UNIVERSITAT = | ==
POLITECNICA = =
DE VALENCIA B

UNIVERSITAT POLITECNICA DE VALENCIA

DEPARTAMENTO DE INGENIERIA ELECTRONICA

Computational Models and Experimentation for

Radiofrequency-based Ablative Techniques

“Modelos computacionales y experimentacion

para técnicas ablativas por radiofrecuencia”

Ph.D. THESIS

Ana Gonzélez Suérez

ADVISORS

Dr. Enrique Berjano Zanon
Dra. Macarena Trujillo Guillén

Valencia, January 2014






“I am among those who think that science has great beauty. A
scientist in his laboratory is not only a technician: he is also a child
placed before natural phenomena which impress him like a fairy
tale. We should not allow it to be believed that all scientific pregyre
can be reduced to mechanisms, machines, gearings, even though
such machinery has its own beauty.”

— Marie Curie. During a debate in Madrid ‘The Future of Cultute33)
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Abstract

Ablative techniques based on radiofrequency (RFgrggn are used to
produce a safe and localized heating of targebgioél tissue. In recent years there
has been rapid growth in the number of new megicatedures employing these
techniques, accompanied by the emergence of nestrade designs and energy
delivery protocols. However, there are still mamkmnowns about the true electro-
thermal behavior of energy applicators, along vattergy-tissue interaction issues
in specific applications.

The main purpose of this PhD Thesis is to gainteebaenderstanding of the
electrical and thermal phenomena involved in thegtihg of biological tissues by RF
currents, in order to improve the efficacy and saéé the techniques currently used
in clinical practice in different areas, such agd@ surgery, oncology and
dermatology. An additional aim is to suggest tedbgical improvements for
designing new applicators. The Thesis combinesrethodologies widely used in
the field of Biomedical Engineering: computatiomabdeling (mathematical) and
experimental (ex vivo and in vivo) tests.

Our cardiac research was focused on improvingapterative ablation of
atrial fibrillation by an epicardial (minimally irasive) approach. To do this, we
used mathematical models to assess an impedanceimeent system as a method
of quantifying the amount of epicardial fat prespnibr to ablation. We also studied
how to improve ablation of the ventricular wall ngian endocardial-endocardial
approach (interventricular septum) and an endogbegiicardial approach
(ventricular free wall). This involved comparing neputer simulations of the
efficiency of bipolar and unipolar modes of ablatia terms of the transmurality of
the lesion across the ventricular wall.

Surgical oncology focused on RF-assisted hepasect®n. RF heating
techniques should be able to minimize intraopeeatileeding and seal vessels and
ducts by creating a thermal coagulative necroktbid heating occurs in the vicinity

of large vessels, there is a risk of damage touwhssel. Using mathematical models




and in vivo experiments, we evaluated whether fifecieof blood flow within a
large vessel would be able to thermally protectvitaf when RF-assisted resection
is performed in the vicinity. We also conducted paomational and ex vivo and in
vivo experimental studies on the electro-thermahavéor of bipolar internally
cooled RF applicators. These are a safer altee&tithe monopolar applicators due
to the fact that RF currents flow almost exclugivéirough the biological tissue
between the electrodes.

The dermatological area focused on improving thatinent of disorders of
the subcutaneous tissue (e.g. lipomatosis, liped&fadelung disease and cellulite)
by a theoretical study of the optimum dosimetrydach case. For this we evaluated
the electrical, thermal and thermo-elastic effeotstwo different structures of
subcutaneous tissue during RF heating, as wellhastitermal damage to both

structures after heating has been quantified.




Resumen

Las técnicas ablativas basadas en energia porfrediencia (RF) se
emplean con el fin de lograr un calentamiento segudocalizado en el tejido
biolégico. En los dltimos afios ha habido un rapidecimiento en el nimero de
nuevos procedimientos médicos que hacen uso dadigtnicas, lo cual ha ido
acompafiado de la aparicion de nuevos disefios déroeles y protocolos de
aplicacion de energia. Sin embargo, existen todawiahas incOgnitas sobre el
verdadero comportamiento electro-térmico de logcapbres de energia, asi como
de la interaccion energia-tejido en aplicacionexmias.

El principal propésito de esta Tesis Doctoral egjuait un mejor
conocimiento de los fendmenos eléctricos y términaslucrados en los procesos
de calentamiento de tejidos biol6gicos medianteiemtes de RF. Esto permitird,
por un lado, mejorar la eficacia y seguridad detéasicas actualmente empleadas
en la clinica en campos tan diferentes como lagfaricardiaca, oncoldgica o
dermatolégica; y por otro, sugerir mejoras tecnicklg para el disefio de nuevos
aplicadores. La Tesis Doctoral combina dos metgdatoampliamente utilizadas en
el campo de la Ingenieria Biomédica, como son eHbetamlo computacional
(matematico) y la experimentacién (ex vivo e inojiv

En cuanto al &rea cardiaca, la investigacion seehttado, por una parte, en
mejorar la ablacion intraoperatoria de la fibritatiauricular por aproximacion
epicardica, es decir, susceptible de ser realiziedéforma minimamente invasiva.
Para ello, se ha estudiado mediante modelos matesain sistema de medida de
la impedancia epicardica como método de valoragéta cantidad de grasa previo
a la ablacion. Por otra parte, se ha estudiado admejorar la ablacion de la pared
ventricular por aproximacion endocardica-endoca@rdisepto interventricular) y
endocardica-epicardica (pared libre del ventriculdpn este objetivo, se han

comparado mediante modelado por computador laciicke los modos de ablacién
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bipolar y unipolar en términos de la transmuraliddel la lesion en la pared
ventricular.

En lo que respecta al area de cirugia oncol6gecanvestigacion se ha
centrado en la reseccién hepatica asistida pot.&-técnicas de calentamiento por
RF deberian ser capaces de minimizar el sangradmpreratorio y sellar vasos y
ductos mediante la creacidon de una necrosis cdagulgor calentamiento. Si este
calentamiento se produce en las cercanias de grarad®s, existe un problema
potencial de dafio a la pared de dicho vaso. Ensestitdo, se ha evaluado con
modelos matematicos y experimentacion in vivo sefelcto del flujo de sangre
dentro de un gran vaso es capaz de proteger ténmaita su pared cuando se realiza
una reseccion asistida por RF en sus cercaniasndgjese ha realizado un estudio
computacional y experimental ex vivo e in vivo deimportamiento electro-térmico
de aplicadores de RF bipolares internamente refilys, puesto que representan
una opcién mas segura frente a los monopolarea eretlida en que las corrientes
de RF fluyen casi exclusivamente por el tejido dgato situado entre ambos
electrodos.

Respecto al area dermatolégica, la investigaciohaseentrado en mejorar
el tratamiento de enfermedades o desdrdenes ddd tsjibcutaneo (tales como
lipomatosis, lipedema, enfermedad de Madelung wlitis) mediante el estudio
teorico de la dosimetria correcta en cada case. éllar, se han evaluado los efectos
eléctricos, térmicos y termo-elasticos de dos estras diferentes de tejido
subcutaneo durante el calentamiento por RF, y seubatificado el dafio térmico

producido en ambas estructuras tras dicho caleatami
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Resum

Les técniques ablatives basades en radiofreqUu@REjges fan servir amb el
proposit d'aconseguir un escalfament segur i lzedlien el teixit biologic. Als
darrers anys hi ha hagut un rapid creixement emoribre de nous procediments
medics que fan Us d'aquestes técniques, la qual lsasanat acompanyada de
I'aparicié de nous dissenys d'eléctrodes i protoda@plicacié d'energia. Tanmateix,
encara hi ha moltes incognites sobre el vertadempootament electro-térmic dels
aplicadors d'energia, aixi com de la interaccio rgnegeixit en aplicacions
concretes.

El principal proposit d'aquesta Tesi Doctoral é®naeguir un millor
coneixement dels fenomens eléctrics i térmics icapdi en els processos de
escalfament de teixits biologics mitjancant corsedé RF. Aixd permetra, d'una
banda, millorar I'eficacia i seguretat de les tgoas actualment emprades en la
clinica en camps tan diferents com ara la cirurgadiaca, oncologica o
dermatologica; i, de l'altra banda, suggerir mdfotecnologiques en el disseny de
nous aplicadors. La Tesi combina dues metodologiegliament emprades en el
camp de I'Enginyeria Biomédica, com sén el modelatgmputacional (matematic)

i 'experimentacio (ex vivo i in vivo).

En l'area cardiaca, la recerca s'ha centrat, dhamaa, en la millora de
l'ablacié intraoperatoria de la fibril-laci6 aurau fent Us de I'aproximacio
epicardica, és a dir, susceptible de ser dutanzetele manera minimament invasiva.
Per a aix0 s'ha estudiat, mitjangant models matesyain sistema de mesura de la
impedancia epicardica com a métode de valoracita dpiantitat de greix previ a
I'ablacié. D'altra banda, s'ha estudiat com milldfablacié de la paret ventricular
per aproximacié endocardica-endocardica (septuerventricular) i endocardica-
epicardica (paret lliure del ventricle). Amb aquedbjectiu, s'ha comparat,
mitjancant modelatge per computador, l'eficacias delodes d'ablacié bipolar i

unipolar en termes de la transmuralitat de la lesifa paret ventricular.
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En l'area de la cirurgia oncologica, la recerca £bntrat en la reseccio
hepatica assistida per RF. Les técniques de eswmaitaper RF haurien de ser
capaces de minimitzar el sagnat intraoperatorjékar vasos i ductes mitjancant la
creacié d'una necrosi coagulativa per calfamenagbiest escalfament es produeix
prop de grans vasos, existeix el problema potertgatlany a la seva paret. En
aquest sentit, s'ha avaluat amb models matemategérimentacié in vivo si
I'efecte del cabal de sang dins del vas és cappgotiegir termicament la seva paret
guan es realitza una resecci6 assistida per Reualatant. A més, s'ha realitzat un
estudi computacional i experimentacié ex vivo vino del comportament electro-
termic d'aplicadors de RF de tipus bipolar i intenent refrigerats, ja que
representen una opcié més segura front als monspatdla mesura que els corrents
de RF circulen gairebé exclusivament pel teixitldgic localitzat entre els dos
electrodes.

En l'area dermatologica, la recerca s'ha centrda emillora del tractament
de malalties o alteracions de teixit subcutani (cper exemple lipomatosis,
lipedema, malaltia de Madelung i cel-lulitis) mit@ant l'estudi teodric de la
dosimetria correcta en cada cas. Per a aix0, slvatuat els efectes eléctrics,
termics i termo-elastics de dues estructures difsrde teixit subcutani durant el
calfament per RF, i s'ha quantificat el dany terproduit en ambdues estructures

després d'aquest escalfament.
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Chapter 1

Introduction

1.1. Background: Radiofrequency ablation (RFA)

The energy-based ablative techniques currently usedimerous medical-
surgical areas employ different types of energgefiamicrowave, radiofrequency -
RF- or ultrasound -HIFU-) to destroy or alter bigikal tissue for a particular
therapeutic purpose. Although the use of RF cusrémt the surgical treatment of
different diseases is relatively new, heat has learse as a means of therapy for
thousands of years. For example, the Ancient Gréekbs their steam baths, the
Mesoamericans their temascali, the Chinese hadahdroiths and the Ancient
Egyptians used cauterization to stop bleeding andther treatments, techniques
that were later improved on by the Moors in theridoe Peninsula (Berjanet al
2010).

The first breakthrough in tissue-heating technolatpme through the
experiments with high frequency currents on the &unbody conducted by
d’Arsonval in 1891. He observed that currents dikHz did not produce any kind
of nervous or muscular stimulation, but only a pesgive heating. This finding was
the starting point of current electrosurgery, whistes electric currents of sinusoidal
waveform with frequencies in the range between and 1 MHz, known as
radiofrequency (RF) currents.

In the early 20th century, Carl Franz Nagelschmigfteated d’Arsonval’s
experiment in the treatment of lesions and maligngnowths, and named the

procedurediathermy In 1928 Cushing and Bovie developed the firstteteautery
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device (known as thBovie knif¢ to stop bleeding, which is still today an essanti
tool in surgical practice. The current version hasn improved in order to cut with
a certain degree of hemostasis, coagulate smatidblessels, or achieve the
carbonization of surface tissue (fulguration).

The termRF ablation (RFA) emerged in the mid 80s due to the rapid
growth in the number of new (more or less invasiggical procedures that used
RF currents, accompanied by new electrode desigdssaergy delivery protocols
(Berjanoet al2010). RFA is a procedure in which RF energy idiedgo biological
tissue through electrodes and raises the local desyre to a point at which a
thermal lesion is caused, but without implying thechanical excision of a section

of tissue.

1.1.1. RFA modes

An RFA procedure is performed with an RF generaerving as the
primary component of an electrical circuit. The gextor is the source of current in
the circuit and the human body serves as a regigtrSonnenbergt al 2005). RF
energy is transmitted to the body through two metattrodes in contact with the
tissue. The generator creates a voltage diffeddngimveen both electrodes which is
alternating, sinusoidal and with a fixed frequeméyapproximately 500 kHz. The
electrical charge carriers inside the biologicalstie are ions; whereas in the
generator, the wires and electrodes are electiidres charge is transferred between
the two different types of carrier in the electrddsue interface. Due to the high
frequency used in ablation, the electric field bsaed by the electrodes changes its
polarity every 2 s (1/500 kHz), which makes the displacement dioectf the ions
change fast enough to produce heat by ionic agitatwithout any kind of electrical
stimulation. The ionic agitation is most pronounaghlen the current density is
highest, and consequently is where most heatingrecd@he rest of the lesion is
created by heat conduction (Berjano 2008). The rateseof stimulation with
alternating currents above 10 kHz was postulated Ddgprsonval (1891).

Subsequently, Nerst (1908) postulated that the eotirrequired to produce
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stimulation varies with the square root of frequerfblerst Law), so that high
frequencies would require tremendous intensitiggdoluce stimulation.

As the behavior of RF current varies according be ftposition and
dimensions of the two electrodes connected to #reator, both monopolar and

bipolar arrangements are used in RF ablation (Eidut).

RF G 1
500 k?-inzera o @ <®

\DE \AE

Figure 1.1. RFA using monopolafa) and bipolar(b) arrangements. AE: active

electrode and DE: dispersive electrode.

With a monopolar arrangement (Figure 1.1(a)), a@btats confined to a
targeted volume of tissue by inserting an RF ebglgtrconnected to a generator
directly into the tissue. The electrode tip (actectrode) is relatively small, and so
the current density surrounding this tip is highieh creates a localized thermal
effect due to ionic agitation. A return connectionthe RF generator is required to
complete the circuit. This return is establishedplgcing a dispersive electrode in
contact with the skin, usually on the patient'gthiThis grounding pad has a large
surface area, keeping current density low to elit@rheating at the sites of contact
(VanSonnenbergt al 2005). This configuration has the following lintims: the
thermal lesions created have great depth, whichiteem excessive destruction of
healthy tissue; RF currents can produce undesimdedangerous thermal lesions
to intermediate or distant organs, which is espigcimportant when surgery is
performed by a laparoscopic approach in conditafreduced visibility (Wattiezt
al 1995); and an adequately monitored dispersiverelde has to be used to ensure
good electrode-skin contact to avoid skin burns.

The bipolar arrangement (Figure 1.1(b)) uses twentidal (active)

electrodes between which RF current flows. Thisragement requires less power
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than the monopolar configuration to achieve theesaoagulating effect and has the
additional advantage of not needing a dispersigetelde, thus avoiding the risk of
skin burns through poor skin/dispersive electrodmtact. However, the most
important advantage is that bipolar electrodes gmeRF currents flowing through

adjacent tissue, thus minimizing the risk of injtoyother organs.

1.1.2. Electrode design

RFA electrode designs are of two types, according/tiether or not they
have internal tip cooling: dry (non-irrigated) amdoled (irrigated) electrodes.
Wittkampet al (1988) were the first to suggest that irrigatidrihee catheter tip with
saline could prevent excessive temperature rises adlow more power to be
delivered to the tissue. Cooled electrodes avoiydietion and carbonization of the
tissue adjacent to the electrode when the tempera¢aches approximately 100°C
during RFA. This permits the RF current to contirfleaving to deeper areas and
achieve larger thermal lesions. However, dry etefds tend to overheat the tissue
adjacent to the electrode, which causes a sudaeease in electrical impedance to
the point where the RF generator cannot deliverranye power and thus inhibits
further ablation and lesion growth (Berjano 2008).

Two types of cooled electrode designs are commassd in clinical RF
heating at the present time (Latchamsetty and ZIrdR): closed-irrigated electrodes
(Figure 1.2(a)), also known as internally-coole@ctlodes, and open-irrigated
electrodes (Figure 1.2(b)). THermer typehas a closed internal circuit through
which circulates a cooling fluid (4-20°C) which mewomes into contact with the
tissue. In contrast, open-irrigated electrodes haedorations through which the
cooled fluid is infused into the tissue. These tesigns can be combined in a single
RF (hybrid) applicator which has recently been psmal only for RF tumor ablation
(Burdioet al 2007).
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Tissue @

Lesion

Figure 1.2. Cooled electrodes(a) closed-irrigated electrode (or internally cooled

electrode) andgb) open-irrigated electrode.

1.1.3. Clinical applications

The clinical applications of RF heating of biolaogjidissue include diverse
areas such as the destruction of liver tumors bgpgupercutaneous electrodes
guided by imaging techniques (Leen and Horgan 20RF)assisted resection of an
organ affected by cancer (Burddb al 2008), elimination of cardiac arrhythmias by
RF catheter ablation (Blaauw and Crijns 2007), extion of hyperopia in refractive
corneal surgery (Berjanet al 2007), treatment of gastroesophageal reflux (&pica
2007), thermal remodeling of oral cavity tissueclare sleep obstructive apnea
(Steward 2004), therapeutic heating of articulatilege (Yetkinleret al 2002), RF
heating of cutaneous tissues to cause shrinkaggewhal collagen and induce
stimulation of fibroblast cells to produce new agkn (Sadick and Makin2004),
and more recently, RF heating of subcutaneouseasstuinduce irreversible thermal
damage of adipose tissue (Framtal 2009, 2010). In this section, we describe the
background of each of the three clinical-surgicedaa on which the Thesis is
focused: RF cardiac ablation, RF-assisted hepatsection and RF heating of
subcutaneous adipose tissue.

1.1.3.a. RF cardiac ablation

The objective of RF cardiac ablation is the elinima of a cardiac

arrhythmia, which is an electrical malfunction ofgeoup of cardiac cells. The
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correct electrical activity of these cells contrtiie beating of the heart and thus the
pumping of blood around the body (Berjagipal 2010). The most frequent cardiac
arrhythmia ablated by RF energy is atrial fibrithat, but there are other arrhythmias
that can be treated by this method, such as vafdri¢achycardia, atrial flutter,
nodal reentry, or atrial ectopic tachycardia (fpcal

The first case of cardiac arrhythmia ablation (suyy was treated by high
energy (fulguration) direct current (DC) in 1968e¢ino 2008). Huangt al (1987)
described ablation using alternating RF currerdugh a percutaneous catheter. RF
ablation by percutaneous catheter is now the damiittzerapeutic method for a
variety of arrhythmias (Berjanet al 2010). Figure 1.3 shows an overview of
percutaneous cardiac ablation for treatment ofrdi@a arrhythmia. A catheter with
an ablation electrode on its tip is inserted ite heart (atrium or ventricle) through
a vein or artery and is connected to an RF gerneratee group of cells inside the
heart responsible for the arrhythmia is locatedniiyans of electrophysiological
mapping. RF currents are then applied through thiatige electrode (active
electrode) and a large-area (dispersive) electatidehed to the patient’s back (i.e.
monopolar arrangement). The maximal electricalentrdensity is achieved in the
tissue in the immediate vicinity of the ablativeatode, raising the temperature in
this zone, whereas farther away the tissue temyeras increased mainly by
thermal conduction. The region heated abo¥@°C becomes nonviable and defines
the lesion volume, which must include the targetegion and extend as little as
possible beyond it in order to be therapeuticdilgative (Panescet al 1995b).

At present, percutaneous RFA uses catheter-coghéetiodes from 6Fr to
10Fr in diameter. Their ablation electrodes arealigetween 4 and 10 mm long,
with a semispherical tip which may have no irrigatior close/open irrigation
(Berjano et al 2010, Latchamsetty and Oral 2012). Figure 1.4 shawclosed-
irrigated catheter (7Fr, ablative electrode 8-mmleingth) and an open-irrigated
catheter (7Fr, ablative electrode 4-mm in lengthjriigation holds: 1 at the central
tip, 3 at distal sites, 3 in the middle and 3 atqmal sites).
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Figure 1.3. Overview of percutaneous cardiac ablation for tremit of a cardiac
arrhythmia, which implies a disorder of the elasdtiactivity of a group of cardiac
cells. A catheter with an ablation electrode ontigsis inserted into the heart
through a leg vein and connected to an RF gener@ture the tip of the catheter is
inside the heart and the group of cells responsgd¢he arrhythmia is located, RF
currents are applied through the ablative elect{adgve electrode) and a large-area

(dispersive) electrode attached to the patientt&ba

Figure 1.4. Multi-electrode catheter probe&) closed-irrigated-tip angb) open-
irrigated-tip catheter. Detail of the irrigatiorpgy on the tip of the catheters (right).
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Cardiac arrhythmias can also be treated by sur@icithoperative) RFA in
two different ways: 1) ablation is performed with&eart arrest (minimally invasive
surgery through small incisions), producing lesionsthe epicardium surface; or 2)
with heart arrest (open-chest surgery through eldes included in handheld
devices), using a system of extracorporeal cirmfdaand causing lesions on the
internal surface of the heart (endocardium). Défer monopolar and bipolar
electrode designs are used for this type of surgery

Two electrode designs are used for intraoperati#é Rith a monopolar
arrangement: multi-electrode handheld probes (M¢lal 2000, Pasiet al 2001),
which are placed over the tissue during the RFggndelivery; and uni-electrode
probes (pen applicators), which are dragged amipedi over the tissue surface
simultaneously with the RF energy delivery (Figur®). This arrangement has
some limitations: lesions are shallow (i.e. propaimntransmural), especially in the
epicardial approach, due to endocardial coolingciogulation of blood inside the
atrium and anatomical factors such as overlyingayglial fat (Berjano and Hornero
2004) or fibrosis caused by adhesion (Santiag@l 2003a); it may also cause
damage to nearby coronary arteries, strokes ahdafi;n the esophagus (Berjano
and Hornero 2005a, 2005b).

