! °C~!, the value for water,

o u=2319-10"% kg m~t s, [5. p.111]

s k=0.55W

o L

e v=0.1ms"

m~! °C!, Table 3.2 p. 3G.

10~2 m, representative of the lesion diameter,

!, conservative value for blood velocity in heart,

o p=1000 kg m™3, value for water.

The value calculated for b is thus:

== 2000 W m~2°Ct,
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As mentioned above, this constitutes a lower bound estimate. The small size of the area of

interest is the reason why his large.
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Appendix C

Time-Dependent FEM
Formulation

This appendix develops the system of equations that must be solved to obtain an approximate

solution ¢' to partial differential equation (3.7) which is repeated here:

- Sl o .

1-(«a)=1vo+QW+w=u. (C.1)
Depending on the values of P,Q.¢ and &, this general differential equation is used to calenlate
the electrical potential V or the temperature T. For the clectrical problem,

o = V (V)

P = o (Sm™l)
Q

= 0
o= 0
and for the thermal probiem,
e = T (°C)
P = I (WmleC™t)
Q = =-pe, (kgm™>)d kg™!°CT")
¥ = heat source (W m™?).

The spatial operator is treated with the FEM and a time-stepping schemne using the

FDM approximation resolves the time dependence. It will be assumed here that ¢ and 9
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Figure C.1: Drawing of a generic 6 node triangle e with node nuimbering and local coordinates.
See [101].

vary with time but that all other quantities including the boundary conditions are fixed. For
the thermal problem, this corresponds to computing the time variable temperature of a fixed
medinm heated with a time variable heat source. The details of the C programs are in [100].
The development presented here in mathematical language has been briefly summarized in
plain words in Chapter 3.

In this research, (C.1) has been solved in cylindrical coordinates (r,#, z) assuming axial
symmetry /38 = 0 so that the domain of interest is the half-plane —o0 < 2 < 00, r > 0. The
domain is divided into a mesh of second order (6 nodes) triangular elements as described in
[101, Chap. 4]. Notice however that the node numbering scheme used there differs from this
one. The first section gives a detailed description of the second order triangular elements,
their local coordinate system, and the basis functions defined over them. In the following
section, the development of the system of linear equations for (C.1} is carried out. It contains

three generic matrices whose computation are done in the last section.

‘C.1 Second Order Triangles -

Figure C.1 shows a generic second order triangular element € with the local node numbering
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and the local coordinates {o.(1.¢2) wiich assume vadues 0 <« < 1, For a point {r, ) inside

the triangle, the local coordinates are obtained by:

o= ﬁ(ui + b+ 03) t=4,1,2 (N
with
= P T RN
R T
O = P2 Mg (v
A = arcn of triangle,

The indices must be understood as progressing U, 1,2,0, 1. The basis Tunctions associated to

the nodes are the same second order polynumials as used in [101] and are defined by:

alrz) = F -G
a{r,x) = W -G
axrz) = -G
as(r,z) = dQ (CH)

Q.‘(I",.'.') = “1(:1(;'2
as(r,z} = 4¢ol2-

For clarity, the (r,z) dependence of the basis functions will not be explicitly shown. Each
a; has local support on the triangle, is equal to 1 at its associated node and to 0 at every
other nodes. The @;’s are therefore incfepcndan Figure C.2 shows plots of some of the
basis functions on two adjacent triangles. This choice of a;'s satisfies the inter-clement
continuity requirement for ¢’ because the 3 nodes on each edge of a triangle guarantee that
only one second order polynomial can describe ¢' on that edge [101, p.108]. However, the
first derivatives of the basis functions are not continuous between elements?. It can also be

shown that:

=24 cotl; = (bigbiga + cigicisa), - (C.5)

"Node numbering starts at 0 instead of ) for direct compatibility with arrays defined in C.