Figure 1.5. Uni-electrode probes: Cardiobl&temonopolar pens (Medtronic,
Minneapolis, MN, USA).
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Electrosurgical forceps are also used in intradperaRFA with a bipolar
arrangement (Voelleet al 2010). These have long electrodes that allow eltath
and continuous lesions to be created without gapss required when treating atrial
fibrillation. Figure 1.6 shows two forcep desigus intraoperative cardiac ablation:
the Cardioblate BP (Medtronic, Minneapolis, MN, US#hich is an open-irrigated
device, and the closed-irrigated device IsolatotriQure, Cincinnati, OH, USA).
Using this configuration, there have been no cocagilbns with the monopolar
arrangement and in addition the lesions are marestnural since they are limited to

the tissue between the two electrodes.

Figure 1.6. Electrosurgical forceps for RF bipolar cardiac &bta (a) open-

irrigated (Cardioblate BY and(b) closed-irrigated (Isolat8) forceps.

The RFA of cardiac arrhythmias, either by percutaise(catheter ablation)
or cardiac surgery (intraoperative ablation) hasnbe well-established clinical
procedure in the last 20 years. However, theres@itenany unknowns in some of
the electro-thermal processes involved in RF hgatincardiac tissue. This lack of
knowledge is reflected in the current dearth ohiégues and devices capable of
performing ablations quickly and safely under dertaonditions. For example, there
are currently no devices capable of giving easyes&cto atrial tissue and
automatically creating continuous transmural lesian areas with overlying fatty
tissue (Kiseret al 2007). Our interest is therefore focused on deeip new
systems for intraoperative RFA of atrial fibrillati by an epicardial (minimally
invasive) approach, as will be discussed in Chapterand 3. There is also

uncertainty as to the most effective ablation m@mpolar, sequential unipolar and
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simultaneous unipolar mode) in terms of achievirangmural lesions across the
ventricular wall to eliminate ventricular tachycesl This issue will be dealt with in
Chapter 4. In short, the successful solution o$¢hguestions could lead not only to
the development of new medical and surgical deyibas also to a more rational

and safer use of the currently available clinieghniques.

1.1.3.b. RF-assisted hepatic resection

Most liver tumors are secondary (i.e. derived framrimary cancer of the
colon, pancreas, lymphoma, prostate, bladder og)lland some may undergo
specific surgery calledresection (or transection), a procedure that aims to

mechanically remove the tissue fragment includivggtumor (see Figure 1.7).

Figure 1.7. Liver with tumor showing the resection line on ranmgy the tissue

fragment containing the tumor.

The main drawback of the techniques presently usé@patic resection is
the excessive blood loss they involve (between 2066 500 mL), resulting in
perioperative complications, high rate of tumorureence and low rate of patient
survival. The increase in transection time has deen associated with higher
morbidity and morbidity (Sitzmann and Greene 198#phensomt al 1988). It is
therefore necessary to design new surgical degiapable of reducing bleeding and
transection times, since they are determinantfiefoperative outcome (Takayama
et al2001).
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Some of the latest methods use RF heating to thkgrowagulate the tissue
prior to conducting the resection and thus mininiigeaoperative blood loss. The
rationale is to create sufficiently deep thermaldas that will seal the small vessels
in the transection plane (Poat al 2005). Weberet al (2002) were the first to
describe the concept of pre-coagulating the tigsim to transection in order to
reduce the associated bleeding. To do this, thed &~ tumor ablation electrodes
(Cooltip® RF devices) to achieve a coagulation area witkrigpperal width around
the tumor of about 1-2 cm, subsequently transedtiregcoagulated tissue with a
simple scalpel.

This surgical method has led to the developmenmiesf devices such as
Habib 4X (RITA Medical Systems Inc, Fremont, CA, A)SAvay et al 2008) and
In-line (Resect Medical, Fremont, CA, USA) (Yao akldrris 2006), based on a
number of needles inserted into the theoreticadatésn line in order to create a
barrier of coagulated tissue. The coagulated I;é¢hen transected using a cold
scalpel (see Figure 1.8). The main problem is thase devices are not able to
coagulate large vessels, so it is not known whether coagulation has been
complete. In fact, cutting the tissue may itseffsdict one of these vessels and cause

substantial blood loss.

Figure 1.8. (a) Habil® 4X multiprobe bipolar RF devicéb) In-line® RFA device,
and(c) process used to achieve a hepatic resection gdetsystems.

Another device used to coagulate liver tissue by éRErgy is Ligasure
(Covidien, Mansfield, MA, USA) (see Figure 1.9), ialn is based on a clamp

system (i.e. bipolar arrangement) and allows sgdidlnod vessels up to 7 mm (Poon
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et al 2005). The latest models (Ligarure Affpsncorporate a cutting system to be
used after sealing.

Figure 1.9. Ligasuré bipolar RF device for opefa) and laparoscopic surgely).

One of the most frequently used devices in RF-&shisepatic resection is
Tissuelink(Salient Surgical Technologies, Portsmouth, NH, Y82oonet al 2005,
Arita et al 2005). This is a monopolar device with open iriigrat(also known as
saline-linked), i.e. it has perforations in the tipough which a continuous drip of
cooled saline is infused into the tissue (see [Eidut0) to prevent surface charring
by maintaining the tissue surface below 100°C (Teppal 2004). The main
advantages of this device are the reduction ofdihgeduring resection and a faster
transection time (Pooet al 2005). However, it has several disadvantageslyfirs
can cause scalding of liver parenchyma, which wanéke it difficult to identify
blood vessels or the main hepatic ducts and theréfcreases the chance of hilar
injury during liver transection (Aritet al 2005). Secondly, there is a potential risk
of burning contiguous organs with the hot saling the saline flow rate is critical to
producing the desired haemostatic effect withowtesgive charring (Sprunger and
Herrell 2005).

Figure 1.10.TissueLinK dissecting sealer for RF-assisted hepatic resecbetail
of saline drip at the tip of the device (right).
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In order to solve the above problems, Bureli@l developed the Coolinside
device (Apeiron Medical, Valencia, Spain) for Ri5iated hepatic resection (Figure
1.11), which is based on a monopolar arrangemetit alibsed irrigation (also
known as internally cooled). They compared its genfance with TissueLink,
observing less blood loss during resection ancfasansection times (Burdit al
2008, 2009). However, some aspects of its perfocaareed further study in order
to optimize the technique and achieve safer andensdiicient resections. This
includes characterizing its electro-thermal behawoa bipolar arrangement and
assessing its impact in the proximity of large eéss.e. when resecting large liver
fragments (greater hepatectomy). These are som¢hefissues that will be
developed in depth in Chapters 5 and 6 of this Phésis.

Figure 1.11.Coolinsid® RF monopolar device for opefa) and laparoscopic

surgery(b).

1.1.3.c. RF heating of subcutaneous adipose tissue

There has recently been increased interest in URBfgurrents in a non-
invasive technique for selective heating of suboetas adipose tissue (Fraretoal
2009, 2010). Unlike other clinical areas, the heptf cutaneous and subcutaneous
tissues is not straightforward, since the RF devigein contact with non
homogeneous tissues, resulting in more complexipdlysteractions between RF
currents and tissue. Subcutaneous tissue (alsorkmaswhypodermis) morphology
consists of a fine, collagenous and fibrous semiavork enveloping clusters of

adipocyte cells (see Figure 1.12). Furthermoregdtvesity and orientation of fibrous
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septa within subcutaneous tissue may vary fromopets person. These variations
are linked to different cellulite grades, which redate with the percentile of adipose
tissue versus connective tissue in a given volufmeypodermis and invaginations
inside the dermis. Cellulite Grade is assessedidyalinspection according to skin
appearance and scaled in appearance from Grade0tlsskin, to Grade 4 “cottage
cheese” (Mirrashedt al 2004).

Figure 1.12.The skin-fat structure composed of three layerglezmis, dermis and
subcutaneous tissue. The subcutaneous tissue tson§ia fine, collagenous and

fibrous septa network enveloping clusters of fdisce

There are many different fat-related disorders Ksws, lipomatosis,
Madelung’s disease, lipomatosis, lipedema, or tedjuncluding excess volume of
fat lobules due to local distribution or obesityinhing and vertical arrangement of
fibrous septa due to cellulite, inflammatory comis and benign fat tumors.
Cellulite is not only a problem due to fat accuntiola but is also caused by
changes in the structural septa configuration (deme_ozancet al 2013). The goal
of clinical treatment is to heat tissue up to aaiartemperature and keep it there
long enough to cause adipocyte cellular damageewhfaring overlying and
underlying tissues. Fran& al (2009, 2010) demonstrated that adipocytes were hea
sensitive to 50°C for 1 min and 42-45°C for 15 rtiermal exposures, which
resulted in delayed cellular death response. Is tbgard, the fat heats up much

more than the skin and muscle when an RF applicateates an electric field
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perpendicular to the skin—fat and fat—-muscle iat§. However, when the electric
field is not normal to the tissue surface, the @iteooccurs, the skin heats up more
than the fat. In this case the heat is used tar@cintollagen fibers, at the same time
stimulating the generation of new collagen inside termis, thus creating softer
and firmer skin (Sadick 2008).

Franco et al (2009, 2010) developed a novel RF device (Cutéra,,
Brisbane, CA) to induce lethal thermal damage tipase tissue while maintaining
skin and muscle tissues at safe temperatures laplissting a controlled electric
field perpendicular to the skin-fat and fat-mudolerfaces. This applicator is based
on a monopolar arrangement and consists of a nmbitsional series of tightly
spaced concentric rings that are energized at hlariaperational frequencies in
order to control the volume of the heated subcutasg¢issue and hence the depth of
heating (see Figure 1.13). In this regard, highgdencies are appropriate for
treatment of smaller subcutaneous tissue areas Vavil frequencies are appropriate
for larger areas. This design also has the abititprovide uniform tissue heating
across the entire surface of the applicator by rotiimg the distribution of the
surface electric potential. Simply changing thistidlbution varies the extent of the

uniform heating and consequently the volume ofédubtissue.

Figure 1.13.RF monopolar applicator which consists of a muftiehsional series of
tightly spaced concentric rings. Detail of the camicic rings geometry (right).
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Body contouring has now become one of the mostiagcareas in today’s
aesthetic medicine and surgery, for which Paul Biutholland (2009) introduced
the radiofrequency-assisted liposuction (RFAL) téghe. This technique delivers
RF energy to heat deep subcutaneous adipose tissmech higher temperatures
without compromising skin safety in order to acleieneduction of subcutaneous
tissue with simultaneous tissue contraction. Itsprés the following apparent
advantages with respect to the traditional sucsissisted liposuction as well as
other energy liposuction methods, such as powestads liposuction (PAL),
ultrasound-assisted liposuction (UAL) and laseisésd liposuction (LAL): faster
treatment, reduced tissue trauma, ability to unifgr heat larger volumes of
subcutaneous tissue, defragmentation of fat cetiscaagulation of blood vessels in
the treated zone reducing bleeding and bruisiniagen denaturation after RFAL
treatment, and significant contraction and retoactdf adipose and dermal tissue
after treatment.

Paul and Mulholland (2009) developed the Bodyiteystem (Invasix Ltd,
Yokneam, Israel) for body contouring by RFAL. Tlisvice uses an external and
internal electrode connected by a handpiece (ip@ldr arrangement) to deliver RF
energy to the adipose tissue and skin (see Figu#d)). The internal electrode
(cannula) is coated with dielectric material anthi&erted into the pretumesced fat to
be contoured and is moved gently back and fortlasitous predetermined and
controlled depths for uniform heating of the trelatelume. This electrode emits the
RF current through a small conductive tip. The ek electrode has a larger
contact area and is moved along the surface ofkimein tandem vertical alignment
with the internal cannula tip. The RF energy fldwetween the internal cannula tip
and the external electrode and coagulates tissiie imicinity of the internal cannula
tip and gently heats the dermis below the exteatattrode (Figure 1.14(b)). In
addition to emitting energy, the internal electradi&o serves as a suction cannula to
provide simultaneous aspiration of the coagulaitesies and allows the surgeon to
perform the desired contouring (Patl al 2011). The latest device (CelluTitd
uses the BodyTite system with an internal V-dissetip (Figure 1.14(a)) to target
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moderate and severe lumpy deposits of subcutarfabard vertical fibrous septa to

flatten the pockets of cellulite and restore a stin@&in surface.

Figure 1.14.(a) Bipolar RF handpiece with the aspirating cannuwannula for
BodyTite system (left) and V-dissector tip for @dlite system (right)(b) RFAL
handpiece inserted into the body with directionadrgy applied to adipose fat and

fibrous septa.

At the present time there is still a lack of untimgiing of the qualitative
and quantitative features of the physical thernasted mechanism of dermal RF
heating in the presence of fibrous septa netwoeta/den fat lobules. Information
on the thermo-elastic response of cutaneous ammitareous tissues (including the
fibrous septa network), such as the thermal deatdur mechanism of collagen
(thermal shrinkage) during RF heating, would befulder the development of new
devices/products and improving existing deviceslpots/treatments in clinical and
cosmetic applications. These are some of the ighatawill be developed in depth

in Chapter 7.

1.2. Objectives and Organization

The main purpose of this PhD Thesis is to gainteebenderstanding of the
electrical and thermal phenomena involved in thatihg of biological tissues by
radiofrequency (RF) electrical currents, in ordeirhprove the efficacy and safety

of current clinical techniques such as cardiac esyrgoncology and dermatology.
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An additional aim is to suggest technical improvateen the design of RF energy

applicators. These aims involved the following gahand specific objectives:

1. To study techniques for improvingF cardiac ablation using an epicardial,

endocardial-endocardial and endocardial-epicaegiptoach.

1.1. To study the effect of different procedural and tamacal factors on
transmural lesions in atrial tissue during epicalrBiF ablation (RFA).

1.2. To conduct a proof-of-concept of a new probe faeasing the amount
of epicardial fat present prior to RFA.

1.3. To study the effect of different modes of RF cardiablation on
transmural lesions in the ventricular wall by arpicatheters placed on

opposite sides of the wall.

2. To investigate the electrical and thermal behavimfuthe applicators currently
used inRF-assisted hepatic resectian
2.1. To study the electro-thermal behaviour of an irdéyncooled bipolar
applicator for RF-assisted hepatic resection.
2.2. To study the heat sink effect inside a large veskse to an internally-

cooled electrode during RF-assisted hepatic resecti

3. To investigate the electrical, thermal and therdastec performance of
subcutaneous tissue structures in order to imptlowéreatment byRF heating
of subcutaneous adipose tissuelated disorders.

3.1. To study the electrical, thermal and thermo-elastiect of two different
structures of fibrous septa within subcutaneousués during RF

hyperthermic heating.

This document is arranged as follows:

Chapter 2 covers Objective 1.1 and presents a tmestsional
mathematical model for epicardial RFA, which is dige study the capability of
different electrode designs and protocols for agling RF power to ablate atrial

tissue in the presence of epicardial fat. This tdrajs an improved version of the
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manuscript previously published ifhe Open Biomedical Engineering Journal
(Gonzalez-Suareet al 2010a).

Chapter 3 covers Objective 1.2 and presents a-tlireensional model used
to assess a new technique based on bioimpedancsumaesents using a multi-
electrode probe to estimate the quantity of ovedyepicardial fat prior to RF
cardiac ablation. This chapter is an improved wersif the manuscript previously
published irPhysiological MeasuremeGonzalez-Sudareat al 2010b).

Chapter 4, which covers Objective 1.3, presents tthe and three-
dimensional models used to study temperature bligtans and lesion dimensions
on the interventricular septum (endocardial-enddiehrapproach) and ventricular
free wall (endocardial-epicardial approach) usiifiecent modes of radiofrequency
ablation. These models are also used to studyffibet ef ventricular wall thickness,
catheter misalignment and the accidental preseihai im the epicardial space. This
work has been submitted Tdelnternational Journal of Hyperthermia

Chapter 5, which covers Objective 2.1, presentgoadimensional model of
a closed-irrigated bipolar RF applicator used teocshthe applicator’'s electrical-
thermal performance and its capacity to createcsefitly deep thermal lesions in
hepatic tissue. The computer results were validaiddex vivo and in vivo studies.
Additional computer simulations modeled the in vaaenario and were conducted
to study the effect of the applied voltage and tlomaon lesion depth and to
determine the potential of the cooled bipolar aggibr to coagulate hepatic tissue.
These simulations were extended to the case of allesmapplicator especially
designed for laparoscopic use. This chapter isrgumaved version of the manuscript
previously published inThe International Journal of HyperthermigGonzalez-
Suarezt al 2012).

Chapter 6, which covers Objective 2.2, presents ttiree-dimensional
models used to study temperature distributions twedmal lesion dimensions in
hepatic tissue around a large vessel coagulateBFbynergy with an internally-
cooled applicator at different positions and disen from the vessel. The
computational results were validated by in vivoerxments. The manuscript of this
chapter has been submittedMedical Physics
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Chapter 7, which covers Objective 3.1, presentsdintensional models of
skin, subcutaneous tissue and muscle. The modelindpe subcutaneous tissue
includes two realistic structures of fibrous septaese models are used to assess the
electrical and thermo-elastic performance of the subcutaneous tissue structures
during RF heating, as well as to quantify the th@rdamage in both subcutaneous
tissue structures after heating. This chapterpsetiminary manuscript that will be
submitted td_asers in Surgery and Medicine

Chapter 8 contains a general discussion and alggests future lines of
research. The conclusions of the Thesis are giv&hapter 9.
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Mathematical Modeling of Epicardial RF
Ablation of Atrial Tissue with Overlying
Epicardial Fat

2.1. Abstract

The efficacy of treating atrial fibrillation by Ré&blation on the epicardial
surface is currently under question due to thegmes of epicardial adipose tissue
interposed between the ablation electrode andttaige(atrial wall). The problem is
probably caused by the electrical conductivitytaf fat (0.02 S/m) being lower than
that of the atrial tissue (0.4-0.6 S/m). Since ahjective is to improve epicardial RF
ablation techniques, we planned a study based t@ro-@imensional mathematical
model including an active electrode, a fragmenemtardial fat over a fragment of
atrial tissue, and a section of atrium with cirt¢ini@ blood. Different procedures for
applying RF power were studied, such as varyingfthgquency, using a cooled
instead of a dry electrode, and different modesarftrolling RF power (constant
current, temperature and voltage) for differenueal of epicardial fat thickness. In
general, the results showed that the epicardialldgér seriously impedes the

passage of RF current, thus reducing the effeatis®iof atrial wall RF ablation.
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2.2. Introduction

Radiofrequency (RF) currents have been employethany surgical and
therapeutic procedures, such as atrial brillatigd), a common arrhythmia and a
significant public health problem for its clinicatevalence and morbid-mortality.
The prevalence of AF increases with age and reaalnesst 5% of the population
over 69 and 8% of those over 80 (Kanetll 1998). Data from the Framingham
heart study show that AF is associated with a d.5.9—fold higher death risk and
may be associated with thromboembolic stroke (Buimjeet al 1994, Wolfet al
1991).

A nonsurgical approach based on a percutaneou®teativas initially
considered to create the desired lesion pattermatiial tissue for treating AF
(Haissaguerret al 1994). At present, the use of both percutaneaasc@theter) and
surgical (intraoperative) RF ablation to treat AHRricreasing, in spite of the lack of
knowledge of the mechanisms involved. The atriaboaydium needs to be ablated
in order to restore sinus rhythm. The effectivenetssurgical ablation in this
intervention is 70-80% independent of the kind oérgy used (Khargét al 2005,
Cox et al 1996, Nakajimaet al 2002). Early post-ablation recurrence of the
arrhythmia probably depends on lesion transmurdhtiyagi et al 2009), and the
existence of epicardial fat (Berjano and Horner®40 Histological analysis of
surgical lesions has shown 25-30% non transmuesisns (Santiaget al 2003a,
2003b, Deneket al 2005).

The efficacy of standard RF ablation on the epie&rslirface is uncertain
due to the varying presence of epicardial adipéssue¢ interposed between the
ablation electrode and target site, i.e. the atsiall (see Figure 2.1) (Honet al
2007, Thoma®t al 2003). This is probably caused by the electricalductivity of
the fat (0.02 S/m) being lower than that of attisdue (0.4-0.6 S/m).

In order to achieve optimum epicardial ablatioratsfal tissue under a layer
of fat, different types of energy are currentlyrtgeiesearched, such as high intensity
focused ultrasound (HIFU) (Mitnovetsgt al 2009), microwave (Pruittt al 2007),
laser (Honget al 2007) and cryoablation (Bat al 2008). As we considered that this

issue has not been sufficiently studied, we designeomputer modeling study of
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the effect of different electrode designs and prot® for delivering RF power
(Berjano 2006) to assess the capacity of diffefectiniques to ablate atrial tissue in
the presence of epicardial fat. We first studie@ #ffect of using different
frequencies with a standard 4 mm 7-Fr electrodpre¥ious experimental study had
reported that a frequency of 2 MHz resulted in 828crease in lesion depth when
compared to a frequency of 100 kHz (Koowdral 1996). We then assessed the
effect of the RF ablation mode (voltage, currertt temperature constant). Finally,
taking into account that previous experimental istsithave shown that an internally
cooled electrode (also known as a cooled-tip eddefy can generate epicardial
lesions more efficiently than standard electrodsezdnes with overlying epicardial
fat (d'Avila et al2004), we also included this kind of electrod¢hia study.