2This means that the electric field and consequently the SAR calculated in the electric problem is not
continuous between elements. This is not a major limitition, as far as the thermal problem is concerned, if
the triangles are small enough. See also Section C.4.
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Figure C.2: Some of the second order polynomial basis functions a;'s used for the expansion

of ¢'.
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24.(cot By + cotbiyn) = (b,‘ + (‘,‘) .

and that,

“
-

r=y n, {0.46)
v=0
E I
RS T A mielp! .
/lku Gy Gy 4 ‘mintpran (.7

where §; is the internal angle at vertex ¢ and the index v denotes the triaugle vertices (local

nodes 0,1,2).
C.2 Development
Let us take over {from where we left in Chapter 3 by rewriting Fq. (3.7
4 TR il . U('J)' ; . .
Pj{ 3,56 - d5 - pﬁ v, T d +f‘ QoS + vy v = 0. (C.8)
5 . .

With the assumption of axial symumetry, ¢' and ¢ refer respectively to ¢'(r, = 1) and ¢{r, 2, ).
Let us recall here that ¥ corresponds to a source term and is a known function. Velume

integrals are replaced by surface integrals in the (r.2) plane as follows:

ﬁ_f(r,:}d\'

j fir,z2) rdrdfd:
v

‘2#]]}'(:‘,:) rdrd:. (€.9)

Similarly, closed surface integrals become line integrals in the (r, ) plane:

fﬁ(r,:)-dg = fﬁ(r,:)-ﬁ rdf dl
5 5
= 2#}!5}'(1‘,:)-'& rdl (C.10)

where ¢ is the contour in the (r,z) plane, 2t is a unit outward vector normal to ¢ and df is

measured along ¢. Rewriting (C.8) with (C.9) and (C.10) we get;

2P j{ BN ardl -

-2:.-11// VA, V¢ rdrds + T Cay

o' o
2 j f (Qﬁ,,-aT +wﬁ,,) rdrdz = 0.
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Let the domain in the (r, 2) plane be divided into a triangular mesh with N nodes and
NTR triangles. Lot us expand ¢ as follows:

NN

¢'= > u(t)adns) (C.12)

=0
where the only unknowns are the ()’ For clarity again, the explicit time dependence of
w;'s will not be shown, Next apply (C.12) to (C.11), drop the 27, use the Galerkin method

(13, = ay) and decompuose the integrals into summations over every triangle®. Equation {C.11)

becomeoes:
Nik-1 AN=-1
Z {I’,fn,,\"\ﬁ' srdl - P, jj Va, -V ( Z u.(t,) rdrds 4+ (C.13)
e=U ¢ ¢ =0

NN-1

Q'_[,[“"g?( z u,nl-) rclrd:+f/(\q¢'t rdrd:} =0 g=0,NN -1,
* =0 €

Dy using ¢ = 0, NN = 1, a total of NN equations are obtained and the system can be solved.
From now on subseript . refers to triangle e,

A very siguificant simplification is possible if one uses the local support property of the
a;'s. In fact, the integrals over triangle ¢ vanish if @ and a; are not associated to the nodes
of ¢, Cousequently the zi\;’g“ can be replaced by °7_, where ¢ refers to the local nodes of
¢. Similarly, ¢ needs only assume values from 0 to 5 again referring to the local nodes. With
this observation, the NTH triangles can be considered independently, and their contributions
properly assembled as rows and columns of the final system of equations in a sequential

manner. Furthermore, over a single triangle, ¢ can be expanded as (sce Section C.4}):

5
Ye = Y well}air,z) (C.14)

=0
where as mentjioned above the w,,’s are known. From now on, the contributjon to (C.13) of a
single generic triangle will be considered. The expressions will be written as equations but
it must be understood that the equality holds only when the contributions of all triangles are

summed. The sign = will be used to remind this important fact.

3The contour integral poses a problem because the gradient of ¢° is not continuous between triangles as it is
the case for the exact solution ¢. However, let us simply assume that it is continuous, so that the contributions
from adjacent triangles cancel each other. This is equivalent to ignoring this integral except on the boundary

of V.