2.3. Methods
2.3.1. Description of the theoretical model

Although different RF electrode geometries have nbgeoposed for
epicardial RF ablation of atrial tissue (Thonmsal 2003, Ramaret al 2002), we
simplified the physical situation of the study ksing a 4 mm long active electrode
with a 3-mm-diameter hemispherical tip. The eladtra@ontacted the tissue at an
angle of 90° and hence presented axisymmetric clesistics and a two-
dimensional approach could be used. Figure 2.2 shiv proposed theoretical
model, which shows the active (stainless steeBtelde with a section of plastic
(polyurethane) probe, a fragment of epicardialdiatr a fragment of atrial tissue,
and a section of atrium with circulating blood. Tdaive electrode is inserted in the
fat layer to a depth of 1.5 mm (corresponding ® ¢lectrode radius). The value of
the model parameters Z and R were calculated bynsneba sensitivity analysis in

order to avoid boundary effects.
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2.3.2. Governing equations

TemperatureT) in the tissue was obtained by solving Bieheat Equation

which governs thermal phenomena during therapéetiting of biological tissues:
rc% = RkNT)+q- Q, +Q, (1)

wherer, ¢ andk are respectively the density, specific heat ardntial conductivity
of the tissue. The ter@, corresponds with the heat loss caused by bloddsien;
andQ,,, models the metabolic heat generation. This last te always ignored in RF
ablation modeling since it has been shown to higmifecant. It has also been shown
that theQ, term can be ignored in the case of cardiac alidtitaines and Watson
1989). Finally,q is the heat source generated by RF power. In REiab, this term
is related with electrical power densify (W/m®), which is in general a complex
number given by (Pearce 1986):

P=(s + jwe)|E [ (2)

where s is electrical conductivity (S/m)e is permittivity (F/m), andg| is the
magnitude of the vector electric field (V/m). Thalwe of this vector is evaluated
from E = -N whereF is the voltage (V). The voltage is obtained by gsin

Laplace's equation:
N>(sNF)=0 3)

Only the real part of power density, i.e.{R¢ contributes to the heating of
the tissue, i.e. R®} = g. However, the permittivity has in fact a real (hon

dissipative) and an imaginary (dissipative) paet,& = € - j¢'. Consequently:
q=ReP}=(s +ne") |E [ 4)

wherewis angular frequency . The terms |E[ represents the heat resulting from
dissipation due to convection currents (translationotion of ions), while the term
"|EF? represents the heat from dissipation due to iredvie rotation and vibration

of bound charge carriers (Pearce 1986).
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At the ablation frequencies considered in this wt(ldD0—-10,000 kHz) and
over the distance of interest (electrical powedéposited within a small radius
around the active electrode) the biological medinan be considered totally
resistive since the displacement currents can lgéeced. A quasistatic approach
was therefore possible to solve the electrical lprol(Doss 1982).

The ANSYS program (ANSYS, Canonsburg, PA, USA) waed for the
creation of Finite Element Models (FEM) and forvéoy the above equations by
computer simulations. We used the PLANE67 elem@imisar isoparametric type),
which allow the coupled thermal-electric problembi solved, where the electrical
problem involves a DC (direct-current) problem. Shmeans that the electrical
variables in the model (voltage and current) are ilues, and hence they

correspond with the root-mean-square value of theiBnal.

2.3.3. Characteristics of model elements

Table 2.1 shows the thermal and electrical chariatits of the model
elements. In order to model the use of differeegfiencies, we considered the
values of electrical conductivity reported in tliterature for three frequencies: 100
kHz, 1 MHz, and 10 MHz. Although a previous modglistudy on hepatic RF
ablation considered a frequency value of 10 kHzefHimerich and Wood 2006),
this value is too low for RF cardiac ablation, doethe possibility of electrical
stimulation. In fact, in an experimental study,GKkHz current induced ventricular
fibrillation (Koovor et al 1996). Since no difference betweenandé is made in
the literature, we assume that the value of refdagtectrical conductivity includes
both mentioned phenomena, and hence correspondamwiffective valuGeective=
s + weé'. In addition, we considered a change of +2%/9%@& Values shown in Table
2.1 are effective values (Berjano and Hornero 2@xhrielet al 1996). In order to
assess the effect of the epicardial fat layer arh egblation mode and electrode
design, our study considered four values of fatkiiiess between 2 and 5 mm. The

thickness of the atrial wall was considered toiked at 3 mm.
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2.3.4. Boundary and initial conditions

In all FEM problems the boundary conditions mustdeéined. Regarding
the electrical boundary conditions, null electricalrrent (Neumann boundary
condition) was used at the symmetry axis, and alsothe tissue-ambient and
device-ambient interfaces. The electrical boundeopditions on the active and
dispersive electrodes depend on the ablation madesidered and hence are
described in the following section.

Regarding thermal boundary conditions, null therfha&t was used at the
symmetry axis (Neumann boundary condition). Theperature values of surfaces
at a distance from the active electrode were fikgdusing Dirichlet boundary
conditions. We assumed a value of 20°C in the ulipérof the probe and 36°C on
the dispersive electrodes (see Figure 2.2).

The effect of free thermal convection in the eplaam—ambient and
electrode—ambient interfaces was taken into accasitig a boundary thermal
condition based on Newton’s cooling law, which ugsesonvective heat transfer
coefficient (gpi.a) of 20 W/nfK. The ambient temperature was considered to be
21°C. The effect of forced heat convection in thdazardium—blood was likewise
taken into account using a thermal transfer caefiic hens) of 1770 W/niK
(Schuttet al 2009). The blood circulating inside the atrium wassidered to be at

36°C. The initial temperature was 36°C for therentiodel.

2.3.5. Construction of the numerical model

The dimensions R and Z (see Figure 2.2) were aledlby means of a
sensitivity analysis in order to avoid boundaryeef§. A convergence test was
performed to obtain the adequate spatial and temhpesolution. The value of the
maximal temperature achieved in the tissugy{Tafter 60 s of RF heating was used
as a control parameter in these sensitivity andeaence tests.

Spatial resolution was heterogeneous. We usedritegian that the finest
zone was always the electrode—tissue interfaceestris known that this zone has

the largest voltage gradient and hence the maxirourrent density value. In the

50



Chapter 2

tissue, grid size was increased gradually withatise from the interface. A tentative
spatial and temporal resolution was consideredl fik® then conducted a computer
analysis to determine the appropriate values ofnR 2 (see Figure 2.2). These
simulations were made by increasing the value efttiree parameters by equal
amounts. When there was a difference of less tti#b Between J.« and the same
parameter in the previous simulation, we consideitesl former values to be
adequate. Finally, we performed convergence teddetermine adequate spatial and
temporal resolution. Spatial resolution was achdelg refining the mesh near the
blade so that .« was within 0.5% of the value obtained from the vppas
refinement step. With an adequate spatial resolw@@hieved, we decreased the time
step until T,ax was within 0.5% of the value obtained from the tame step.

RF power was chosen for the study in order to avigigk going above
100°C, since no experimental data have been repdgaling with the thermal and
electrical characteristics of tissue above thispemature. We then analyzed the
voltage and temperature distributions in the tissseng the 50°C isotherm as

thermal lesion boundary.

2.3.6. Modeling the RF ablation mode

Three modes of delivering RF power were consideosthstant voltage,
current and temperature. All the simulations lagteds0 s. In the constant voltage
mode, the electrical potential was fixed on thévactlectrode a value of 30 V (root-
mean-square value of the RF applied voltage), whidepotential in the dispersive
electrode was fixed at zero volts. In the constamtent mode, a current of 12 mA
was injected into a node of the active, and theeseatue was drained from a node
on the dispersive electrode. Finally, in the camistamperature mode, the value of
the electrical voltage on the active electrode maslulated during heating in order
to maintain the center of the active electrode tnaperature of AR°C (sampled
each 5 s). This was done by means of a trial-arat-erethod such as employed by
Jain and Wolf (1999).
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2.3.7. Modeling the ablation with a cooled electrode

Thermal cooling by the saline circulating (coolami3ide the electrode tip
was modeled by means of a boundary thermal conditéssed on Newton'’s cooling
law, and by considering a pre-cooling period,a.@revious period without applying
RF power, as is employed clinically (d'Aviéd al 2004). Previous modeling studies
on RF cardiac ablation with cooled electrodes hetdssirface temperature at the
coolant temperature (i.e. Dirichlet boundary caodit (Jainet al 1995, Panesceat
al 1995a). However, recent results have suggestedhtbanodeling of RF cooled
electrodes should consider a boundary conditioredas Newton’s cooling law
rather than a Dirichlet condition (Riveea al 2009). Since the objective of our study
was not to assess the effect of the flow rate efctbolant, we assumed a fixed value
of 2000 W/niK and a coolant temperature value of 20°C. In tiwed electrode, we
modeled a constant voltage ablation by using thevebdescribed electrical
boundary conditions.

2.4. Results
2.4.1. Construction of the model

Optimum outer dimensions were RZ = 30 mm. The convergence test
provided a grid size of 0.075 mm in the finest z¢ia¢-active electrode interface),
and a step time of 0.5 s during the first 10 s hsdfor the remaining time. We also
checked the grid size away from the electrode. fifig-element model had nearly

4042 nodes and used over 7754 triangular elements.

2.4.2. Effect of frequency for the dry electrode case

Tables 2.2 to 2.4 show the results of the compsitaulations for the dry
electrode and for three modes of controlling RF @owconstant voltage,
temperature and current) when frequency is chabgegeen 100 kHz and 10 MHz.
In the case of constant voltage (see Table 2.2)phaerved that the increase of
frequency involved higher k.. Moreover, this behavior was more noticeable for a
thinner atrial wall: o increased from 76.91 to 92.59°C when frequencynamged
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from 100 kHz to 10 MHz for the case of a 2 mm tfahlayer, while it increased
from 57.77 to 63.19°C for the same frequency augatien in the presence of a 5
mm thick fat layer. Unfortunately, this increag€eTj,., did not involve a significant
increase in lesion depth. For instance, the peagentf ablated atrial wall increased
from 39.20% to 48.77% when frequency increased 10 kHz to 10 MHz (with 2
mm of fat). With thicker epicardial fat layers (4a%m), ablation of the atrial wall
was not possible. In fact, at a constant voltageseiasing fat thickness involved a
decrease in Jl.xand in the depth of the lesion in the atrial wWa#le Figure 2.3A). In
the simulations using constant temperature (sedeTal), the results show that
increasing frequency hardly involves any variatiomither lesion depth in the atrial
wall or Thhax In fact, the tiny differences reported in Tabld &ere probably due to
the trial-and-error method employed to simulatedtwestant temperature protocol of
70+2°C at the electrode tip. Figure 2.3B shows (fdd kBlz) that even though fat
thickness is increased, the temperature distribugonains unaltered, and hence the
percentage of ablated atrial tissue is lower fakir fat layers. Finally, the constant
current ablation showed that changing frequencyndidaffect T..x (see Table 2.4).
However, a very interesting thermal performance waserved regarding the
variation of fat thickness: augmenting fat thicl®esas directly related to an
increase of . from »70 to 82°C (see Figure 2.3C). On the other hasthnedepth

in the atrial wall was greater for thinner fat lesie

2.4.3. Ablation with cooled electrode

The results of the simulations using a cooled edelet are shown in Table
2.5. With this type of electrode and a 2 mm faelayaugmenting frequency from
100 kHz to 10 MHz involved a significant increasettie depth of the lesion in the
atrial wall, from 30.17% to 47.10%, and a moderateease of F. (from 68.88 to
75.88°C). Regarding the thermal behavior and tta@skrof the fat layer, the results
were similar to those found for the dry electrodéhveonstant voltage: both,kx
and depth lesion decreased as fat thickness iret¢asgure 2.4).
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2.4.4. Comparison between ablation techniques

Figure 2.5 shows the results of computer simulatifor the cases of fat
thickness of 2 and 3 mm (atrial lesions were oitdgesved in these cases and hence
are used for comparison). The effect of frequentyatrial lesion depth was more
marked in the cooled than dry electrodes (espgciat thin fat layers of 2 mm).
This effect was less marked at constant voltageeMtimperature and current were
constant, performance was less predictable (edpyesiaen we compared the cases
2 and 3 mm fat thickness). The effect of frequeanyT;,,xWas only noticeable in
the case of constant voltage. In the other ablatiodes and with a cooled electrode,

Tmax kept relatively constant with changes in frequency

2.5. Discussion

The computer simulations in general showed thecditfy of ablating thick
fat layers, as has been previously reported foicttse of constant voltage (Berjano
and Hornero 2004). In this study we assessed otlogies of delivering RF power
(constant temperature and current), along with pleeformance of a cooled
electrode, and the effect of changing frequency.

The effect of frequency onglk and lesion depth in the case of constant
voltage can be easily explained. Raising the fragueinvolves an increase in
electrical conductivity £) of the atrial tissue (from 0.21 to 0.6 S/m), whimeans
that more current will be delivered, and hence mpoaver will be applied.
Moreover, since the of the fat remains almost unaffected when frequeises,
this explains why the effect is more marked withntier fat layers. Our results do
not demonstrate that it is impossible to ablat@latrall with constant voltage for fat
layers over 4 mm. In fact, as shown in Table 2&,application of 30 V for the case
of a 5 mm fat layer and 10 MHz, only involves gJof 63.19°C, which means that
higher voltage could be applied in order to inceelesion depth. As a consequence,
and as is already known, each combination of adetrdesign and tissue
characteristics determines the optimum combinatbrvoltage and duration to

enlarge the lesion without reaching 100°C. Our Iteswith constant voltage
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therefore only show the trend of,J and lesion depth when frequency is raised for
different fat thicknesses. This trend can be sunmedras follows: 1) Increasing fat
thickness implies a decrease ipJand also in the depth of the lesion in the atrial
wall, and 2) Increasing frequency involves higheprTand deeper lesions in the
atrial wall, and additionally this increase is moiaiceable when the atrial wall is
thin. The results suggest that constant voltag®isa safe ablation method on the
epicardial fat layer, since fat thickness is geletanknown and it is thus difficult
to set a voltage value to achieve a lesion in thialavall and at the same time avoid
excessivex100°C) temperatures in the fat and atrial wallgsdn contrast, ablating
at a constant temperature provides safer heatagyithout excessive temperatures
(»100°C), regardless of fat thickness. The obviouwswvbeack is that when the fat
layer is very thick (4-5 mm) it is nearly imposs&bio reach the atrial wall (see
Figure 2.3B). In the constant current ablation Wweesved that the value of,d, was
almost independent of the frequency. This can Ipda@med as follows: on one hand,
the electrical conductivity of fasgar) was not influenced by frequency (see Table
2.1), and on the other hand, electrical power vegmsdited within a very small zone
around the active electrode (corresponding alwags fat). Under these
circumstances, Ja.x was somehow proportional tgar |E|2, or equaIIy|J|2/ EAT.
Since both the injected currer) @nd contact surfaceS)( between electrode and
tissue were constant, the value bf=I/S) at the electrode-fat interface was also
constant, and this could hence explain this behasfoT,. Additionally, we
observed that increasing fat thickness was direetbted to an increase of.J; (see
Figure 2.3C). It seems that the change of theldisisue’ss, (due to the different
frequency) does not sufficiently affect the valdahe total impedance of the tissue
(ZrotaL), probably because the current density is low his zone. However,
increasing fat thickness (wik>sga7) does cause a rise irgaL, and this implies
an increase in the total delivered powékZroraL), Which could raise the value of
Tmax This thermal behavior could be employed as aamrifrolling procedure to
ablate a thick layer of epicardial fat: at the n@@ng, when the layer is thick the
current would create a high temperature which conélt the fat and reduce its

thickness. During this process the total appliedgrovould be reduced.
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A study was also made of the performance of théedoelectrode. In this
case, we observed that for 2 mm fat thicknessingithe frequency did involve a
considerable increase in the depth of the lesioth@atrial wall. We are of the
opinion that this is due to the location gf Ibeing shifted towards deeper points by
the cooling effect, i.e. in our case (thin fat lgytowards the atrial tissue, where
electrical conductivity increases as frequency ighér. The rise in the electrical
conductivity of the atrial tissue implies an ingedn the RF deposited power, and
hence in Tax

In our study we only considered an electrode sfizerom. Despite that it is
known that the electrode length affects on theotesiimensions in RF cardiac
ablation, this is particularly true for endocardagiproach, where the forced thermal
convection caused by cooling blood on the electsadéace has a strong impact in
tissue heat removing, and hence on the lesion dépitontrast, since we modeled
an epicardial approach, and under this conditiogrethis not circulating blood
around the electrode, we did not consider simutatitor other electrode length.
Regarding the electrode diameter, we only consitlerealue of 3 mm, which is
about a 7Fr electrode. We think that the effectinafeasing this parameter has
different effect depending on the ablation proto@nstant temperature, voltage
and current) and on the electrode type (dry vslezhpdue to the change in diameter
implies a change in tissue impedance as well. Likewthe change in insertion
depth also implies a change in the tissue impedé@degano and Hornero 2004).
Additional considering a larger diameter electradelld produce different results
quantitatively different to ours (both in lesionmdinsion and ), however, we
think that the general conclusions (see below) mneroaaltered. Likewise, other
factors, such as the angle between tissue surfadeetectrode axis, and the
convective cooling coefficient at endocardium-blaogrface, could show different
results, but they were not considered in our ststhce that they have been
previously characterized (Berjano and Hornero 2G@hesceet al 1995b).

Since that our results suggest that RF ablatiaterly disadvantageous to
ablate cardiac tissue in the presence of epicafaidhyer, other ablation modalities

such as High Intensity Focused Ultrasound (HIFUj¢rawave or cryoablation,
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could be potentially more useful. In this respdog use of HIFU could be useful
due to the lower value of attenuation of fatq dB/mMHz) versus cardiac tissue
(35-70 dB/mMHz). In addition, the capability of microwave poweould allow
reaching deeper tissue sites. In contrast, therleakie of thermal conductivity of
fat (0.2 W/mK) versus cardiac tissue (0.7 W) does not suggest an advantage of

thermal therapies exclusively based on thermal gotmah, such as cryoablation.

2.6. Conclusions

1) The effect of increasing frequency on atrialdesdepth was more marked in the
case of cooled electrodes than in dry electrodggeaally for thin fat layers (2
mm).

2) With dry electrodes, increasing frequency hdileliinfluence on atrial lesion
depth in the case of constant voltage. In the ca$esonstant temperature and
current, the performance was less predictable ¢pewith thick fat layers).

3) The effect of frequency onI; was only noticeable in the case of constant
voltage. In the other ablation modes with a coatsttrode .« Stayed relatively
constant when frequency was altered.

4) In general, our computer results suggest thaaBl&tion of the atrial wall with
overlying epicardial fat is difficult due to the rkad difference in electrical
conductivity between fat (0.025 S/m) and musci®.4 S/m). The epicardial fat
layer seriously impedes the passage of RF curtteus, reducing the effectiveness of
atrial wall ablation. In this regard, it would bessirable to have a technique
available to estimate the quantity of overlyingcapdial fat prior to ablation (see
Chapter 3). This would improve the current ablat&ehniques, since knowing the
amount of epicardial fat present would make it gaesto choose a particular RF

power delivery protocol in order to optimize thetimal lesion.
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Table 2.1. Characteristics of the elements employed in the ptaer modeling

(data from Berjano and Hornero (2004))

Element 100 kHz 1 MHz 10 MHz c k
(S/m) (S/m) (S/m) | (kg/m®) | (I/kg*K) | (W/m>K)
Atrial tissue 0.21 0.4 0.6 1200 320( 0.70
Fat 0.025 0.025 0.03 900 2222 0.20
Blood 0.99 0.99 0.99 1000 418( 0.54
Electrode 7.40 810° 480 15
Plastic probe 19 70 1045 0.026

. electrical conductivity (at different frequenciaad assessed at 36°C); mass

density;c: specific heat; anll: thermal conductivity.

58



Chapter 2

Table 2.2. Effect of frequency and thickness of fat layer esidn geometry and

maximal temperature () at aconstant voltage of 30 \for 60 s.

'™ | F(mm) | Tuw(C) | D (mm) | W (mm) | Dear (%) | Da(%)
2 76.91 3.18 6.50 100 39.20
100 3 65.23 2.99 6.06 99.53 0
4 60.54 3.33 5.80 83.32 0
5 57.77 3.36 5.12 67.14 0
2 81.60 3.40 6.88 100 46.50
3 66.71 2.99 6.25 99.77 0
1000
4 61.23 3.40 5.85 85.05
5 58.17 3.37 5.49 67.38
2 92.59 3.46 6.99 100 48.77
3 73.71 3.13 6.55 100 4.30
10,000
4 66.94 3.83 6.13 95.65 0
5 63.19 3.61 6.04 72.14 0

F: Epicardial fat layer thickness, D: lesion depi#t; lesion width, Rar: Lesion
depth in fat expressed as percentage of fat thaknB\: Lesion depth in atrial

tissue expressed as percentage of atrium thickBeam).
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Table 2.3. Effect of frequency and fat thickness on lesionmgetry and maximal

temperature (J) at aconstant temperature of 70°Cfor 60 s.

i | Fmm) | Tru(C) | D (mm) | W (mm) | Dear (%) | Da(%)
2 69.34 3.15 6.30 100 38.30
100 3 69.15 3.14 6.99 100 4.70
4 69.92 3.87 7.62 96.83 0
5 69.89 4.42 7.66 88.30 0
2 69.08 3.14 6.36 100 37.83
3 70.66 3.18 7.09 100 5.87

1000
4 69.82 3.85 7.54 96.13 0
5 69.11 4.38 7.74 87.68 0
2 70.41 3.10 6.32 100 36.73
3 70.26 3.20 7.13 100 6.73

10,000
4 69.07 3.86 7.45 96.55 0
5 69.15 4.50 7.81 89.90 0

F: Epicardial fat layer thickness, D: lesion depi#t; lesion width, Rar: Lesion
depth in fat expressed as percentage of fat thaknB\: Lesion depth in atrial

tissue expressed as percentage of atrium thickBeam).
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Table 2.4. Effect of frequency and fat thickness on lesionmgetry and maximal

temperature (Ja) at aconstant current of 12 mAfor 60 s.