Simple wmanipulations of the left-hand side of (C13) and the use of (C6) o replawe ¢

yield
5 du
Pch‘\‘ + E (_ .fst.‘lul + QCT\‘I'&T" * T\‘l“'n) = Q= u-r‘ “\‘l‘r"‘
=0 .
where
S foa T = B,
ll:u (S
3
E . /f GVag - Vaoded: = 85, (s
v=tl Ve
3
Er‘. ff wtgtydrd: = T,
vz=0 F

For cvery triangle, (C.15) is o system of 6 ODE's in u'sc To eliinate the time detivative

and transform it into a set of algebraic equations, discretize time as follows [102, 103):
t=nAt¢ n=0.1...

All time variable quantities X () become X(n) at ¢ = n At denoted XM Lot us noxt use the
variable-weighted implicit formulation to locate the spatial operator of (C.15} at t = (n4 r)At,

0 < » £ 1. The time dependent quantities are linecarly approximated as:
yintr) o (1- r].\'(") + rXinth (C.A7)

and the time derivative calculated by

d_\-(n-l-r) -k-{n+l} - X(n]

_— R — C.ls
di Al (¢-18)

When 7 is 0 and I, {C.17)} results respectively in the backward difference and the forward

difference approximations®. Using the time approximations in (C.15) yields:

5
P.By+ Y { — PeSyi (1 = r)ul™ 4+ rulF) 4 (C.19)
o

Lrt _ L (m) .
QeTh (-—-—‘——A-!-——-'——) + Ty ({I - T)wi:‘j + ng"i' ))} =) q=0,5

*It can be shown that the best accuracy is obtained when r = 0.5 {Crank-Nicolson scheme). For linear
approximation over triangular elements, the Crank-Nicolson scheme is stable for any time step Al chosen,
although for large At there may be unrealistic, decreasing oscillations in the calculated time seaponae (nee
[104]). In this study, time step is decreased to confirm that the solution is not oscillatory. For more an
oscillations see [162].
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which alter rearrangement leads to

Pl + L { (Q rl...'q.) wi (C.20)
¢ 9 a4 An) () _ae
{r - ]”nm"‘.s_fw ('U_T)“ +Tu ) =0 Q“U\‘)‘

Lot us recall here that this Bual expression represeuts the contribution of o generic triangle
to Eguation (C.13) and that = denotes equadity when all contributions are added. The indices
g and ¥ run from 0§ and refer to the local node numbers. This set of algebraic expressions
contributes 6 unknowns and 6 equitions to the finad system. The unknowns are the u's
evaduated at thme step (n+ 1),

A ditficulty arises concerning the terms in s which represent the heat sonrce for thermad
problems,  Indewd, the equation reveals that in order to caleulate the temperature at the
coming time step (2" ), vue must have a knowledpe of the source at that time iy,
But the distribution of the heat source depends on the voltage distribution, and hence on the
temperature itsell because of the temperature dependence of the conductivity. To resolve the
situation the treatuent of the heat source is done as follows. The electrical power distributed

by a unit source, u( '

is calculated at a given time step, once the temperature for that time
is known. The voltage modulation is considered by wultiplying the unit power distribution
by a scalar modulation parameter, mod!™), which nunterically is equal to the square of the
voltage value. Moreover, the unit [m\mr distribution at the coming time step is assuned
equal to that at the current time step w, ' = w{ n+l . Clearly. this approach is justified only
when the time step is small.

With this treatment of the source terms, and using the notation {-} for a matrix and {-

for a column vector the triangle contribution becomes:
P(B + {%(T) - rP,(S)} (ulr+t) = (C.21)
{(1 rIPS) + - (T)} (" —(T) {(1 - Tymod ™ + r mod!™ !} {w,!™

It now remains to develop the generic matrices (S), (T), (B.
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C.3 Generic Matrices

It turns out that the generic watrices can be obtained from situpler element-independent
watrices that can be computed onve and for all.
Generic Matrix (S)

Equation {C.16) gives

i)

bqg = \“ Fy fj [N% v(‘q v(“ l!r |I\\ tL“\J‘-‘
\-Ll
Because axial synuuetry is assuined, we have
d J ¢
N = ll. Jt- + “‘l)" -:.'\n
By the chain rule,
d = g d¢
‘ll_l = (l\x(\l ,“,‘)
Jr dg , or "
and similarly for dagfdz. Using (C.23). (C.L-l) and (C.2) and combining terws (C.22) be
comes
()u,,. da, .
Se Zr‘ff“_ ) G g bt ey drid (C.25)

Using (C.5) o develop the expression undur the double summation we can replace these by

a single one and obtain:

= Z ry Z Q cot f;, {C.26)

v=0
where
da, do, ) ( da, da, ) -
1_ =y s . - - l[—: ((-.'
L 2:, f/ (0(.;.-«:-1 i) \ 0oy Ban ) )

The Q"" s do not depend on absolute triangle coordinates and ean be computed vnee for all,
Furthermore. using clever row and column permutations [105}], it turns out that all Q""’s can

be generated from Q% and Qq,» sa that only these two need to be stored, Further detatls are

qr
given in [100].
Generic Matrix (T)

From equation {C.16):

Tm' =24, Z rDR:;I

v=0
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where

) 1
R““ = E—{://e (eagu, drds.

the &y do not depend on absolute triangle courdinates and can be calculated once and for
all. Again, £}, and &3, can be obtained by applying row and column permutations to Ry, so

that only this one needs to be stored {105]. Details are given in [100).

Generic Matrix (B

From (C.1G) we hava
Be= 3on faa e adl
vl ¢

tt reprosents integration over the perimeter of triangle ¢ and # is a unit outward

wlere §, ¢
normal veetor. Considering the assumed continuity of T, it is easily seen that the contribu-
tion to B, of all the triangles cancel except for those triungles that have an edge lying on an
external boundary. It follows that By need only be calculated for those triangles. Assuming

that at most one side of each triaugle lies on a boundary, the contribution becomes:
N 2 k+l L. .
By = Zrl./k Cuag Vo' - nudl (C.28)

vl

where nodes &k and &+ 1 (k = 0, 1,2.0) identify the edge on the boundary. It now remains to
develop b‘f; for Dirichlet. Neumann and convective boundaries. Figure C.3 shows a generic
triangle ¢ with one edge on a boundary and the node identification used in the following

developments.

Dirichlet boundary condition: In this case, ¢ is known at nodes £, j. &k + 1. Therefore,

the system has no lines corresponding to g = &, j, k + L. We have:

Bk
ko k42
B-: - .+
Bysy

. BH—?
But on edge k, &k + 1, the basis functions ag42, 0,41 and )42 all equal 0 so all B,’;'s vanish.
Notice that u; is defined on Dirichlet nodes and (u™ must contain these values for the

right-hand side of (C.21) to be evaluated properly.
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Extarnal Boundary:
-Dirichlat,

/ -Noumann,
-Convactive.

k = 0,1,2 cyclic
} = 3,45 cyclic

Figure C.3: Generic trianple ¢ with one edge sitting ou a boundary,

Neumann boundary condition: For this case, V¢’ i = Cy on edge k k4 1 wher € is a
known constant. All 6 nodes of triangle ¢ are unknown, so that the final system of equations

contains a line and a column for each of them. Equation (C.28) becomes:

. 2 k+i 2 k41
[}q = Z ruck/ Cl'nq ‘H = (7,; Z rll] C"n’l ‘“'
v=0 k v=U k '

This expression can be recast as follows for an easier evalnation:

2
BY = Cudi Ly, 1E =N roar,

w={)

with:

ok 1 k+1
M® = a./k Cutry dl.

The M,;""s are independent of the triangle shapes and can be computed once and for all.
Moreover, they can all be obtained from M™ and M by proper row and line permutations,
y : S¥ by proj
More details can be found in [100]. In the above d; represonts the absolute distance hetween
p

nodes kand £ + 1.