™ | Fmm) | Tou°C) | D (mm) | W (mm) | Dear (%) | DA (%)
2 70.18 3.05 6.11 100 35.10
3 79.16 3.240 7.44 100 8
100
4 81.71 3.88 7.76 96.98
5 82.24 4.43 8.10 88.68
2 70.61 2.83 5.66 100 27.63
3 79.44 3.42 6.94 100 14.13
1000
4 81.85 3.95 7.59 98.65
5 82.32 4.55 8.08 90.90 0
2 70.80 2.75 5.71 100 25.10
3 79.56 3.31 7.10 100 10.20
10,000
4 81.91 3.93 7.86 98.28 0
5 82.36 4.53 8.13 90.62 0

F: Epicardial fat layer thickness, D: lesion depi#t; lesion width, Rar: Lesion

depth in fat expressed as percentage of fat thaknB\: Lesion depth in atrial

tissue expressed as percentage of atrium thickBeam).
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Table 2.5. Effect of frequency and fat thickness on lesionmgetry and maximal

temperature (Ja) Using an RF cooled electrode and 38 V for 60 s.

iy | F(mm) | Tou(°C) | D (mm) | W (mm) | Dear (%) | Da(%)
2 68.88 2.91 6.48 100 30.17
100 3 60.05 2.87 6.26 95.63 0
4 56.36 341 6.71 85.35
5 53.92 3.36 6.23 67.22
2 73.76 3.21 6.83 100 40.20
3 61.69 3.12 6.84 100 4
1000
4 57.17 3.66 6.35 91.38 0
5 54.38 3.83 5.85 76.62 0
2 75.88 341 6.90 100 47.10
3 62.37 3.23 6.46 100 7.70
10,000
4 57.50 3.59 6.07 89.65 0
5 54.57 3.59 5.34 71.88 0

F: Epicardial fat layer thickness, D: lesion depi#t; lesion width, Rar: Lesion
depth in fat expressed as percentage of fat thaknB\: Lesion depth in atrial

tissue expressed as percentage of atrium thickBeam).
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Figure 2.1. Explanted heart in which the presence of epicafdiatan be noted on

left atrium. Dashed line represents a possibletiabldine.

63



Chapter 2

Figure 2.2. Two-dimensional theoretical model proposed (ouscdle). Z and R:

outer dimensions of the model; C: atrial wall thieks; F: epicardial fat thickness.
hepia is the thermal transfer coefficient at the epiaard-ambient and electrode—
ambient interfaces, whilehgyg is the thermal transfer coefficient at the
endocardium-blood interface. Depth (D) and width @/the lesion were assessed

using the 50°C isotherm.
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Figure 2.3. Temperature distributions at 60 s for the three esoof delivering RF
power: (A) constant 30 V voltage, (B) constant 7@8@perature, (C) constant 12
mA current; and four values of epicardial fat tieks (2, 3, 4 and 5 mmAll the

plots are for the case of 100 kHz frequency.
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Figure 2.4. Temperature distributions at 60 s for RF ablati®ing a cooled
electrode (38 V) and for four values of epicardétlthickness (2, 3, 4 and 5 mm).
All the plots belong to the 100 kHz frequency case.
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Figure 2.5. Maximal temperature (in °C) (left) and lesion dept the atrial wall

DA (% atrial wall thickness) (right) at 60 s for Riblation using a dry electrode
with different protocols: 30 V constant voltage (AP°C constant temperature (B),
12 mA constant current (C), (D) belongs to RF abtatising a cooled electrode and
38 V constant voltage. The figure also shows thsulte of three different

frequencies: 100 kHz, 1 MHz and 10 MHz. The togglmelong to the case of 2 mm
epicardial fat thickness and those at the bottorthéocase of 3 mm epicardial fat

thickness.
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Chapter 3

Impedance measurement to assess epicardial fat
prior to RF intraoperative cardiac ablation:

feasibility study using a computer model

3.1. Abstract

Radiofrequency (RF) cardiac ablation is used tattreertain types of
arrhythmias. In the epicardial approach, efficatyrE ablation is uncertain due to
the presence of epicardial adipose tissue intechbséwveen the ablation electrode
and the atrial wall. We planned a feasibility stuihsed on a theoretical model in
order to assess a new technique to estimate thetiguaf fat by conducting
bioimpedance measurements using a multi-electrodbep The Finite Element
Method was used to solve the electrical probleme Tésults showed that the
measured impedance profile coincided approximatélly the epicardial fat profile
measured under the probe electrodes and alsohindhitker the epicardial fat, the
higher the impedance values. When lateral fat wid#s less than 4.5 mm, the
impedance values altered, suggesting that measntemg&hould always be
conducted over a sizeable fat layer. We concludhed impedance measurement
could be a practical method of assessing epicafdtaprior to RF intraoperative

cardiac ablation, i.e. “to map” the amount of adiptissue under the probe.
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3.2. Introduction

Radiofrequency (RF) cardiac ablation can be usetett certain types of
arrhythmias, such as atrial brillation (AF), whidh a common arrhythmia and an
important public health problem due to its clinipaévalence and morbid-mortality
(Kannelet al 1998, Benjamiret al 1994, Wolfet al 1991). The use of both surgical
(intraoperative) and percutaneous (via a cathelRdf) ablation to treat AF is
increasing, in spite of the lack of accurate knalgke of the mechanisms involved.
The effectiveness of surgical ablation is 70-80&gardless of the kind of energy
used (Khargiet al 2005, Coxet al 1996, Nakajimaet al 2002). It is has been
hypothesized that the early post-ablation recugreasfcAF probably depends on the
incomplete transmurality of the lesion (Miyagt al 2009). In fact, histological
analyses of lesions have shown that 25-30% ard¢raoemural cases (Santiagbal
2003a, 2003b, Denelet al 2005). In the epicardial approach, i.e. when thergy
to create the thermal lesion is applied on theaggial surface, the efficacy of RF
ablation is uncertain, due to the varying presenteepicardial adipose tissue
interposed between the ablation electrode andttaitg i.e. the atrial wall (Miyagi
et al 2009, Berjano and Hornero 2004). This is probadie to the electrical
conductivity of the fat being lower than that ofiat tissue (0.02 and 0.4-0.6 S/m
respectively) (Gonzalez-Suarez al 2010a). In addition, since fat has a lower
thermal conductivity (0.2 W/iK) than atrial tissue (0.7 W/AK), the presence of
this fat layer also probably has a negative immactreating a transmural lesion,
regardless of the type of energy used. In ordemtximize effectiveness of
epicardial RF ablation therapy, Dumetsal (2008) used impedance measurements
to predict completeness of lesions. Moreover, thifie types of energy are currently
being researched, such as high intensity focugeaisound (HIFU) (Mitnovetskgt
al 2009), microwave (Pruitet al 2007), laser (Hongt al 2007) and cryoablation
(Ba et al 2008) in order to achieve optimum epicardial lasién atrial tissue. We
have previously used computer models to study thpalulity of different
procedural techniques (different electrode desmms protocols for delivering RF
power) to ablate atrial tissue in the presencepafeedial fat (Gonzalez-Suaret al

2010a). Since our results showed the difficultyablating the atrial wall in the
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presence of thick fat layers (4-5 mm), it would desirable to have a technique
available to estimate the quantity of overlyingoapdial fat prior to ablation. We
therefore propose a new technique based on impedame@asurements to assess
epicardial fat thickness. Figure 3.1 shows the @ayssituation of the proposed
technique, which is based on a multi-electrode @rplaced over the epicardial
surface. Our hypothesis is as follows: the eleatrimpedance measured between
two or more electrodes of the probe could be closelated to the quantity of fat
under the electrodes. For example, the impedanesumned on a thin fat layer {7
would be lower than on a thick layerJZAn impedance profile (i.e. a set of
impedance values,; ZZ...) could therefore be used to obtain a fat peofil
Theoretical modeling has previously been used sesssthe feasibility of
new medical techniques and devices (Berjano anchéfor2005a, 2006). In other
words, this methodological approach has been eredlag a concept proof. In our
case, we designed a computer modeling study tardete the feasibility of the
proposed technique. In this type of study it i®alery important to assess the effect
of external parameters, i.e. those affecting tinalfoutcome when the device or
technique is employed in a real stage. This camddree both to minimize their
effects (because they involve an undesirable digpern the performance of the
device) and to find optimum values for improving therformance of the device or
technique. As computer modeling can also be usedhis task, we used it to
determine how anatomical factors (e.g. presendaadr of fat near the measuring

electrodes) could affect the accuracy of the edtimaf fat thickness.

3.3. Methods
3.3.1. Description of the theoretical model

Figure 3.2 shows the proposed theoretical modeakiwtepresents a straight
probe over three parallel sections of tissue: egiahfat, atrial wall and circulating
blood, with thicknesses F, A and B, respectivelye probe was considered to have
a rectangular section and 3 mm thickness, 1 mmeighlh and L total length. It

consisted of 8 (stainless steel) electrodes 3 mienigth with 4 mm plastic segments
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(polyurethane) between them. The first and lasti@es of the probe were also
constructed of polyurethane with a length P (seguiféi 3.2). Since there is a

symmetry plane, only half of the model was consder

3.3.2. Impedance measuring technique

We modeled impedance measurements using a tetrafmpladripolar)
technique, i.e. an electrical current was injedtetiveen two outer electrodes and
the voltage was measured between two inner elestrqdee Figure 3.3). This
technique reduces the effect of electrode impedandegives better accuracy than
the bipolar technique (Grimmes and Martinsen 2@B8ddes 1989). A total of 5
impedance measurements were obtained:Zg, Zc, Zp and Z, where Z was the
ratio between the voltage measured between elegrdénd 3 (M) and the current
applied through electrodes 1 and d)(li.e. Zy = Voi/l14 Zg was the ratio between
the voltage measured between electrodes 3 and:;4 &vd the current injected
through electrodes 2 and 5l i.e. Zs = Va4/l.s etc. In this way, the value ofa4s
related to the electrical conductivity of the tissteneath electrodes 2 and 3,at
the tissues beneath the electrodes 3 and 4, and smtil all the tissue under the

probe has been “mapped”.

3.3.3. Governing equations

In a preliminary computer modeling study, we assgésthe effect of
changing the measuring frequency (between 10 kidz1&MHz) on the capability
of this technique to estimate the epicardial faffifg, and the results suggested that
the highest frequency (10 MHz) would be the begtoop(Gonzalez-Suéareat al
2009). However, that frequency so high could poedpractical problems such as
electromagnetic interferences which affect othedica equipaments and it would
be therefore required to implement expensive mettiodeduce these interferences.
The value of electrical conductivity X for atrial tissue was therefore considered for
a frequency of 1 MHz. The biological medium at tiiesquency can be considered
almost totally resistive, since the displacememtents are much less important than

conduction currents. The only characteristic coersd for the materials employed
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in the model was electrical conductivity (Gabredl al 1996): 0.025 S/m for the
adipose tissue, 0.4 S/m for the atrial tissue, A8 for the blood, 7.4.0° S/m for
the electrodes (stainless steel) and® 8Im for the plastic section of the probe
(polyurethane). A quasi-static approach was employ® solve the electrical
problem (Doss 1982). The Laplace Equation govetheghhysical phenomenon.
We used ANSYS version 10.0 (ANSYS, Canonsburg, B8A) to build
theoretical models and solved them by means oFihiée Element Method (FEM).
The SOLID69 element (linear isoparametric type) waed to solve the static
electrical problem. This means that although thectekal variables in the
theoretical model (voltage and current) are DC esluhey correspond with the

root-mean-square value of the AC signals in asizaation.

3.3.4. Boundary conditions

A Neumann boundary condition of null electrical reunt was used both on
the symmetry plane and at the rest of the bounslalie obtain each impedance
measurement, we set a value of 1 A at a node imsidecurrent injection electrode,
and a value of 1 A at a node inside the other current injecti@cebde (Neumann
boundary conditions (Brankoet al 2000)). Obviously, in a real situation, lower
electrical current values would be used. A Diritht®undary condition of null
electrical voltage was set at the nodes contaialagtrodes to pick up the electrical
voltage. The voltage value of the other pick-ugieterle corresponded directly with
the impedance value, since the impedance was asdculfrom the ratio of the

measured voltage to the total injected current)1 A

3.3.5. Construction of the numerical model

The outer dimensions R, B and L (see Figure 3.2¢walculated by means
of a convergence test in order to avoid boundafgctd, i.e. they should be large
enough to model an unlimited volume. A convergerest was also performed to
obtain the correct spatial resolution (i.e. minimmashing size). Discretization was

spatially heterogeneous: the finest zone was alwlagselectrode-tissue interface,
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since it is known that this contains the largedtage gradient. The meshing size
was gradually increased with distance from therfate. In these convergence tests
the value of the electrical impedance (Z) was ws®d control parameter. First, we
considered a tentative spatial resolution of 0.3 atrthe electrode-tissue interface.
To determine the appropriate values of R, B and & a@nducted a computer
analysis by increasing the value of these paramdtgrequal amounts. When the
difference between the impedance and the same ptanin the previous
simulation was less than 0.5%, we considered thadp values to be appropriate.
Finally, we conducted a convergence test to deternthe appropriate spatial
resolution. The optimum spatial discretization vihen achieved by refining the
mesh in this zone so that Z was within 0.5% ofwhlkie obtained from the previous

refinement step.

3.3.6. Effect of different fat profiles

To assess the effect of the overlying epicardidl da the impedance
measurements, we considered four shapes of fatgnafiform (which corresponds
with the model initially shown, see Figure 3.2jdar, convex and concave (see
Figure 3.4). The atrial wall and blood layer hadhickness of 2 and 6 mm,
respectively, in all the models. For the unifornoffle, we studied the effect of
changing the epicardial fat layer thickness (Fjrfrd to 6 mm. For the other three
profiles, we considered a variation of maximumtfatkness from 6 to 1 mm, with

minimum fat thickness at 0.1 mm.

3.3.7. Effect of lateral width of epicardial fat

In previous simulations, we had considered onlyiatimn in the depth of
epicardial fat (F), which meant it was consideredhave limitless lateral width. In
the present study we considered that the epicdatitdyer had limited lateral width
(), as shown in Figure 3.5. The idea was to cheek rtdbustness of the new
procedure, i.e. the impedance measurement shoufdimeclose to the value

obtained without variation in the fat lateral widtihnen was changed. For this part
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of the study, only the uniform fat profile was calesed. The simulations were
performed by decreasing the lateral width 4t intervals of 2 mm from 18.5 to 0.5

mm, simultaneously increasing the value of F froto & mm (at intervals of 1 mm).

3.4. Results
3.4.1. Construction of the model

The optimum outer dimensions were=RR0 mm, B = 6 mm, L = 118 mm
and P = 33 mm. The convergence test provided asigelof 0.3 mm in the finest
zone (interface between fat and multi-electrodebpyoWe also checked the grid
size away from the multi-electrode probe. The medd nearly 95,510 nodes and

used over 524,000 tetrahedral elements.

3.4.2. Effect of different fat profiles

Figure 3.6 shows the impedance values for therdifftecases of fat profiles
when the epicardial fat thickness varied betweand. 6 mm. In the case of uniform
fat profile (see Figure 3.6(a)), we observed thmgréasing F from 1 to 6 mm
involved an increase in the impedance value, whiels almost identical for all
impedance measurements:idcreased from 103.6 to 1223.3 , Zg from 103.5
to 1218.4 , Z- from 103.4 to 1218.6 , eftc.

Using the other fat profiles gave similar resulisipedance readings
decreased as maximum fat thickness was reduced.aMfe noticed that the
impedance profiles followed a linear, convex anchoawe trend, respectively
(Figure 3.6(b), (c) and (d)). Thus, for an=F6 mm, with linear fat profile (Figure
3.6(b)), the impedance value decreased lineartp Zg = 917.7 to Z= = 182.7 .

In the case of convex fat profile (Figure 3.6(aj)pedance decreased from Z
542.9 atthe edge toZ= 135.6 at the centre and then increased ¢=4610
at the other edge. Finally, in the presence of recaee fat profile (Figure 3.6(d)),
impedance increased from Z 534.6 to Z- = 823.5 and decreased ta-Z 447

. In conclusion, each impedance profile matched wih the corresponding fat

profile.
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3.4.3. Effect of lateral width of epicardial fat

Figure 3.7 shows the impedance values obtainedebyedsing the lateral
width of epicardial fat. We observed that decregsat lateral width () involved a
drop in the impedance reading, regardless of fakiess. This effect was almost
negligible for fat lateral widths > 4.5 mm, espdlgian the case of thin fat layers:
the impedance value fell from 103.4to 101.4 for the case of a 1 mm thin fat
layer, while it dropped from 1218.6 to 1010.5 in the presence of a 6 mm thick
fat layer. In contrast, this effect was more marketh smaller lateral widths (2.5
and 0.5 mm). For instance, with 6 mm of fat thicdsméenpedance fell from 1218.6

to 673.1 for a lateral width of 2.5 mm and to 188.%or 0.5 mm.

3.5. Discussion

Previous RF ablation studies showed the difficokyblating the atrial wall
underneath a thick epicardial fat layer (Gonzalaar8Szet al 2009). We therefore
proposed to conduct a feasibility study on a neghn&ue based on impedance
measurements to asses the thickness of the epitdadi prior to RF cardiac
ablation. This could improve the ablative techniqueeneral, since a particular RF
power delivery protocol could be chosen, or evempadticular kind of HIFU,
microwave or cryoablation energy in order to optienthe thermal lesion according
to the amount of epicardial fat present.

In this study we showed that impedance readingedavith the quantity of
fat present under the electrodes. This increasenpedance with epicardial fat
thickness was obviously due to the lower electramaiductivity of the epicardial fat
(0.025 S/m) as compared to atrial tissue (0.4 Sithgse results are in agreement
with the computer-simulation results obtained byj&® and Hornero (2004) using
a two-dimensional mathematical model.

We also observed that the fat profile under thetedees followed the same
trend as the impedance measurement (see FigureCu6)esults showed thaiyZ
for concave fat profile was similar tg,Zor the case of convex fat profile 650W).

This was due to the fact that the impedance maprsanly the tissue zone between
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electrodes 2 and 7, which means that the fat qyamtider electrodes 2 and 3, i.e.
those determining the,4salue, is similar for the two fat profiles (segtie 3.3).

Although the measurements were initially condudsgdconsidering a fat
layer with limitless lateral width, we conducteddainal simulations to check
whether the results would change in a real sitnatiith limited fat width. Here
again, our results showed that impedance valuesineth close to the results
obtained previously for fat lateral widths over 41m (see Figure 3.7). This
suggests that the proposed technique could failhvthe multi-electrode probe is
placed on epicardial fat with a thin lateral widlgsss than 4.5 mm).

The model proposed in this study is the first stepssessing epicardial fat
prior to RF ablation and has certain limitations. @e hand, we only considered a
multi-electrode probe with a rectangular sectiotthdugh this type of geometry
could present a marked edge effect (Grimmes andifdan 2008), it was chosen
because the ANSYS modeling technique was easiéempbement. Future work
should consider a probe with a more realistic ggnmesuch as a circular section
and other factors such as electrode/tissue pressuld be included in the model,
especially in the case of circular section prolfesm a modeling point of view, this

could be done by increasing the electrode insedapth in the tissue.

3.6. Conclusions

The computational results suggest that measurimgedance could be a
practical method of assessing epicardial fat pidointraoperative cardiac ablation,
i.e. “to map” the amount of adipose tissue undergfobe. This is based on the fact
that the impedance profiles obtained approximateliycided with the profiles of

epicardial fat present under the electrodes opthbe.
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Figure 3.1. Physical situation considered in the study of tlséingation of the
epicardial fat profile. The idea is based on thet that the electrical impedance
measured between two or more electrodes of theeprobld be strongly related to
the quantity of fat under the electrodes. For eXanthe impedance measured on a

thin fat layer (2 = V./I,) would be lower than on a thick fat layer &V4/1,).

Figure 3.2. Theoretical model proposed with a uniform fat defSince there is a
symmetrical plane, the model only includes halabfprobe-tissues. R (half of the
model), B (blood thickness) and L (length of theltielectrode probe): outer
dimensions of the model; J: model thickness conubosé three layers (F:
epicardical fat thickness; A: atrial wall thickne€s blood volume); P: distance

from the first and last electrodes to the boundaosfethe model.
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Figure 3.3. The impedance measurements were conducted by astegrapolar
technique, i.e. an electrical current was injedtetiveen two outer electrodes, and
an electrical voltage was measured between twa ieleetrodes. For instance, the
figure illustrates by using electrodes 1 and 4nfedt current and electrodes 2 and 3
to pick up voltage, how it is possible "to map" tmepedance £ (i.e. V»3/lis)
corresponding with the tissue zone lying beneatitteddes 2 and 3;sZ(V34/l25)
with the zone beneath electrodes 3 and 4, and cotigely until all the tissue under

the probe has been “mapped”.
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Figure 3.4. Theoretical models with different epicardial fabfies: (a) linear, (b)

convex, and (c) concave.
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Figure 3.5. Model used to study the effect of lateral widthepicardial fat () on
the measured impedance. lateral width of atrial tissue; F: epicardial fiatyer
thickness.
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(c) 700
—&— Fmax=6 mm
—&— Fmax=5 mm
600
—A— Fmax=4 mm
—— Fmax=3 mm
500 —®— Fmax=2 mm
—©— Fmax=1 mm
o 400
Q
c
]
°
S 300-
E
200 A
100
0
ZA zB zC ZD ZE
(d) 900 —8— Fmax=6 mn|
—&— Fmax=5 mn
800 —&— Fmax=4 mn
—®— Fmax=3 mn
700 —©— Fmax=2 mr
—£— Fmax=1 mn|
600
8 500
g
kS
& 400 A
E
300
200 i B/Q_—B\B\E]
100 3 o O —
0

ZA ZB ZC ZD ZE

Figure 3.6. Impedance calculated for uniform (a), linear (bpnwex (c), and

concave (c) fat profiles.
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Figure 3.7. Impedance measurements by changing the laterahwfdtpicardial fat
() and the epicardial fat layer thickness (F).
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RF Ablation with Catheters Placed on Opposing
Sides of the Ventricular Wall: Computer
Modeling Comparing Bipolar and Unipolar
Modes

4.1. Abstract

Purpose: To compare the efficacy of bipolar (BMjsus unipolar (UM) mode of
radiofrequency ablation (RFA) in terms of creatiingnsmural lesions across the
interventricular septum (IVS) and ventricular frgall (VFW).

Materials and methods: We built computational medel study the temperature
distributions and lesion dimensions created by BM &M on IVS and VFW
during RFA. Two different UM types were consideresquential (SEUM) and
simultaneous (SIUM). The effect of ventricular wathickness, catheter
misalignment and accidental presence of air ingpieardial space (in the case of
VFW) were also studied.

Results: As regards IVS ablation, BM created tramrsinand symmetrical lesions
for wall thicknesses up to 15 mm. SEUM and SIUM,tbe other hand, were not
able to create transmural lesions with IVS thickess® 12.5 and 15 mm,
respectively. Lesions were asymmetrical only witHlus1. For VFW ablation, BM

also created transmural lesions for wall thicknesge to 15 mm. However, with
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SEUM and SIUM transmurality was obtained for VFVickmesses 7.5 and 12.5
mm, respectively. With the three modes VFW lesiase always asymmetrical. In
the scenario with air surrounding the epicardigheter tip, only SIUM was capable
of creating transmural lesions. Overall, BM wasesigr to UM in IVS and VFW
ablation when the catheters were not aligned.

Conclusions: Our findings suggest that BM is mdfeative than UM in achieving
transmurality across both ventricular sites, exaéejhe situation of air surrounding

the epicardial catheter tip.

4.2. Introduction

Successful radiofrequency ablation (RFA) of vendac tachycardia (VT)
originating from sites within the left ventricle duas the interventricular septum
(IVS) is often limited by the presence of deepantural circuits. The creation of
such deep lesions while needed, cannot be alwaygwst with unipolar mode
(UM) of RF ablation. Recent experimental studievehahown that using two
catheters placed on opposing IVS surfaces to deRFein the bipolar mode (BM)
allows deeper lesions to be created (Sivagangalmlah 2010, Nagashimat al
2011). These results suggest that BM could be nafective than UM at
eliminating VTs from deep intramural sites. Howevéhe effects of different
ventricular wall thicknesses and catheter alignmmnthe degree of transmurality
and lesion geometry created have never been stididdtail. Although, BM and
UM have previously been compared in the ventricidlee wall (VFW) ablations
(d'Avila et al 2004, Dukkipatiet al 2011, Soseet al 2000), no information is
available on their performance in an endocardiuricaggium approachA recent
study by Nagashimat al(2012) did consider this approach, but the effeftthe
above-mentioned factors were not included.

Our aim was to assess by means of computer modiiethermal lesions
created in the ventricular wall, in particular thegree of transmurality achieved, in
a comparison of BM and two different UM (sequentialpolar mode, SEUM and
simultaneous unipolar mode, SIUM). As far as wevknthere has not yet been a

published study using a computational model to am@ghese ablation strategies.
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Two and three-dimensional computational models wbsrefore developed and
simulations were conducted to investigate tempegatlistribution and lesion
geometry during RFA of the IVS (i.e. endocardiunmgd@sardium approach) and
VFW (i.e. endocardium—epicardium approach). Theatfdf wall thickness, catheter
misalignment and the presence of air in the epiahigshace were also studied.
Although as a rule the epicardial space does notago any air, during epicardial
puncture and instrumentation, small amounts ofnary accumulate around the

ablation catheter.

4.3. Materials and methods
4.3.1. Computer modeling

Numerical models were based on a coupled eledteovial problem which
was solved numerically using the Finite Element et (FEM) with COMSOL
Multiphysics software (COMSOL, Burlington MA, USAThe governing equation
for the thermal problem was the Bioheat Equatiorrj@ho 2006)which was
modified by the enthalpy method (Abraham and Spar2®07, Byeongman and
Alptekin 2010) incorporating the phase change tdehtissue vaporization:

1(rh)

i =fkNT)+qg- Q, +Q, 1)

where is density (kg/m), h enthalpy time (s),k thermal conductivity (W/niK), T
temperature (°C)j the heat source caused by RF power (\“’/)/,/l@p the heat loss
caused by blood perfusion (WirandQ,,themetabolic heat generation (\/\/31)11Qp
and Q, were not considered since the former can be ighoréhe case of cardiac
ablation (far from large vessels) (Haines and Wat4889) and the latter is
negligible in comparison to the other terms (Besj&006). In biological tissues
enthalpy is related to tissue temperature by tHevitng expression (Abraham and
Sparrow 2007, Zhaet al 2007):

87



Chapter 4

ragT 0<T £99C
- 2
rh= rh(99)+hfgcw 99<T £100°C @
(LOO- 99)
rh@00) + r ., (T - 100 T>100C

where ; and ¢ are the density and specific heat of cardiac ¢issefore phase-
change iEl) and post-phase-changed), respectivelyhy is the latent heat and
the tissue water content. We considered a lateatt\adue of 2.162- £Q/n?, which
corresponds to the product of the water vaporipatatent heat and the water
density at 100°C, and a tissue water content of irG¥de the cardiac tissue.

The thermal lesions created in the ventricular wadlte assessed using the
Arrhenius damage model (Chang 2010, Chang and Ng2§84), which associates

temperature with exposure time using a first okileetics relationship:

W) = t Ae%dt )

0
where (t) is the degree of tissue injury, R the univergak constant, A the
frequency factor (§, and E the activation energy for the irreversible damage
reaction (J/mol). The parametedsand E are dependent on tissue type; for the
cardiac tissue we considered those proposed bydacand Gaenni (1989 =
2.9410%s’ and E = 2.59610° J/mol. We employed the thermal damage contour
=1 which corresponds to a 63% probability of delath.

At the RF frequencies 600 kHz) used in RF heating and over the distance
of interest, the biological medium can be consideaknost totally resistive, since
the displacement currents are much less importaart tonduction currents. This
means a quasi-static approach can be used to #wdvelectrical problem (Doss
1982). The distributed heat sourgds then given byq = |E|%, where|E| is the
magnitude of the vector electric field (V/m) ands electrical conductivity (S/mE
is calculated fromE = -N |, where is the voltage (V), which is obtained by
solving Laplace’s equation, which is the governiaguation of the electrical

problem:
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N:(sNF)=0 (4)

The models considered two internally cooled cathéte electrodes (7Fr
diameter, 4 mm catheter tip), similar to those uselF cardiac ablation (d'Avilat
al 2004, Dukkipatiet al 2011, Watanabest al 2010, Yokoyamaet al 2006).
Although open-irrigated catheters are commonly ugetthe case of VFW ablation
(Nagashimeet al 2012), these were associated with problems ofl fagicumulation
in the epicardial space (due to the catheter iing® necessitating frequent
aspirations before each lesion (Kunearal 2013). The volume of infused fluid into
the epicardial space may also alter the biophygicaberties of the pericardial fluid
(d’Avila et al 2004) and interfere with catheter—tissue conteatling to inadequate
lesion formation (Kumaet al 2013).

Figure 4.1 shows the model geometry for the IVStdh case, i.e. both
electrodes placed perpendicularly to the septumfases (endocardium-—
endocardium approach) and surrounded by circulddiogd. Since the region under
study has axial symmetry, a two-dimensional modas$ wsed. In the case of VFW
ablation (endocardium—epicardium approach), theaggial catheter is surrounded
by pericardial fluid, and hence this approach wasdeted by replacing the
circulating blood with pericardial fluid on the eprdial side (not shown in Figure
4.1). We have also conducted additional computenulsitions in which the
pericardial fluid was replaced by air. The simwatiof air around the epicardial
catheter is important, since small amounts of aulat be inadvertently introduced
during epicardial puncture or during catheter malaifon during the procedure.
Our simulations represented a worst-case scenariavhich the electrode is
completely surrounded by air.

Ventricular wall thickness (IVS or VFW) was varibdtween 5 and 15 mm.
Ventricle dimensions X and Z were estimated by reeafna convergence test in
order to avoid boundary effects, using as contaphmeter the value of the maximal
temperature achieved in the tissug4J after 120 s of heating. We first considered
a tentative spatial (i.e. minimum meshing size) derchporal resolution. To
determine the appropriate parameters of X and Znereased their values by equal

amounts. When the difference in thg,Jbetween consecutive simulations was less
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than 0.5%, we considered the former values to legj@ate. We then determined
adequate spatial and temporal resolution by medérsnular convergence tests
using the same control parameter as in the prevasisDiscretization was spatially
heterogeneous: the finest zone was always therediectissue interface, where the
largest voltage gradient was produced and henceamiiddmum value of current
density. In the tissue, grid size wascreasedgradually with distance from the
electrode-tissuiterface.

We also built three-dimensional (3D) models, whigtre used to represent
a scenario in which the two electrodes were na@nalil exactly opposite to each
other. These 3D models also allowed for simulatbrparallel placement of the
epicardial catheter tip (as opposed to perpendictdathe epicardium during VFW
ablation, as is usual in clinical practice.

The thermal and electrical properties of the magements are shown in
Table 4.1 (Schutet al 2009, Gopalakrishnan 2002, Patzal 2009).Due to the lack
of information on the electrical and thermal chéasgstics of the pericardial fluid
we assumed it to have the same characteristicaliag $Gopalakrishnan 2002) as a
first approximation. The electrical  and thermal conductivityk) of the cardiac
tissue were temperature-dependent functions ance vaefined by piecewise
functions. For we considered an exponential growth of 1.5%/°C ad®0°C
(Schuttet al 2009) and then a drop of 4 orders for five degreesnodel the
desiccation process (Haemmerathal 2003a), whilek grew linearly 0.12%/°C up to
100°C, after which temperatukevas kept constant (Berjano 2006).

Figure 4.2 shows the electrical and thermal boundanditions applied to
the model. The BM (Figure 4.2(a)) was electricathpdeled with an electrical
isolation boundary condition set at the model lgréind a voltage drop of 40 V
applied between the two electrodes throughout thal &ablation time of 120 s
(Sivagangabalaet al 2010), so that the electrical currents were alwfaysed to
flow between both electrodes. In the SEUM (FiguZ(l)), a constant zero voltage
was always set at the model limits (mimicking thecwical performance of the
dispersive electrode) and one of the active eldesavas set at 40 V while another
was electrically isolated for the first 60 s. Thesmditions were reversed for the
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subsequent 60 s, which gave a total ablation tifr26 s as in (Sivagangabalah

al 2010). In the SIUM (Figure 4.2(c)), as in the poex mode, the limits of the
model were fixed at 0 V (dispersive electrode),leviioth electrodes were set at 40
V during the total ablation process (120 s), s¢ tha electrical currents were forced
to flow simultaneously between each catheter aadlibpersive electrode.

Thermal boundary conditions (Figure 4.2(d)) wereuli thermal flux on the
symmetry axis and a constant temperature of 379y Ton the surfaces at a
distance from the active electrode. The coolingeaffproduced by the blood
circulating inside the ventricles {J,q= 37°C) was modeled by means of two forced
thermal convection coefficients in the endocardiblbed (b, = hegr) and
electrode—blood ¢h = her) with a value of 708 W/AK and 3636 WI/K,
respectively (Schutet al 2009).In the VFW model, we considered a free thermal
convection coefficient in the epicardium—-air/perdial fluid interface of 20
W/m?K. The cooling effect produced by the fluid cirding inside the electrode
was not modeled realistically by means of intetobks (the electrodes were empty,
as shown Figure 4.1), but with a forced thermalveation coefficient (f) of 10629
W/m?K and a coolant temperature of 21°C (room tempegatdhe value of this
coefficient was estimated by using the theoretigdtulation of forced convection
inside a tube (Gonzéalez-Suarezal 2012). We considered an internal flow rate of
36 mL/min (d'Avilaet al 2004) and half of the tube cross section (ng).

4.4. Results
4.4.1. Development of computational models

We obtained a value of X = Z =40 mm (ventricle dimgions), a grid size of
0.2 mm in the finest zone (electrode—tissue inteffand a step time of 0.05 s from
the convergence tests. Tissue temperature dideachrmore than 111°C in any of
the simulations and the temperature in the cathigtevas always lower than 50°C
(Sivagangabalaret al 2010), as is usual in clinical practice with thigd of

electrodes.
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4.4.2. Interventricular septum ablation

Figure 4.3 shows the temperature distributionslasin shapes in the IVS
after RFA, considering different septum thicknesd the three ablation modes. The
solid black line indicates the thermal damage hbdirde ( =1) and therefore
outlines the lesion. Table 4.2 shows the lesioredisions shown in Figure 4.3.

The lesions created in the IVS using BM (Figure(&))3 were always
transmural and symmetrical when the septum wall between 5 and 15 mm thick,
although their geometry differed slightly with thiess. When IVS waf 10 mm,
the maximum lesion width occurred in the middletld septum, while for IVS
12.5 mm the lesion had an hourglass shape, witimihenum width at the middle
of the septum.

The lesion shapes in the case of SEUM (Figure 3.8lffered significantly
from those obtained with BM. The most significaimding was that it was not
possible to create transmural lesions for septuokrlesses 12.5 mm and lesions
were asymmetrical. When the septum thickness wawrh5one would expect two
identical lesions to be created independently dughe large distance between
electrodes. However, the lesions remained asymeaetiin fact, the lesion depth
around the first activated electrode (left ventiacside) was 3.70 mm, as compared
to 5.01 mm on the right side, where the electrods e second to be activated.
The lesions were also found to be in general wadeund the secondly activated
electrode (right ventricular side) (see surface masgimum widths in Table 4.2).

The lesion shapes in the case of SIUM are showigare 4.3(c). As in
BM, the lesions were symmetrical for all thicknessensidered. However, in this

case, it was not possible to create transmuraidedior thicknesses 15 mm.

4.4.3. Ventricular free wall ablation

Figure 4.4 shows the temperature distributions ksibn shapes in the
VFW after RFA, considering different ventriculaidknesses and the three ablation

modes. Table 4.3 gives the dimensions of theserissi
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The lesions created with BM were transmural fockhesses up to 15 mm,
as shown in Figure 4.4(a) and lesion shape variedrding to the thickness. For
VFW £ 10 mm, the maximum lesion width occurred in thelde of the ventricular
wall (which has the same width as the epicardialase), while for VFW 12.5
mm the lesion had an hourglass shape, with thenmoim width at the middle of the
ventricular wall. However, unlike IVS ablation, thesions were never symmetrical
and were slightly wider around the electrode plamedhe epicardium (right side).

The SEUM was only able to create transmural leswimsn the VFW wag
7.5 mm (Figure 4.4(b)). The lesions were alwaysramgtrical and considerably
larger on the epicardial side, regardless of vewmimir wall thickness. The most
important difference with the IVS case was that l#son width on the epicardial
side was much larger.

With SIUM it was possible to create transmuraldesifor VFWE 12.5 mm
(Figure 4.4(c)). The lesion shapes were always asstnical and wider around the

electrode placed on the epicardium, unlike the tion.

4.4.4. Effect of air on the epicardial side

We assessed the effect of the accidental presérmiearound the epicardial
catheter tip. Figure 4.5 shows the temperatureilgiigions and lesion geometries in
the VFW using the three modes of ablation. The ngortant finding was the
absence of a thermal lesion on the endocardialvgitleBM (Figure 4.5(a)). SEUM
also failed to create transmural lesions, althowgHesion did form on the
endocardial side (see Figure 4.5(b)). The lesioaated on each side of the wall had
similar shapes, with a depth and width of approxélya4 mm and 7 mm,
respectively. SIUM was the only technique capalblereating a transmural lesion,

which was symmetrical in the shape of an hourdlsss Figure 4.5(c)).

4.4.5. Effect of changing the orientation of epicardial céheter

We also assessed the effect of changing the ofiemtaf the epicardial

catheter tip from perpendicular to parallel, aggsal in clinical practice. We used a
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3D model due to the lack of axial symmetry in thitsiation. The BM ablation and
pericardial fluid in the epicardial space were ddesed since it was the best
scenario in which transmural lesions were achieveijure 4.6 shows the
temperature distributions and lesion shapes iV with BM. The lesion shapes
in both situations were almost identical, which geggs that the orientation of the

epicardial catheter tip does not have a signifiedfgct on lesion geometry.

4.4.6. Effect of the misalignment of catheters

We assessed the effect of the progressive misaéighwf the catheters on
lesion dimension and transmurality in both IVS ariéw. Only BM and SIUM
were considered since we had seen that they wererisuto SEUM in creating
transmural lesions in both scenarios. Catheterligisaent was varied in steps of
2.5 mm from 0 mm (no misalignment) until the lesiwas no longer transmural.
The temperature distributions and lesion geometnidbe IVS and VFW (both 10
mm thickness) with BM and SIUM are shown in Figu4eg and 4.8, respectively.

In general, the lesions were seen to become lomgemisalignment
increased and the lesion shape became more hasilas BM was superior to
SIUM in IVS ablation, since it was capable of chegttransmural lesions up to a
catheter misalignment of 10 mm. The lesions wemags symmetrical in IVS
ablation, regardless of ablation mode and cathaisalignment (see Figure 4.7). In
the case of VFW ablation, BM was also more effectilian SIUM in creating
transmural lesions, which happened until cathetisalignment reached 12.5 mm,
as shown in Figure 4.8. Unlike IVS ablation, thsidas were asymmetrical and

wider on the epicardial surface and were even widtr SIUM.

4.5. Discussion

Our objective was to compare the efficacy of BM ant different UM
(SEUM and SIUM) in RF cardiac ablation. Specifigalle attempted to look at their
ability to create transmural lesions across veulaictissue in two locations: 1)

across the IVS with the electrodes located on e#lte of the septum, and 2) across
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the VFW with one electrode located on the endoeasride of the ventricle and the
other on its epicardial surface.

The computer modeling results demonstrated thatcBdted larger lesions
than SEUM and SIUM across the IVS (see Figure 4T8se findings are in
agreement with those obtained in previous experiatestudies on bipolar ablation
of the IVS. Nagashimat al (2011) compared BM and SEUM using saline-irrigated
electrodes on excised swine hearts and found thbp®duced a higher number of
transmural lesions. Sivagangabaktral (2010) also found that BM required fewer
ablations to achieve block across ablation lined eeated larger lesions in a post
infarct ovine model. It is worthy of note that ihig study we found the upper
transmurality limit when using BM (40 V/120 s) assolVS thicknesses up to 15
mm. Although this was assessed using the abovengéess in computer modeling,
this conclusion is relevant when one is targetirypentrophied left ventricular
myocardium. Interestingly, we also observed thafoles were not symmetrical
during SEUM; the lesions were in general largerd@pth and width) on the side of
the second activated catheter. We believe thatabidd be due to the result of
higher electrical conductivity on the site of thesibn created around the second
activated catheter, due to residual heating from pheceding lesion (electrical
conductivity at a given point is inversely proportal to the absorbed RF power and
hence to heating) and likely facilitates the depasi of more RF power. The
difference in thermal dosage may seem negligiblg,doir results suggest that this
could be significant and may explain the differende the SEUM lesions in
previous experimental results (Sivagangabataai 2010).

Our results also suggest that BM creates larg@risghan both UM across
the VFW (see Figure 4.4), with the lesions beingagks asymmetrical. This is true
as long as the epicardial catheter tip is not sumded by air, as shown in Figure 4.5.
The results show that in this situation, BM produeethermal lesion only on the
epicardial side, making transmurality unlikely. $tg due to the large difference in
electrical current density between the cathetes, tig. on the epicardial side the
electrode would have limited contact with the tesstesulting in a lower effective
contact area and hence a higher current densityie vam the other hand the
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endocardial catheter which would be completely murded by cardiac tissue and
blood (the electrical conductivity of blood is evéigher than cardiac tissue)
resulting in a lower current density. As the RF povabsorbed by the tissue
(directly converted into heat) is directly proportal to the square of current density,
lesions will be preferentially (or even exclusivelgreated around the epicardial
catheter tip due to its high current density, gsosed to on the endocardial surface.
In other words, when air is present around theaggdial catheter tip BM should not
be considered as a pure bipolar mode across the.\RViact, the temperature
distribution shown in Figure 4.5(a) suggests tinat ¢lectrode on the epicardium
actually behaves as a single active electrode, esserthe electrode on the
endocardium plays the role of a dispersive eleetrtious giving negligible heating
in its vicinity (definition of unipolar mode). SIUNs therefore likely to be more
effective than BM in achieving transmural lesiomgler this condition (see Figure
4.5(c)), at least for wall thicknesses up to 10 rRnom a practical point of view, the
presence of air around the epicardial cathetecdigd be checked pre-ablation by
measuring the unipolar impedances, i.e. betweereplieardial electrode and the
patch. A much higher value than that found betwisenendocardial electrode and
the patch would suggest the presence of air orpdirbal conditions, favoring non
transmural lesions.

The effect of changing the orientation of the cttheip to the epicardial
surface (from perpendicular to parallel) on lesitvelopment during VFW bipolar
ablation seems to be insignificant as suggestatidoyesults shown in Figure 4.6.

We also observed that BM was superior to UM in &8 VFW ablation
when both catheters were misaligned, as showngarés 4.7 and 4.8. In the case of
VFW ablation, transmurality was maintained up tanaalignment of 12.5 mm
between electrodes, while in IVS ablation transnityravas maintained only up to
10 mm misalignment. This is due to more power béisg in bipolar IVS ablation

from heat removal by circulating blood.
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4,5.1. Study Limitations

Our study used has certain limitations. We modelradinternally cooled
catheter (i.e. closed-irrigated catheter), andoaltin these catheters are used for
clinical RF ablation of cardiac tissue (d'Avii al 2004, Dukkipatiet al 2011,
Watanabeet al 2010), other types of catheters, such as non-irrigated @reh-
irrigated catheters, are also employed for thig tgpintervention. The conclusions
reached in this study could therefore be diffekghén using other catheter designs.
In addition, although different lesions could beeated when considering: a)
different insertion depths of the catheter tip ititssue and b) different voltage/time
settings, it is likely that the above conclusiorgarding the impact on the lesion
geometry of BM vs. UM, ventricular wall thicknessnd misalignment between
electrodes will remain essentially unchanged. Témults could be also different
using other ablation times, such as in the castEdIM with 120+120 s in order to
balance the comparative study in a different wawyally, it is important to point out
that our study modeled a SIUM based on a voltagdieap simultaneously through
both electrodes, which is equivalent to using @lsirRF generator. Otherwise, a
SIUM in which two independent RF generators arévdehg two voltage signals

"isolated from one another" could also provideeatit results.

4.6. Conclusions

Our findings suggest that BM for RF cardiac ablatomn IVS and VFW is
superior to both UM in terms of achieving lesioangmurality across ventricular
walls. This holds true even when the cathetersmsaligned as can occur clinically.
The only situation in which BM is inferior to UM & the case of VFW ablation,
when there is air around the epicardial catheperitiwhich SIUM is the only mode
capable of creating transmural lesions. The residis suggest that the orientation
of the catheter tip, i.e. perpendicular vs. pakatha the epicardial surface during
VFW bipolar ablation does not result in signifidgntifferent lesion shapes and

dimensions.
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Table 4.1. Thermal and electrical characteristics of the el@mef the numerical
models (data from Schutt al (2009), Gopalakrishnan (2002), Pétzl (2009)).