Convective boundary condition: This type of houndary is encountered in thermal prob-

lems. The situation they represent is that of the interface hetween a sofid and a flowing finid
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with a cunstant temperatare. 1t has been found experimentally that in suech a case, the
gradient of the temperature at the surface is proportional to the tewperature at the surface

itsell. In mathematicad tenns we have:
I U
vl-a= I(lu—l )y

where 7 is the unknown temperature at the surfuce of the solid, 7y is the known fluid
tewperature, K is the thermal conductivity of the solid and & is the heat transfer cocfficient
characterizing the particular interfacial conditions (see Appeundix B). Using the notation of

the peneral differential equation we have:
Vo' it = Clog = ¢')

where Ci = hfk The expression for B: becomes:

: k4t
B!; = Z r,_,‘/k CotrgCil g — ¢') dl.

v=0
After expansion of ¢ into its weighted basis functions and using the finite difference approx-

tinations at { = (n + 7)1 we obtain:

5 5
BY = Cudioolk 4 Cudidr = 1) ulINE — Cudir 3 uf"PVNE

=0 =0
where
! 1 k+l_
]:,-" = a-/k Cvagn; dl
k41
AL = d—lk /; Coorg dl
vk - k
Mo = ZTUI:I'
uv=0
2
Ly = St
v=0

Again the Ir:',-"' can he computed once and for all and can all be obtained from I,?f] so that
ouly tiis one must be stored. The contribution to the final system of Equatioh (C.21) of a

triangle with one edge on a convective boundary is thus;
— P.Cidir (N®Y (@) 2 PCdi(1 — 1) (N¥) (ut) = P.Crdybo (LK.
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In this section, the treatiment of the boundary conditivns las been presented. The finite
element progrimn must include the necessary steps to incorporate this wmformation into the
final system of vquations. This procedure is facilitated by considering o mesh whose triangles
contain at wost one edge on an externad boundary, However, it may happen that o particular
node located at the intersection of two portions of the external boundary, assume two ditlerent
boundary couditions in two adjacent teiangles. These situations reguire a special treatient,

More details about the computer implementation in general are given iu fO0).
C.4 Joule Loss

We want to evaluate the we in (C.14)0 e generad, Joule loss (o, W w4 is expressed as

—

vinz)=J - E=af .}

(* ')l))

The solution domain is subdivided into triangles. Over every triangle, we van associate
Ve(C0s €1+ C2 ) In this case, ¢ is continuous in its triangle because ¢f is a second order funetion
of the local coordinates and therefore can be differentiated once. However, since only the
continuity of ¢’ and not of Vo' is guaranteed between adjacent triangles, v ts not contineous
there. This is not a major problem if the elements are small enough. Since the ¢ is of second
order in the local coordinates, so is v. Therefore, the value of ¥ at only § points is required
to uniquely determine its value over the triangle. Those G points can be conveniently chosen
as the 3 vertices, and the three middle points of the edges, as before. The expansion {C.141)

follows:
Yo = 3_welt)a,(r,2). (C.30)

Using (C.12) to develop (C.29) we get:

5

5
e = O Z U, Z i, (Va, - Va,).

g=H =u
Using the same type of development as for the generic matrices we obtain:

5

Je
t:'-"'c 2 1: Z uq Z qur”(g(h(ﬂ!g?)

q=0 =N -

2 ) . . ,

o thx du; it
‘=Ecol9.( ek S ”)(( LR J)_
vt "\0esr 00k 1 Oy
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The f3,'% are cast as separate C functions in the program. The w's are calculated by solving
Ve at the appropriate (g, (1. ¢2) corresponding to the six nodes of the triangle. Since 1, is

not continuous between adjacent triangles, 6 wy,’s must be stored for every triangle.
C.5 Resistance
The resistanee R is given by
=1/
assumaing the applied RAMS voltage is one volt, 1V is the total dissipated power and is given

by
NTR—1

u-‘:f al Ef? .n‘:z:/fajfl‘-‘ rdrd== 3 WY
v e=U
Over every triangle

We = 2::/]0,[@"' rdrdz,

5
E = - Z u,-Vu,‘.

=0

where £ is given by

Using the same type of development as for the generic matrices,

5 5
W, = 2na, Z Uy z u; Sy
q=0 1=0
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