Element/Material (S/m) | k (W/m-K) (kg/m®) | ¢ (J/kg-K)
Electrode 4.6-10 71 21500 132

Plastic 10 0.026 70 1045

Blood 0.99 0.54 1000 4180
Pericardial fluid (saline) 1.35 0.628 980 4184

Liquid phase 1060 3111

Cardiac tissu 0.541 0.531

Gas phase 370.44 2155.92

, electric conductivityk, thermal conductivity; , density; anda, specific heat.
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Table 4.2. Lesion dimensions (in mm) in the interventriculapsaim (IVS) for
different septum thickness and three modes of RE&tiah: bipolar mode (BM),
sequential unipolar mode (SEUM) and simultaneotgalar mode (SIUM).

Amggn thié\lirsless MW1 |SW1| IW | MW2 | SW2 | D1 | D2

10 =IW | 6.02| 1043 =IW| =SW1 transmural

BM 125 8.18| 556/ 755 =MW1 =SW1 transmural
15 951 | 7.28/ 7.06 =MW1l =Swp transmural

10 6.80 | 5.39| 3.34 9.29 7.87 transmural
SEUM 12.5 6.39 | 5.14 - 8.80 7.7 3.78 5.36
15 6.34 | 5.11 - 8.86 748 3.70 5.01

10 =Iw | 835| 11.26 =IW| =SW1 transmural

SIUM 12.5 846 | 6.77) 3.68§ =MW1l =SW1 transmural
15 9.16 | 7.26 - =MW1 =SW1 562 =D1

MW: maximum width; IW: intermediate width; SW: sade width; and D: depth.

1: left side and 2: right side.
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Table 4.3. Lesion dimensions (in mm) in the ventricular frealWVFW) with the

epicardial catheter surrounded by pericardial fiiad different wall thickness and
three modes of RF ablation: bipolar mode (BM), sedial unipolar mode (SEUM)

and simultaneous unipolar mode (SIUM).

Ablation VFW
Mode | thickness MW1 | SW1 W MW2 SW2 D1 D2
7.5 12.65| 8.23] =MW1 =MW1 =MW1 transmural
10 13.90| 8.58) =MW1 =MW1 =MW1 transmural
BM
12.5 11.38/ 8.05 11.94 13.51 =MW2 transmural
15 10.08| 7.61 8.40 12.78 =MWZ2 transmural
7.5 6.73 | 5.79 6.07 11.61 10.48 transmural
10 558 | 4.71 - 12.25 11.67 3.29 5.58
SEUM
12.5 572 | 5.12 - 12.58 12.10 3.836 5.72
15 6.72 | 5.72 - 12.47 12.03 3.90 4.68
7.5 11.67| 7.35 =MW1 16.6 =MWR transmural
10 7.52 9.74 11.38 17.67 =MWZ2 transmural
SIUM
12.5 7.41| 6.02 4.13 16.4% =MW?2 transmural
15 7.79 | 6.82 - 16.01) =MW2 4.81 5.53

MW: maximum width; IW: intermediate width; SW: sade width; and D: depth.

1: left side and 2: right side.
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Figure 4.1. Left: Geometry of the computational model for inemtricular septum
(IVS) ablation. Septum thickness: S. The geomethe model for ventricular free
wall (VFW) ablation was similar, but circulatingdald in one ventricle was replaced
by pericardial fluid or air. Ventricle dimensions ahd Z were obtained from a
convergence test. Right: Detail of the electrodehentissue. Electrode radius; R
Rgr= 1.155 mm (7 Fr), electrode lengths: £ Lg = 3.5 mm (0.25 mm thickness

wall), and insertion depth: D= Dg= 0.5 mm.
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Figure 4.2. Electrical boundary conditions of the model foreinventricular septum
(IVS) ablation for(a) bipolar mode (BM)(b) sequential unipolar mode (SEUM)
and(c) simultaneus unipolar mode (SIUMy) Thermal boundary conditions for all
cases. f = heg and kB = her are the thermal transfer coefficients at the

endocardium-blood and the electrode—blood intesfa@spectively.
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Figure 4.3. Temperature distribution in the tissue after 126f RFA across the
interventricular septum (IVS) for different septufmickness from 10 to 15 mm,
considering three modes of ablatiga) bipolar mode (BM)(b) sequential unipolar
mode (SEUM), andc) simultaneous unipolar mode (SIUM). The solid bléink is
the thermal damage border €1). RL: right ventricle, and LV: left ventricle.
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Figure 4.4. Temperature distribution in the tissue after 126f RFA across the
ventricular free wall (VFW) with pericardial fluidn the epicardial space,
considering different wall thickness from 7.5 torbn and three modes of ablation:
(a) bipolar mode (BM)(b) sequential unipolar mode (SEUM), afe) simultaneous
unipolar mode (SIUM). The solid black line is thetmal damage border (=1).
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Figure 4.5. Temperature distributions after 120 s of RFA acithgesVFW (10 mm

wall thickness) with the epicardial catheter sunaed by air, considering three
modes of ablation(a) bipolar mode (BM)(b) sequential unipolar mode (SEUM),
and (c) simultaneous unipolar mode (SIUM). The solid blaiclke is the thermal

damage border (=1).

Figure 4.6. Temperature distributions after 120 s of RFA witkl Bcross VFW (10
mm thickness) comparing two orientations of the cemial catheter:(a)
perpendicular an¢b) parallel to the epicardium. The solid black lisethe thermal

damage border (=1).
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Figure 4.7. Temperature distributions in the tissue after 120 RFA with BM (a)
and SIUM (b) across the IVS (10 mm thickness), increasing thsalignment
between catheters in steps of 2.5 mm until th@tesias no longer transmural. Note
that the lesions were transmural when they readtiieithe tissue at a plane of the
wall, including the center. The solid black linghie thermal damage border €1).
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Figure 4.8. Temperature distributions in the tissue after 120 RFA with BM and
SIUM (b) across the VFW (10 mm thickness), increasing tlsalignment between

catheters in steps of 2.5 mm until the lesion wadamger transmural. The solid

black line is the thermal damage border<1).
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Chapter 5

Feasibility study of an internally cooled bipolar
applicator for RF coagulation of hepatic tissue:

Experimental and computational study

5.1. Abstract

Purpose: To study the capacity of an internallyledaadiofrequency (RF) bipolar
applicator to create sufficiently deep thermaldesiin hepatic tissue.

Materials and methods: Three complementary metlogikd were employed to
check the electrical and thermal behavior of theliegtor under test. The
experimental studies were based on excised boegiyo study) and porcine liver
(in vivo study) and the numerical models were sth®y means of the Finite
Element Method (FEM).

Results: Experimental and computational resultsveldlogood agreement in terms of
impedance progress and lesion depth (4 and 4.5 espectively for ex vivo
conditions, and 7 and 9 mm respectively for in vivo conditions)thaugh the
lesion widths were overestimated by the computaukitions. This could have been
due to the method used to assess the thermal seslmn experimental lesions were
assessed by the white coagulation zone wheredissiie damage function was used
to assess the computational lesions.

Conclusions: The experimental results suggest tthiatapplicator could create in
vivo lesions to a depth of around 7 mm. It was alsserved that the thermal lesion

is mainly confined to the area between both eldetsp which would allow lesion
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width to be controlled by selecting a specific agibr design. The comparison
between the experimental and computational resultgggests that the theoretical

model could be usefully applied in further studiéshe performance of this device.

5.2. Introduction

Radiofrequency (RF) energy devices are widely usatiermally coagulate
hepatic tissue e.g. in the destruction of surfaceots (Toppet al 2004, Gnerlicket
al 2009) or minimizing blood loss during hepatic & by creating thermal
coagulative necrosis along the transection plarskd®otoet al 2004). In both
cases the goal is to achieve sufficiently deepntlattesions. In the former case the
lesion should be deep enough to completely destr®yumor, while in the latter the
objective is to seal the small vessels in the #atien zone (Poort al 2005). We
focused on the RF-assisted resection where thenttidesions should be as deeper
as possible in order to facilitate the subsequamsection. About the lesion width,
on the one hand it is interesting to keep saferthe ablated tissue as much as
possible (i.e. reducing the thermal spread), fastance in the case of partial
nephrectomy where the amount of nephrons is criti@a the other hand, it is also
important to create a thermal lesion sufficientligevto coagulate the vessel in the
proximity prior to transection, avoiding the intperative bleeding.

RF energy is applied to the tissue mostly by a rpotar arrangement
between an active electrode and a large conduptieh (dispersive electrode) in
contact with the patient’s skin. The TissueLinkseéisting sealer (Salient Surgical
Technologies, Portsmouth, NH, USA) is one of thesmwidely used electro-
surgical devices in hepatic coagulation. Brieflyisia monopolar electrode cooled
by flushing saline through openings in the eleatrodhis cooling method was
previously proposed for RF cardiac ablation in orkeobtain deeper lesions and
prevent both excessive heating at the electrodeadisinterface and thrombus
formation on the electrode (Everettal 2009, Yokoyamat al 2006, Demazumder
et al 2001). In hepatic RF coagulation this cooling roeftifalso known asaline
linked) was used to prevent surface charring and kespeisurface temperature

below 100°C (Toppt al 2004). However, this does not prevent the tempezatin
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the subsurface from rising above 100°C, which @ad Ito steam formation and
expansion and even to disruption of the surfacee $team may be audible as
“steam pops”. In fact, undesirable effects suctstaam pops, impedance rise and
charring of the tissue surface (and in some caisegption) have been observed in
RF heating of cardiac and hepatic tissue (Teppal 2004, Everettet al 2009,
Yokoyamaet al 2006) with both open and closed irrigation (Eviesdtal 2009,
Yokoyama et al 2006). The use of closed-irrigation (or internaigoled) RF
electrodes has been proposed not only for RF caabéation (Coopeet al 2004)
but also for RF-assisted resection of liver, kidiaeygl pancreas (Burdigt al 2010,
Rioset al2011, Dorcarattet al2012) to minimize blood loss during resection.

Saline-linked technology has recently been implas@nin a bipolar
arrangement in the Aquamantys System (Salient &lrgiechnologies, Portsmouth,
NH, USA) (Zehet al 2010). In general, bipolar electrodes are compaxfetivo
identical electrodes between which RF current flolss arrangement requires less
power than the monopolar configuration to achidweedame coagulating effect and
has the additional advantage of not needing a disfeelectrode, thus avoiding the
risk of skin burns by poor contact between the skid the dispersive electrode. But
most importantly, the use of bipolar electrodespnts RF currents flowing through
adjacent tissue, thus minimizing the risk of injtwyother organs. This is especially
important when surgery is performed by the lapasp&capproach in conditions of
reduced visibility (Wattiezet al 1995).

Devices based on saline-drip, such as open-irdgaF electrodes, have
certain disadvantages when compared to closedhivig electrodes: (1) the risk of
burning contiguous organs by hot saline; and (2)ghline flow rate is critical for
producing the desired haemostatic effect withoutessive charring (Sprunger and
Herrell 2005). An internally cooled bipolar RF ajpptor would therefore combine
the above-mentioned advantages of the bipolar gordtion and would not have the
drawbacks associated with open-irrigation RF etelets. Although some designs
have been proposed for internally cooled bipolaragplicators, such as the Isolator
(Atricure, Cincinnati, OH USA), designed to crettiermal lesions in cardiac tissue

to cure atrial fibrillation (Voelleret al 2010), these electrodes had not previously
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been considered to coagulate hepatic tissue, iticplar to create thermal lesions
sufficiently deep for surface RF ablation or aslisgadevices during surgical
resection. We therefore conducted a feasibilitydgtaf a closed-irrigation bipolar
RF applicator. The study was based on three congitary methodologies: ex
vivo, in vivo and computational models. Due to thieiw cost, the ex vivo and
computational models were used in the first steghteck the electrical and thermal
performance of the applicator under test. Whealiitity to create deep lesions had
been assessed we then conducted a pilot experimanta/o test to check the
results in a pre-clinical scenario. Finally, adulital computer simulations that
modeled the in vivo scenario were conducted toysting effect of the applied
voltage and duration on the lesion depth and terdehe the potential of the cooled
bipolar applicator to coagulate hepatic tissue.séhsimulations were extended to

the case of a smaller applicator especially desidoelaparoscopic use.

5.3. Materials and methods
5.3.1. Description of the device

Figure 5.1 shows the proposed device (D1), whiatsists of two identical
electrodes 5 mm in diameter and 25 mm long, sepdiay a distance of 6 mm. We
chose long rather than pointed electrodes (asamtjluamantys System) since we
needed an applicator able to create thermal cotpilanecrosis along the
transection plane, as achieved by systems basetltiiple-electrode arrays (Pat
al 2012). Internal cooling was set at a volumetranlrate of 100 mL/min and a
coolant temperature of 5°C. The electrodes wereexted to a CC-1 Cosman
Coagulation System RF generator (Radionics, Bumidimg MA, USA), which
delivers a non modulated sinusoidal waveform up(0 V (rms) to a 100 load at

a maximum current of 1 A.

5.3.2. Exvivo experimental setup

Six lesions were performed on the surface of exclsavine liver (4.5 kg

weight, 17°C initial temperature). The collagenaapsule (Glisson’s Capsule)
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covering the external surface of the liver was reedoprior to the RF application.
Room temperature was 22°C. Internal cooling waslgcted by means of a Model
323 peristaltic pump (Watson Marlow, Wilmington, MAJSA). We analyzed
impedance progress during RF heating and the gepwiethe lesions created in the
tissue after each heat application. Impedance wampled at 30 Hz and processed
by means of Agilent VEE software (Agilent Technaésy Santa Clara, CA, USA).
Each lesion was sliced transversally in order taratterize its geometry (see Figure
5.4(a)). The thermal lesion geometry was assesgdtiebwhite coagulation zone
and its depth (D) and maximum width (W) were gu#di(see Figure 5.4(b)). Both
parameters were expressed as the mean + standaatiate A Mann-Whitney Test
was used to analyze the differences between gr@agis. collection and analysis of
impedance progress were performed with M&tlébhe MathWorks, Natick, MA,
USA) and SPSS 17.0 (Chicago, IL, USA), respectively

5.3.3. Invivo experimental setup

An in vivo pilot study was performed on a Landrgug (58 kg) obtained
from the farm of the Universitat Autonoma de Baooel (Barcelona, Spain) with
the authorization of the Ethical Commission of Aalrand Human Experimentation
(Spanish Government) and under the control of tiEcBl Commission of the
Universitat Autbnoma de Barcelona (Authorizationnther CEAAH 1256). The
anesthesia was supervised by a fully trained veteyistaff member. A combination
of azaperone and ketamine (4 mg/kg IM and 10 mdKkpwas used for initial
sedation. Once sedated, intravenous access wasaibtay placing a 20G catheter
in a marginal ear vein and morphine (0.2 mg/kg BJl meloxicam 0.2 mg/kg V)
were given as analgesic therapy. Anesthetic indnatias performed with propofol
(4 mg/kg IV) and maintained with isofluorane (vaper setting 2%) and 100%
oxygen through a semi-closed circular system (25kgfinin oxygen). Lactated
Ringer’'s solution (10 mL/kg/hour) was administerddough the same catheter
throughout surgery. Ventilation was controlled gsintermittent positive pressure
ventilation (SAV 2500 ventilator, B. Braun, Spainh order to maintain

normocapnia. During the surgical process, temperatheart rate, respiratory
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frequency, expired C£ arterial pressure, pulse and electrocardiograpieye
monitored by a Datex Ohmeda Cardiocap Il monitdre Bnimal was aseptically
prepared for surgery and a cranial laparotomy vesfopmed to access the liver. The
four hepatic lobes were exposed and ten RF coagudatvere conducted on the
liver surface (35°C) using a constant voltage of \bQrms) for 60 s. Room
temperature was 20°C. Internal cooling was condudtg means of a PE-PM
Radionics peristaltic pump (Integra Radionics, Bigton, MA, USA). Impedance
progress was registered during RF heating for é&ibn. The pig was euthanized
after the study by an IV dose of sodium pentobatbis in the ex vivo study, liver

excision was performed post-mortem in order to ssHee lesions.

5.3.4. Computational modeling

Computational models were based on a coupled mlebhgrmal problem,
which was solved numerically using the Finite Elamélethod (FEM) with
COMSOL Multiphysics software (COMSOL, Burlington MAISA). The governing
equation for the thermal problem was the Bioheatdfiqn (Berjano 2006):

rc%— =RKNT)+q+Q, +Q, 1)
whereT is temperaturg, time, k thermal conductivity, density and: specific heat.
The termQ;, is metabolic heat generation and is ignored inRkeof the liver, since

it has been shown to be insignificant; &ds heat loss from blood perfusion:
Qp = o (T, - T) (2)

where ,, is the density of blood (1000 kgfjn(Tungjitkusolmunet al 2002),c, the
heat capacity of blood (4180 J/Kg-K) (Tungjitkusaimet al 2002), T, the blood
temperature (37°C), and, the blood perfusion coefficient. The te@ was only
considered in the simulations of the in vivo coiwdis. For this case, a blood
perfusion coefficient of , = 3.810° s* (corresponding to a 60% perfusion level)
was considered (Tungjitkusolmuwet al 2002). The ternQ, was discarded when

modeling ex vivo situations. Termpis the heat source from RF power (Joule loss)
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which is given byq = |EJ?, where|E| is the magnitude of the vector electric field
(V/m) and the electrical conductivity (S/m). The value oisthiector is calculated

from E = -N , where is the voltage (V). The voltage is obtained byvsa

Laplace’s equation, which is the governing equatibthe electrical problem:
N>(sNF)=0 3)

At the RF frequencies 600 kHz) used in RF heating and over the distance
of interest (electrical power is deposited withisraall radius around the electrode)
the biological medium can be considered almostllyoteesistive, since the
displacement currents are much less important toemduction currents. A quasi-
static approach is therefore possible to solvesteetrical problem (Doss 1982).

Tissue vaporization was modeled by using the epyhalethod (Abraham
and Sparrow 2007, Byeongman and Alptekin 2010).s Tlvas performed by
modifying Equation (1) and incorporating the phakange according to (Pearee
al 2005, Yanget al2007):

1(rh)
It

= KNT) +q+Q, +Q, (4)

whereh was the enthalpy. For biological tissues, the @&pthis related to the tissue
temperature by followings (Abraham and Sparrow 2@i&oet al 2007):

regT 0<T £99C
- 5
rh= rh(99)+hfgcw 99<T £100°C ®)
(L0O- 99)
rh@00) + r ., (T - 100 T>100C

wherer; andc were tissue density and specific heat of liqug$ue iEl) and the
post-phase-change tissueq), respectivelyy, was the latent heat and C the tissue
water content. We considered a value of latent lwéa2.162-18 J/n?, which
corresponds to the product of the water vaporipatatent heat and the water
density at 100°C, and a tissue water content & ibi§ide the liver tissue (P&t al
2009).
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Figure 5.2 shows the physical situation modeled &he proposed
computational model, which represents the deviar aviragment of hepatic tissue.
Since there is a symmetrical plane, the model amdjudes half of the electrodes-
tissue set. The electrode, which has the same tharas the device used in the
experiments (Figure 5.1), was assumed to be irsartehe tissue to a depth of 0.5
mm and was separated from the symmetrical plang ioyn (6 mm inter-electrode
distance).

Tissue dimensions R and H were estimated by melaasonvergence test
in order to avoid boundary effects, using as conparameter the value of the
maximal temperature achieved in the tissuga{Tafter 60 s of heating. We first
considered a tentative spatial (i.e. minimum meglsigze) and temporal resolution.
To determine the appropriate values of R and Hecavalucted a computer analysis
by increasing the value of these parameters byleqnaunts. When the difference
between T..x and the same parameter in the previous simulatasless than 0.5%,
we considered the former values of R and H to lexaate. We then determined
adequate spatial and temporal resolution by mefogher convergence tests using
the same control parameter as in the previous Bstretization was spatially
heterogeneous: the finest zone was always therefiectissue interface, since it is
known that this has the largest voltage gradient ls@nce the maximum value of
current density. In the tissue, grid size vilasreasedgradually with distance from
the electrode-tissuinterface.The optimum spatial discretization was achieved by
refining the mesh in this zone so thaf,Jwas within 0.5% of the value obtained
from the previous refinement step. With an adeqep#gial resolution achieved, we
decreased the time step untjf was within 0.5% of the value obtained from the
previous time step.

The thermal and electrical characteristics of trmeh elements (electrode
and tissue) are shown in Table 5.1 (Reital 2009, Berjanaet al2006, Duck 1990).
The electrical and thermal conductivity were terapere-dependent functions. For
electrical conductivity we considered an exponéngieowth of +1.3%/°C and
+1.7%/°C up to 100°C for the ex vivo and in vivodah respectively. These values

were chosen since they provided the best fit fer ithpedance progress (initial
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decreasing slope) of the experimental and compualiresults. Between 100 and
105°C,s was kept constant and then decreased linearly drgérs for five degrees
(Byeongman and Alptekin 2010). Thermal conductigtew linearly +1.5%/°C up

to 100°C, and from then on was kept constant (Berja006).

Figure 5.3 shows the electrical and thermal boundanditions. For the
electrical boundary conditions (Figure 5.3(a)), anstant voltage of 25 V was
applied to the electrode and 0 V on the symmetangl which was equivalent to 50
V (rms) in the experimental setup. A null electticarrent was assumed on surfaces
at a distance from the electrode and on the tiasoigient and electrode-ambient.
Impedance value was calculated from the ratio @liag voltage to total current,
which was calculated as the integral of the curdemisity (A/nf) over the symmetry
plane, where current densityJs= E.

For the thermal boundary conditions (see Figuréb®)3a null thermal flux
was used on the symmetry plane. The temperatuseirdaces at a distance from the
electrode (Fssud Was 17°C and 35°C for modeling the ex vivo andivie situations,
respectively. The effect of free convection at tiesue-ambient and electrode-
ambient interfaces was taken into account usirgeartal transfer coefficienhf) of
20 W/nfK. Room temperature (Ywas 22°C and 20°C, respectively, for modeling
the ex vivo and in vivo situations. The thermal badary condition of convective
coefficient f1) was applied to the inner electrode in order talehdhe cooling effect
of the circulating fluid. The value df; for laminar flow (Burdioet al 2009) was
calculated using:

Nu= 1kt (6)
kf

where Nu is the (dimensionless) Nusselt numblgrthe thermal conductivity of

circulating fluid (W/m-K),L the length of the heated area (parallel to thection of

the flow), which was fixed at 25 mm (length of eétede in contact with the tissue,

see Figure 5.1 (b)). The average Nusseli)(can be estimated from the equation:

Nu = 0664Re"?)(Pr?) (7)
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where Re is the Reynoldswumber and Pr the Prandtl number (both
dimensionless)Equation (7) is valid for Re < 5-10These numbers are calculated

from the equations:

Re=_U- 8)

Pr=(i(ff ()
where  is the density of circulating fluid (kgff) the dynamic viscosity (N-s/m),
¢; the specific heat at constant pressure (J/kg-K)uatheé velocity of the flow (m/s)
calculated as:

4= o000 1o
whereF is the flow rate of the circulating fluid and #he cross-sectional area of the
tube = (0.0025% = 1.9635-1F m*. We obtained a value fds, of 1537 W/n-K
(flow rate of 100 mL/min). The characteristics dfet circulating fluid were
considered to be those of water at 37&C= 0.63 W/m-K, ; = 999.4 kg/m, =
6.9-10° N-s/m, andt; = 4174 J/kg-K. We considered a coolant temperaiti&€C.

In each simulation we obtained the impedance pesgfer 60 s of RF
heating and the lesion zone dimensions createleirtissue. These variables were
used to compare the computational and experimesgalts. In order to conduct this
comparison we adjusted the initial impedance of tteeue in the computational
model to the mean value obtained in each expermhetady. This was done by
varying the initial tissue electrical conductivifs,) to achieve the same initial
impedance as in the experiments (see Table 5.1).

The lesions were assessed by the Arrhenius damagelrfChang 2010,
Chang and Nguyen 2004), which associates temperaifitin exposure time using a

first order kinetics relationship:

W) = t Ae%dt (11)

0
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where (t) is the degree of tissue injury, R the univergak constant, A the
frequency factor (Y, and E the activation energy for the irreversible damage
reaction (J/mol). The parameteksand E are dependent on tissue type; for the liver
we considered those proposed by Jacaiesl 1996:A = 7.39-18°s™ and E =
2.577-18 J/mol. We employed the thermal damage contcutl which corresponds
to a 63% percent probability of cell death. Theng®in the perfusion term with
temperature was taken into account when modelimg ithvivo condition. We
considered the cessation in tissue perfusign=0) for > 1 (under which tissue
coagulation is assumed to occur) (Chang 2010).

Finally, after comparing the thermal lesions coneduirom the models with
the experimental values, we conducted an additiseailof simulations using the
computational model of the in vivo conditions aratying the applied voltage and
duration values. The aim here was to explore tfexebf these parameters on lesion
dimensions from a computational point of view. Weoaepeated these simulations
by considering a small applicator (D2) with 3 mrardeter electrodes separated by
a distance of 4 mm, which would allow it to be mabghrough a trocar in

laparoscopic surgery.

5.4. Results

After the convergence tests conducted with the egatipnal models, we
obtained a value of R = H = 50 mm (tissue dimersjioa grid size of 0.115 mm in
the finest zone (electrode-tissue interface) andtep time of 0.05 s. The
computational model had nearly 2,500 triangulamelets. Figure 5.4(b) shows the
side views of the thermal lesions created experiaigrfor the ex vivo and in vivo
conditions. Figure 5.4(c) shows temperature digtiims from the computer
simulations for the ex vivo and in vivo condition&s expected, the lesions are
mainly limited to the area between the electrodspgecially on the surface tissue.
This is especially noticeable in Figure 5.4(a), vehne surface view of a lesion (ex
vivo) shows a very limited contour along the entinegth of the electrodes.

Table 5.2 shows the lesion dimensions for both @&o \and in vivo

experimental conditions and the values estimatexh fihe computer simulations in
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the corresponding conditions. In general, the cdatmnal model tended to
overestimate lesion width by 45% in the ex vivoecaad up to 100% in the in vivo
case. In contrast, the computational estimatiath@fesion depth was more accurate
in both cases, by around 13% ex vivo and 45% in.viv

In the ex vivo case a strong correlation was folnetween the initial
impedance of the hepatic tissue and the lesionmiioes: B= 66% for depth and
77% for width, but this correlation was found tousy weak (<15%) in the in vivo
case.

Figure 5.5 shows impedance progresses during Riingeia the ex vivo
(Figure 5.5(a)) and in vivo study (Figure 5.5(@)he initial impedance was different
in both cases (231.13 + 9.6@and 90.10 + 8.58V respectively) and progress was
also slightly different. Ex vivo impedance progiiesly decreased during the entire
period while in vivo impedance fell rapidly in tlfiest 10 s and then increased at a
slower rate until the end-point. In one case ofitheivo setup there was an abrupt
impedance rise (roll-off) at 45 s. Figure 5.5 adwmws the impedance progress
obtained from the computational models (solid ljneghich shows that in general
there is good agreement between the computatioadeperimental results.

Finally, Figure 5.6 shows the depth of lesionsneated from the computer
simulations of in vivo conditions for the applicatonder test (D1) and for the
smaller design (D2) when changing the applied gelté60 - 100 V) and duration
(60 - 300 s). The results indicate that the hegpieigod has a minimum impact on
lesion depth: D1 was seen to increase from 9.62tont7.13 mm and D2 from 9.15
mm to 14.48 mm when the time was increased frora 80300 s. In contrast, when
the time was kept at 60 s, the applied voltagendichave a significant influence on
lesion depth, which in fact slightly decreased frd$2 mm to 7.76 mm for D1 and
from 9.15 mm to 6.66 mm for D2 when voltage wasedifrom 50 V to 100 V. The
low impact of the applied voltage on lesion dimensicould be due to the fact that
increasing the voltage caused a sudden increagapafdance (roll-off), at which
time the temperature of the tissue around the reldetreached 100°C. This could
have prevented the lesion from going deeper. Birgpect, Figure 5.7 shows the in

vivo impedance progresses and tissue temperatstabdtions computed for the
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applicator under test by raising the applied va@téom 50 to 100 V. We observed
that roll-off occurred at a specific time for eaapplied voltage and at this time the
temperature of the tissue around the electrode®88C: 40 s, 15 s and 9 s for a
voltage of 65V, 80 V and 100 V, respectively.

5.5. Discussion

This study was conducted to assess the capacity lmpolar cooled RF
applicator to coagulate hepatic tissue and espedimlquantify the lesion depths
created. We used three complementary methodologiesrivo set up, in vivo
experiments and computational modeling.

The results of the computer simulations were coeghan the experimental
results to assess the accuracy of the computatinodels. In general, we observed
a tendency in the computer simulations to overegtinthe lesion dimensions.
However, we also found good agreement between theputational and
experimental results of impedance progress, whigjgasts that the disagreement
could have been due to the method used to assesgh#émmal lesion. The
experimental lesions were assessed by the whitgutaigon zone. Prior to the
experimental ex vivo study we evaluated the retestigp between the color change
in liver samples immersed in hot water, water terafpee, and immersion time. The
samples were heated from 50 to 75°C for times fiéno 60 s, as in (Panesetial
1995, Daddet al 1996). We observed that the tissue did not turitembntil the
water temperature reached 70°C (Gonzélez-Swdra@2011). Since it is known that
temperatures around 50°C produce coagulative therawiosis, we can state that
the experimental lesion dimensions correspond aqpedely to the boundary of the
70°C isotherm, while the lesion dimensions fromdabmputer simulations using the
tissue damage function include a higher amounisefie at temperatures over 50°C.
For this reason the lesions estimated from the ctatipnal models possibly give a
truer representation of the dimensions than théentpagulation contours. Taking
the above into account, we consider that the pegb@e®mputational model would
be sufficiently accurate if used to study otheuéssfrom a computational point of

view.
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In practical terms, the experimental results sugtieg by using the closed
irrigation RF bipolar electrode, it is possibleachieve in vivo lesions with a depth
»7 mm. If the computational model gives a more aaeurepresentation of lesion
depth, the value could be around 9 mm. As far askm@v, no data have been
reported on the lesion depth achieved by the Agutysebipolar system, although
there are indications that it is typically lessntha mm (Rosenberg 2007). The
cooled bipolar applicator tested in this study pices deeper lesions, which could
be due to the size of the electrode used (5 mnBM&8 mm in the Aquamantys
Model 6.0) and the distance between electrodes if® va. 2.53 mm). These
dimensional differences would undoubtedly have @ftuénce on the results, as
would the different technologies they use: open alesed irrigation. Previous
comparative studies on RF cardiac ablation have b&@®n unanimous in their
findings; while some suggest there are no diffeesnbetween open and closed
irrigation at the same power settings (Peteeteal 2004), others maintain that there
are no differences for power levels higher thav2(Everettet al 2009, Yokoyama
et al 2006) but that closed irrigation produces deepsiohs at low power setting (<
20 W) (Everettet al 2009). Future studies should be conducted to coenffe
lesion depths created by both systems in hepatiodi

An experimental study on cardiac tissue using fodator device (Atricure,
Cincinnati, OH USA) based on closed irrigation bgpoRF electrodes reported a
mean lesion depth of 5.3 = 3.0 mm (Voekeéral 2010). This shows once again that
lesion characteristics are highly dependent onelketrode design (diameter and
distance between electrodes), as well as otheorfacuch as contact pressure,
power delivering protocol (including power settingp that a direct comparison
with our results is difficult. However, our findieguggest that the applicator studied
would be useful for creating sufficiently deep thal lesions in hepatic tissue to
assist in sealing small vessels during surgicadatézn, or producing a long thermal
lesion along the transection plane in preparatorc@itting with a cold scalpel.

It should be emphasized that our aim was not terdehe the factors
affecting the incidence of steam popping or impedarise (as in Gnerlickt al

2009), i.e. we did not search for the optimum carabon of applied voltage and
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duration. In this respect, the results from addaiocomputer simulations in which
these two parameters were varied suggest thatenigig the duration could extend
lesion depth to 17 mm. They also suggest thatngittie applied voltage will not
increase lesion depth. In this regard, we found #tahigher voltages the tissue
around the electrode reache400°C and causes an abrupt increase of impedance a
a specific time. This interrupts the flow of RF @nt and consequently limits the
size of the lesion. We therefore consider that laevaround 50 V would be the
optimum.

From a clinical point of view, the applicator tebteere is too large to be
used in a laparoscopic approach and hence carberdymployed in open surgery for
both liver resection and surface tumor ablationwkleer, the computational model
proposed here could be useful for exploring théability of other designs for use
with a trocar in laparoscopic surgery. In this exgp the computational results
computed for different values of applied voltaged aguration were similar to
previous results. A lesion deptii4 mm could be achieved when the duration is
increased. On the other hand, simply raising thalieg voltage did not provide
deeper lesions.

This study has certain limitations. Firstly, themqmutational model was two-
dimensional, while the experimental models wereialsly three-dimensional. The
comparison between the computational and experaheesults suggests that this
limitation is not highly significant, at least fire durations used here, since the edge
effect observed in the early stages (when heatingdinly confined to the ends of
the electrodes) seems negligible for heating tiloeger than 60 s. Also, the in vivo
computer simulations considered only one valuetigsue perfusion, although the
actual perfusion rate in each lesion zone was umknonder the specific in vivo
experimental conditions. In fact, it would be pb#sito find a better correlation
between computational and in vivo experimental Iteshy finding an optimum
value of blood perfusion coefficient.

Finally, the differences between the ex vivo angiio results could be due
not only to the different initial impedance and parature values, but possibly also
to whether or not the Glisson’s capsule had beewigusly removed. The electrical
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and thermal effect of this layer on lesions shosddmade the subject of further
research. Although its clinical impact seems law presence could have caused the
steam pops observed in our in vivo study, due éarstaccumulating between the

hepatic tissue and capsule during heating.

5.6. Conclusions

The experimental results suggest that the cooledldni RF applicator tested
in this study could create lesions with a depthuatb 7 mm under in vivo
conditions. This value could be considered to bénapn for RF-assisted hepatic
resection. The thermal lesion is mainly confinedht® area between the electrodes,
which would make it possible to control lesion widby selecting a specific
applicator design. The comparison between the @xpetal and computational
results suggests that the computational model coeldseful for further studies of

the performance of this device.
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Table 5.1. Thermal and electrical characteristics of the elememployed in the

computational modeling (Data from (P&t al 2009, Berjanoet al 2006, Duck

1990)).
Element/Material (S/m) | k (W/m-K) (kg/m®) ¢ (J/kg-K)
Electrode 7.4.10 15 8000 480
Liquid phase X . 1080 3455
Liver 0 0.502
Gas phase 370 2156

, electric conductivityk, thermal conductivity;, density; and, specific heat.

" .. assessed at 17°C and adjusted to achieve theiséiimeimpedance as in the

experiments: 0.37 and 0.71 S/m for ex vivo andivo vrespectively. Assessed at

37°C.

Table 5.2. Lesions dimensions created by the internally codigablar applicator

under ex vivo and in vivo experimental conditiormgydther with the values

estimated from computer simulations for the sanmalitimns.

Condition Methodology Depth (mm)| Width (mm)
Computational 454 11.19
Ex vivo Experimental
P 403+0.14| 7.67+041
(n=6)
Computational 9.62 22.20
In vivo Experimental
6.85+1.25 1090+ 1.22
(n=10)
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Figure 5.1. Top (a) and side(b) views of the internally cooled bipolar applicator

proposed to coagulate hepatic tissue.
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Figure 5.2. (a) Physical situation considered in the study. Thehdd rectangle
indicates the region considered in the computationadel. (b) Computational
model proposed (out of scale). R and H: dimensadrthe hepatic tissue. The inner
and outer electrode diameters are 4.5 and 5 mrpectsgely. Since there is a
symmetrical plane, the model only includes halthef electrodes-tissue set. Lesion
depth (D) and width (W) were assessed by an Artleedamage model (see text for

more details).
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Figure 5.3. Electrical(a) and therma(b) boundary conditions of the computational

model.
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Figure 5.4. Thermal lesions created after 60 s of RF heatingp@tV (rms),
considering a flow rate of 100 mL/min and a cookamperature of 5°Ga) Surface
view of lesion created in the ex vivo mod@) side views of lesions created in the
ex vivo (top) and in vivo (bottom) modeléc) Temperature distributions from
computer simulations of the ex vivo (top) and imovs{bottom) conditions (scale in
°C). The lesions were characterized by the depthaf@ maximum width (W)
parameters. Experimental lesions were assessedéywhite coagulation zone
contour and in the computer simulations by an Arihe damage model (the solid

black contour corresponds to= 1).
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Figure 5.5. Impedance progresses during RF heating in theex(a) and in vivo
study (b). The solid lines show the results of computer &thons of the
corresponding conditions. Both cases (ex vivo andivo) consider a flow rate of
100 mL/min and a coolant temperature of 5°C. Nbt¢ &an in vivo experimental

case showed an impedance rise (roll-off) at 45 s.
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Figure 5.6. Lesion depths estimated from computer modelingofivo conditions
for the applicator under test (D1) and the smatlesign (D2) when changing
applied voltage (between 50 and 100 V) and duratiimtween 60 and 300 s). D1
and D2 are applicators with 5 and 3 mm diametecteddes and separated by a

distance of 6 and 4 mm, respectively.
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Figure 5.7. Impedance progresses and tissue temperature digirie computed
for in vivo conditions for the applicator under ttaghile changing the voltage
(between 50 and 100 V) for a time of 60 s. The @antine corresponds with the

100°C isotherm plotted at the instant at which-offloccurs. Scale in °C.
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Could the heat sink effect of blood flow inside
large vessels protect the vessel wall from thermal
damage during RF-assisted surgical resection? A
computer modeling and an in vivo experimental

study

6.1. Abstract

Purpose: To assess whether the heat sink effddeislarge vessel could protect
the vessel wall from thermal damage close to agrmaily cooled electrode during
RF-assisted resection.

Materials and methods: Three computational modedsewbuilt and we first
compared three mathematical ways of modeling tla siek effect of blood flow:
1) constant heat transfer at the tissue-vessafact f,), 2) temperature-dependent
h,, and 3) advection heat method. Simulations weea ttarried out to study the
effect of different factors such as device-tissaatact, vessel position and vessel-
device distance (D) on temperature distributions taermal lesion dimensions near
the large vessel. In vivo experiments were alsodooted to validate the

computational results.
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Results: The three methods of modeling blood floevjaled a similar temperature
distribution around the vessel. The advection hesthod was chosen for the study.
The shape of the thermal lesion was significantdified by the heat sink effect
around the vessel in all the cases considerednidletamage to the vessel wall was
inversely related to the vessel-device distance (Dyvas also more pronounced
when the device-tissue contact surface was redoicgden the vessel was parallel
to the device or perpendicular to its distal ehd,\tessel wall being damaged at D
4 and 4.25 mm. The geometries of lesions aroundvéissels in the experiments
were in agreement with the computational results.

Conclusions: The experimental and computationalltesuggest that the heat sink
effect could protect the vessel wall for D7.4 mm. The computer simulations also
predicted that a large vessel wall (such as th&apeein) would not be damaged for

D 5mm.

6.2. Introduction

Surgical devices based on monopolar radiofrequefiRly) energy are
usually employed during resection to thermally edatg tissue and minimize blood
loss. The rationale is to apply RF power to sealbuessels in the transection plane
(Poon et al 2005). Some of these devices are lmasad irrigated electrode, such as
the TissuelLink dissecting sealer (Salient Surgitathnologies, Portsmouth, NH,
USA), which infuses saline into the tissue throogknings (Pooet al 2005), while
others are based on an internally cooled elect(Bdedio et al 2010),such as the
Coolinside device (Apeiron Medical, Valencia, Spaln both designs, the electrode
is cooled to prevent surface charring and keepdhgerature on the device-tissue
interface below 100°C (Topgt al2004).

Creating deep thermal lesions, which is clearlydfieral for sealing small
and medium sized vessels in the transection pleare,be less effective when the
device is used near large vessels. Acute and dblageal vein thrombosis as well
as injury to the hepatic artery and bile duct hawesen observed following

radiofrequency ablation near the liver hilum, whicén lead to major morbidity
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such as bile stenosis and liver abscesses (Tep86& Marchalet al 2006).As
such, some surgeons prefer using ultrasonic dmsetd remove the tissue around
these vessels in order to reduce the risk of themlamage, since ultrasonic
dissectors have a low penetration depth and miniatelal energy spread (Suttet

al 2010).However, we hypothesize that the simple heat sifdcteof the blood flow
inside the vessel could itself reduce thermal dama&g confirm this hypothesis, we
planned computer modeling and in vivo experimentassess the lesion dimensions
in hepatic tissue thermally heated by an internatipled electrode placed near a
large vessel.

Previous studies have modeled the heat sink effetdrge vessels in the
proximity of a tumor ablated by RF currents (Haemioheet al 2003b, Chen and
Saidel 2009, Dos Santcet al 2008, Consiglieriet al 2003, Consiglieri 2012,
Antuneset al 2012, Huang 2013). The heat sink effect of the dhiffow inside the
vessel was modeled by different methods: 1) a eonsteat transfer coefficiert,j
at the vessel-tissue interface (Haemmeethl 2003b, Chen and Saidel 2009, Shah
et al 2005); 2) a temperature-dependbp(Dos Santo®t al 2008, Consiglieret al
2003, Consiglieri 2012); and 3) advection heat meétl{Antuneset al 2012,
Gopalakrishnan 2002, Incropest al 2006). The aim of these studies was to
determine how the heat sink effect distorted caatgpnt volume during RF ablation.
Our goal was somewhat different: to study how thatlsink effect could protect the
vessel wall in the proximity of an RF-assisted cise device. Although some
previous computer modeling studies (Chen and S&ide9, Penget al 2011)have
considered vessel-wall thickness (<0.5 mm) as gixd#i as compared to its
diameter, in the present study it was crucial tosader this factor in order to assess
whether the vessel wall had been damaged by Rinhgeat

The objectives of the study were: 1) to study terafpee distributions and
thermal lesion dimensions around a large vessel mexa transection plane
coagulated by RF energy for different positions drefances of the vessel from an
internally cooled RF electrode; and 2) to valididite computer results by means of
an in vivo experimental study. The results wereeexgd to provide information on

the utility of blood flow as a thermal protectioreananism.
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6.3. Materials and methods
6.3.1. Description of the RF-assisted device

We considered a RF-assisted resection conducteuh igternally cooled 8
mm diameter Coolinside electrode (Apeiron Medidahlencia, Spain) which is
intended to coagulate and dissect hepatic parergHymna laparotomy approach
(Burdio et al 2010). Coagulation was performed by the blunt proximal dipd
dissection by an 8 mm long blade attached to tbtaldip, as shown in Figure 6.1.

6.3.2. Computer modeling

First, convergence tests were conducted to obtteroptimum dimensions,
grid size, and time step values (Section 4.4.1yoBaly, we conducted computer
simulations to compare the thermal performancehefthree proposed methods to
model the cooling effect of the blood inside thesat (Section 4.4.2). And thirdly,
(Section 4.4.3), we simulated: 1) the progres$eftemperature distributions during
heating; 2) the effect on temperature of vesseéadee and position with respect to
the electrode; and 3) the effect of the electragkafe contact surface.

The numerical model was based on a coupled eldbgitnal problem,
which was solved numerically using the Finite Elamd&lethod (FEM) with
COMSOL Multiphysics software (COMSOL, Burlington, A1 USA). The
governing equation for the thermal problem was Bieheat Equation (Pennes
1948):

rc%— =RKkNT)+q+Q, +Q, (1)
where is density (kg/r), ¢ specific heat (J/kék), T temperature (°C}),time (s),k
thermal conductivity (W/nK), g the heat source caused by RF power (W/Qp
the heat loss caused by blood perfusion (¥W/mnd Q. the metabolic heat
generation (W/rj), which was considered negligible in comparisothwihe other

terms (Berjano 2006).
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Tissue vaporization was modeled by the enthalpyhatet(Abraham and
Sparrow 2007, Byeongman and Alptekin 20d@)ch incorporates the phase change
of the tissue in Equation (1) according to (Peatcal 2005, Yanget al2007):

ﬂ(rh)

i = \(kNT) +q- Q, (2)

whereh is enthalpy. For biological tissues, enthalpyekted to tissue temperature

by the following expression (Abraham and Sparro®@722&hacet al2007):

ragT 0<T £99C
- 3
rh= rh(99)+hfgcw 99<T £100°C @)
(LOO- 99)
rh@00) + r ., (T - 100 T>100C

wherer; andg; is the tissue density and the specific heat @frltissue before phase-
change iEl) and post-phase-changed), respectivelyhy is the latent heat and C
the tissue water content. We considered a lateatt\aue of 2.162-£0)/nT, which
corresponds to the product of the water vaporipatatent heat and the water
density at 100°C, and a tissue water content & i€ide the liver tissue (Pagt al
2009).

The distributed heat sink effect of the microvaacylerfusion was included

in the tissue considering as (Pennes 1948):

Qp =ar bcbwb(Tb - T) (4)

where  is blood densityg, blood specific heat], blood temperature (37°C),
tissue state coefficient which ranges from 0-1,etheling on the local level of tissue
damage (Chang and Nguyen 2004,Chang 2@t@), , blood perfusion coefficient
(sY). In our study, the value of the blood perfusiamefticient in liver tissue
(Tungjitkusolmuret al2002)was ,= 6.410° s*. The thermal damage of the tissue
was assessed by the Arrhenius equation (Chang gngled 2004, Chang 2010),
which associates temperature with exposure timagusi first order kinetics

relationship:
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W) = t Ae%dt (5)
0

where (1) is the degree of tissue injuryg the universal gas constam, the
frequency factor (§, and E the activation energy for the irreversible damage
reaction (J/mol). The parametéksand E for the liver were (Jacquest al1996):A
=7.39-18°s* and E = 2.577-10 3/mol. We employed the thermal damage contour

=1 (63% probability of cell death). When> 1, tissue coagulation is assumed to
occur causing a cessation in tissue perfuser 0, Q, = 0) (Chang and Nguyen
2004).

At the RF frequencies B00 kHz) and over the distance of interest, the
biological medium can be considered almost totadlgistive and a quasi-static
approach is therefore possible to solve the etedtproblem (Doss 1982).he
distributed heat souragis given byq = |E|? where|E| is the magnitude of the
vector electric field (V/m) and is the electrical conductivity (S/mit is calculated

fromE =-N , where is the voltage (V) obtained by solving Laplacejsiation:
N>(sNF)=0 (6)

Figure 6.2 show the geometry and dimensions oftlinee-dimensional
model built. It represents a partially isolatedtaliee electrode placed parallel over
a fragment of hepatic tissue and close to a largsal. The vessel has a 10 mm
diameter (b), which is the typical size of the pbrein at the liver hilum (Gray
1990),and a wall thickness of 0.5 mm (Chen and Saideb2B@nget al2011). We
initially modeled a vessel with a length L (equalthe Y dimension of the tissue)
which is located in the middle, perpendicular andistance (D) of 5 mm below the
device. We considered an insertion depth of 1 mihefdevice into the tissue due
to the pressure between electrode and tissue. Aysgal dimensions of the device
(Figure 6.2(b)) are those of the actual device showFigure 6.1: its metallic part
has outer and inner diameters of 8 and 7 mm, réspic(ODy and 10;,), 30 mm
in length (L,) and a blade 2.5 mm depthg{P0.1 mm thick () and 8 mm long
(Lg); the plastic-covered section is 0.3 mm thick)(TThe model considered this

plastic section to be 45 mm longsfLThe appropriate tissue dimensions X, Y and Z
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(Z = Y/I2) were estimated by means of a convergéesein order to avoid boundary
effects (Berjano 2006)ysing as control parameter the value of the maximal
temperature achieved in the tissue.{J after 45 s of RF heating. We first
considered a tentative spatial (i.e. minimum meglsize) and temporal resolution.
To determine the appropriate parameters of X andé’jncreased their values by
equal amounts. When the difference in thg,etween consecutive simulations
was less than 0.5%, we considered the former valoedse adequate. We then
determined adequate spatial and temporal resolubgn means of similar
convergence tests using the same control parani@iseretization was spatially
heterogeneous: the finest zone was always the -iksglee interface, where the
largest voltage gradient was produced and hencemdsemum value of current
density. In the tissue, grid size wascreasedgradually with distance from the
blade-tissuénterface

The thermal and electrical properties of the moeleiments (electrode,
plastic, blood and liver tissue) are shown in Table (Haemmerictet al 2003b,
Patzet al 2009, Berjanaet al 2006, Duck 1990, Burdiet al2009).The vessel wall
was not modeled separately, since it has similapgrties to normal liver tissue
(Duck 1990).Liver electrical () and thermal conductivityk] were temperature-
dependent and were defined by piecewise functidos: we considered an
exponential growth (Pearet al2005)of 1.5%/°C up to 100°C and then it decreased
4 orders for five degrees (Haemmeriethal 2003a);andk grew linearly 0.15%/°C
up to 100°C, after which temperatlrevas kept constant (Byeongman and Alptekin
2010).

Figure 6.3(a) shows the electrical and thermal bawn conditions applied
to the model. For the electrical boundary condgiam constant electrical voltage of
50 V was applied to the metallic part of the devacel 0 V to the lower surface of
the tissue (mimicking the electrical performance tbé dispersive electrode).
Although this voltage value is lower than that usédically (around 100 V for the
8-mm electrode) (Burdiet al 2010), it should be remembered that the theotetica
model (see Figure 6.2) does not include the pasienttire body, and hence the

voltage drop across the body and tissue next taligpgersive electrode is missing.
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Null electrical current was used on the surfaces @distance from the device and on
the tissue-ambient and device-ambient interfaces. the thermal boundary
conditions, a constant temperature of 37°C waglfixe the surfaces at a distance
from the device (this was also the initial temperatvalue). The effect of free
convection at the tissue-ambient and device-ambietgrfaces was taken into
account using a thermal transfer coefficiedm) of 20 W/nfK and a value of 21°C
was considered for ambient temperature (Bumtial 2009). The cooling effect
produced by the fluid circulating inside the deweas not modeled realistically by
means of internal tubes (the device was emptyha#/s Figure 6.2(b)), but by a
forced thermal convection coefficierit) of 1420 W/niK and a coolant temperature
of 5°C. The value of this coefficient was estimateyl using the theoretical
calculation of forced convection inside a tube @aret al 2009)with an inner
diameter of 7 mm and a length of the heated ar&9ofim (10, and Ly in Figure
6.2(b), respectively). We considered an intermalvflate of the circulating fluid of
100 mL/min and half of the cross section area efttibe with a value of 1.920°

m>.

6.3.3. Modeling blood flow

The heat sink effect of the blood flow inside thege vessel was modeled
by three different methods: (a) a constant heaistea coefficienth, at the tissue-
vessel interface; (b) temperature-dependigrand (c) advection heat method.

6.3.3.a. Method 1: constanth

The thermal effect of the blood flow was modeled dyconstant heat
transfer coefficient at the tissue-vessel interfassuming fully developed thermal
and hydrodynamic flow (Haemmeriatt al 2003b), i.e. the entire surface of the
vessel was subjected to heat. As in previous sutHaemmericlet al2003b, Chen
and Saidel 2009, Shadt al 2005, Penget al 2011),this convective coefficienth()

was calculated as:
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b (7)

where Nu is the (dimensionless) Nusselt numbley,blood thermal conductivity
(W/m-K) andb the diameter of the vessel (see Figure 6.3(b)@ Nhsselt number
can be approximated as follows (Haemmeathl 2003b):

- mere ©

Nu =4+ 0.486424n

where Pr is the Prandlt number (Pr = 25 for bloadhe vessel length (is identical

to tissue dimension Y) and Re the (dimensionleggnRlds number calculated as:

Re= /o0 540

m 9)
whereuy is the average blood velocity in the vessel, baipgroximately 0.2 m/s in
the portal vein (Cionet al 1992); and the viscosity of the blood (Duck 1990)=
0.0034 Ns/nt. As a result, the convective coefficientis= 855 W/niK.

6.3.3.b. Method 2: temperature-dependent h

Unlike in the first method, both vessel-wall tematare and, varied during
the ablation procedure. Since only a small regibthe vessel is heated during the
process, the thermal boundary condition is notyfdéveloped (Dos Santct al
2008, Consiglieriet al 2003, Consiglieri 2012). The value of this conwesti
coefficient is calculated as a function of the temapure distribution on the vessel
wall, which is updated at each time step and isaseéhe new convective boundary
condition on the vessel wall for the next step (Bastoset al 2008) (see Eq. (10)).
This equation assumes that blood behaves as a Niewtfiuid in large vessels, the
blood flow has a laminar Navier-Stokes profile ahd vessel geometry is linear
(Dos Santogt al2008, Consiglieret al2003):

h/ - rbcbub(To - T.)b
0252, +T, +T) - T,)a

(10)

141



Chapter 6

where T; is the normal inlet blood temperature (37°T),the temperature at the
vessel outletTs the maximum temperature of the heated region orvéissel wall,
T, the average temperature betw@emndT,, a the length of the heated region in
the vessel and the vessel diameter (see Figure 6.3(b)). As inhotktl, we
consideredu, = 0.2 m/s. Based on previous experimental andréieal studies
(Dos Santoset al 2008, Consiglieriet al 2003, Consiglieri 2012), temperaturés
andT, were set at 37 and 37.05°C when the temperatuteofessel wall was 50°C.
T, was evaluated by means of linear interpolationmfr@ther vessel wall
temperatures (Dos Santes al 2008).Although previous studies (Consigliezi al
2003, Consiglieri 2012assumed a constant length of heated region in éiseel
(exactly one quarter of its cylindrical surface),reality it also changes during the
ablation procedure (Dos Santesal 2008). In fact, at the initial time, there is no
heated region in the vessel, ee= 0 mm (t = 0 s). We therefore fixéd= 0 W/nfK

in order to avoid computational problems (the teris in the denominator of Eq.
(10)). The value o& in each time step was calculated as in a prewoar (Dos
Santoset al2008).

6.3.3.c. Method 3: advection heat method

The heat diffusion produced by the blood flow waswated as a moving
liquid (Antuneset al 2012, Gopalakrishnan 2002) by including the follogviterm
called advection term (Incropeet al 2006) on the right hand of Eq.(1), which

represents the heat loss due to blood flow:
- rCu, > NT 11)

whereu, (X, Y, z) is the blood velocity field in the veké®/s), which in our study is

in direction-y when the vessel is perpendiculathe device, as shown in Figure
6.2(a). Since the blood flow is in this directidnis not possible to consider half of
the model. In order to make a comparison with ttexvipus methods, we considered

the same blood flow velocity, = 0.2 m/s.
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6.3.4. Comparison of blood flow models

The temperature distribution in the vessel andgth@emetry of the thermal
lesion around the vessel after RF heating was méddafior each model. We proposed
a new procedure to quantify the distances and tha letween the thermal lesion
and the vessel to assess whether the wall haddaemeaged by the RF heating. Only
one previous study has measured the central destagteveen the RF lesion and the
vessel (Haemmericht al 2003b).In the present study we not only quantified this
distance, but also the transverse distances bettieegnds of the RF lesion and the
vessel according to an angleas well as some intermediate distances, as sirown
Figure 6.4(a). These distances were then plottesl gnaph according to the value of

, to obtain the area under the curve betweegardl d (see Figure 6.4(b)). The
thermal damage in the vessel wall was assessedrayngter , which is the arc of
the damaged vessel obtained by the intersectidiheoesion curve with vessel wall
thickness, as shown in Figure 6.4(b). A vessel Mhitkness of 0.5 mm was
considered (Chen and Saidel 2009, Penal 2011), which is the maximum wall

thickness of the portal vein.

6.3.5. Thermal modeling

After choosing a blood flow modeling method, we docted simulations to
study the effect of different factors on the tenapere distributions and the shape of
the thermal lesion around the vessel. Althoughlimcal practice the entire device
is placed over the target tissue most of the timejts entire metallic length (Lin
Figure 6.2(b)) with the blade inserted in the tes¢Burdioet al 2010), the surgeon
can also choose to first treat the target tisstile thie proximal part only (see Figure
6.1) to create a coagulation before placing thdélan the tissue (Riat al2011).

In this case the contact surface is much smalkm th the case of total contact. In
the present study we considered these two relptigéions of the electrode.

In the case of total contact between electrodetigsde, we considered two
relative vessel/electrode positions: perpendicalad parallel. In the case of the

parallel position, the portal vein was the samgtleras the tissue’s dimension X. In
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the perpendicular vessel position, we consideregkbtielative positions of the vessel
under the electrode: central, proximal and didtalthe case of proximal contact
only, at an angle of 15° between electrode anddjsae chose the worst case: i.e.
with the vessel perpendicular to the device andwéts point of contact. We also
considered for each case different distances (Bnfil to 5 mm between the
electrode surface and vessel wall. However, whenvigssel was parallel to the
device or perpendicular to its distal end, duehe presence of the blade, the
distances range (D) was from 3.5 to 5 mm (i.e.ifepa gap of 1 mm between blade
and vessel). In all the simulations an appliedagdbf 50 V was modeled (Burdio
et al 2010)for 45 seconds. This time was considered long eméoigthe worst case,
as surgeons rarely apply an electrode to a singist for a longer period. The
dimensions of the thermal lesion created aroundotivéal vein after ablation were
assessed by the method described above.

6.3.6. Experimental setup

The in vivo experiments were conducted on one Larwlpig (weight 37.6
kg). The procedure was approved by the Ethical Cission of the Universitat
Autonoma de Barcelona (authorization numbers DAARS B and CEEAH 1256).
Preoperative care and anesthesia were providedllgytriained veterinary staff. The
animal was fasted for 12 hours before surgery. rAftétial sedation with a
combination of azaperone and ketamine (4 and 10kgndM respectively),
intravenous access was obtained through margimaleda cannulation. Analgesia
was provided with morphine (0.2 mg/kg IM) and aheSt induction was
performed with propofol (4 mg/kg 1V). The animal svandotracheally intubated
and anesthesia was maintained with isoflurane 2%06% oxygen. An infusion of
lactated Ringer’s solution was administered atta o 10 ml/kg/h during the entire
study period. Heart rate, respiratory rate, pulsemetry and capnography were
monitored during anesthesia by a multiparametricitoo. Once anesthetized, the
pig was positioned in dorsal recumbency and thewieth was prepared aseptically.
A midline laparotomy was performed and the liversvexposed. A high-resolution
ultrasound system (Titan, SonoSite, Bothell, WSAU®as employed to measure
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the distance of the vessel from the treated ardatlsn vessel diameter (see Figure
6.9(a)). A total of 6 thermal lesions were perfodnen the liver surface while
attempting to keep the electrode perpendiculah¢ovessel. In the experiments we
applied a voltage of 100 V for 45 s using a CC-kiGan Coagulation System RF
Generator (Radionics, Burlington, MA, USA). Thisltage value was higher than
that used in the simulations, since the computatiomodel did not consider the
animal’s total body impedance, i.e. all impedanesoaiated with the body and
dispersive electrode (Berjano and d'Avila 2013hahy, the animal was euthanized
with pentobarbital sodium, immediately after whitte liver was cut into 1 cm
slices perpendicular to the applicator axis foralvistaining using nitroblue
tetrazolium. The samples were then macroscopicakgmined to evaluate the
thermal lesion and to quantify the damage in thesekwall. The damage contour
was assessed by the central “white zone” avoidiegstirrounding red zone (absent

in ex vivo experiments) (Goldbery al2005).

6.4. Results
6.4.1. Computer modeling

The convergence tests provided a value of X = 8Q Mm 60 mm and Z =
30 mm (tissue dimensions), a grid size of 0.11 mrthe finest zone (blade-tissue
interface) and a step time of 0.05 s. The model headrly 80,000 tetrahedral

elements.

6.4.2. Comparison of blood flow models

Temperature distributions were firstly plotted foe XZ-plane (see Figure
6.2(a)), which was oriented perpendicular to tleoblvessel axis through the center
of the model. Figure 6.5(a) shows the tissue teatpes distributions obtained after
45 s of RF heating by the three blood flow modelmgthods: a constant heat
transfer coefficienth, at the tissue-vessel interface (Method 1); a teaipee-
dependenh, (Method 2); and advection heat method (Method BesSE simulations

were conducted with the entire device placed okertissue, perpendicular to the
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portal vein and at 5 mm below its center. The d#if¢ distances and areas between
the RF lesion and the portal vein for each methedcampared in Figure 6.5(b). It
can be seen that no damage occurred to the veadlelith any method, the area
between the RF lesion and the vessel being 19%583%knd 16.10 mffor Method

3, 2 and 1, respectively. In brief, the three md¢hof modeling blood flow provided
a similar temperature distribution around the vieddewever, the advection heat
method was the only one in which the temperatuteevim the lumen of the vessel
was not higher than in the wall (see Figure 6.5(B)e temperature in the center of
the lumen remained at 37.04 £ 0.02°C, as opposdd.®8 + 3.25°C in Method 1
and 43.75 + 3.43°C in Method 2. Method 3 was chokenthe subsequent

simulations.

6.4.3. Thermal modeling

Figure 6.6 shows the evolution of temperature ilistions and lesion in the
tissue during 45 s of RF heating, computed by MetBavith the configuration as
shown in Figure 6.5. From the start (t = 5 s) Imgptvas seen to be mainly located at
the edges, especially around the tip of the bladkead the distal and proximal edges
of the device. This is an edge effect observedglbe length of the electrode. A
temperature of 100°C was reached after 15 s aprtxdmal edge, where heating
was even more intense than at the blade and proxima he thermal lesion then
moved towards the center of the tissue beneathefiee, where it reached a lower
temperature ( 70°C). After 45 s of RF heating the thermal dantfzagk encircled the
vessel leaving the wall intact.

The thermal lesion dimensions were also plotted thar XY-plane (see
Figure 6.2(a)), which was oriented parallel to tlewice’'s axis. Both the XY- and
XZ-planes were used to compute the thermal lesfondifferent conditions, as
shown in Figure 6.7. Figure 6.7(a) shows the théfestoon dimensions in the tissue
after RF heating with total device-tissue contantt the portal vein perpendicular to
the device at different distances (D) below itsteenn this case the thermal lesion
shape was modified by the heat sink effect inshde wessel, which protected its

wall, regardless of the vessel-device distance Xa&elane). It is also important to
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note that an edge effect along the device’s axis alao observed in the center

below the device when D 3 mm, this effect was more pronounced for D = 1 mm
(see XY-plane). As can be seen in Figure 6.8(&)y#ssel wall was not damaged by

the thermal lesion contour (= 1) after RF heating for all vessel-device distmn

Figure 6.7(b) shows the thermal lesions createdhe tissue with total
device-tissue contact and the portal vein perperalicto the device at different
distances below its proximal end (D from 1 to 5 min)this case, the lesion shape
was significantly modified around the vessel fdivalssel-device distances (see XZ-
plane), although 7.26% of the vessel wall was dad&gwhich corresponds to=
26.15° at D = 1 mm, as shown in Figure 6.8(b}hia case the edge effect was less
marked than in the previous case and occurred a2 nm (see XY-plane in Figure
6.7(b)).

Figure 6.7(c) and 6.8(c) show the thermal lesiaesited in the tissue and
the distances obtained between vessel and theesiahlafter RF heating, with total
device-tissue contact and the portal vein perperalicto the device at different
distances below its distal end. As before, thertla¢lesion shape was significantly
modified by the heat sink effect caused by bloow/finside the portal vein (see XZ-
plane in Figure 6.7(c)). In this case the vessdl was damaged at D 4.25 mm, as
shown in Figure 6.8(c): 12.7% and 6.7% (witbf 43.8° and 24.12°) at D = 3.5 and
4.25 mm, respectively. As can be seen in Figuréch.the edge effect on the XY-
plane was not caused by this vessel-device corsiigun.

Figure 6.7(d) and 6.8(d) show the thermal lesiaested in the tissue and
the distances obtained between vessel and theesiahlafter RF heating with total
device-tissue contact and the portal vein parattethe device. In this case the
thermal dimensions were plotted for the XY-plane peeviously, and the YZ-plane
(see Figure 6.2(a)), which was oriented perpendidal the device's axis. As can be
observed in Figure 6.7(d) on the YZ-plane, the rtta@rlesion shape around the
portal vein was also modified by the heat sink etffer all vessel-device distances
(D). Although in this case the vessel wall was dgewbat D 4.25 mm (see Figure
6.8(d)), the vessel damage being 5.88% and 2.21862(1.17° and 7.94°) at D = 3.5
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and 4.25 mm, respectively. The edge effect wasoheerved when the vessel was
parallel to the device, as shown on the XY-planEigure 6.7(d).

The thermal lesions created in the tissue and isiarttes obtained between
vessel and thermal lesion after RF heating forctme of proximal contact between
tissue and device are shown in Figures 6.7(e) aB(@) respectively. As expected,
the thermal lesion is restricted to the area aratimedcontact point, and hence is
much smaller than the parallel contact cases. Alfhahe thermal lesion shape was
modified around the portal vein for all vessel-devidistances (see XZ-plane in
Figure 6.7(e)), i.e. the flowing blood providedextain thermal protective effect, the
vessel wall was damaged at DI mm (see Figure 6.8(e)). The damage to the vessel
wall was 26.96%, 20.14%, 13.88% and 0.65% 89.84°, 72.49°, 49.97° and 2.33°)
when D was increased from 1 to 4 mm. In this caskgat edge effect can be seen
at the contact point for D 1 mm (see XY-plane in Figure 6.7(e)).

Table 6.2 shows the initial impedance)(Znitial power (B, distributed
energy (E) and maximum temperature reached iniskad (T, for all the cases
studied. Zwas seen to be much greater (up to twice as Hiaghthe case in which
the proximal part of the device was supported tertissue than with total contact.
Also, Z rose when D was increased from 1 to 5 mm for alhfigurations:
approximately 2 in the case of total support and up to 15for proximal
contact. In general, the higher the the lower was P Finally, Tnax was slightly
higher with proximal contact, whereas E was halft tbf the total contact cases

(approximately 2 kJ versus 1 kJ).

6.4.4. Experimental validation

It was extremely difficult to find large-diametekQ mm) vessels very close
(< 5 mm) to the electrode. From a procedural pofntiew, it was also extremely
complex to keep the electrode perpendicular tovdssel and at its mid point. The
diameter of the vessels found in the experimentged from 2.6 to 7.6 mm (4.05 +
1.99 mm). Distances between the device and theev@3§ ranged from 7.4 to 16.2
mm (11.20 + 3.98 mm). No damage was observed irlesmign as shown in Figure

6.9(b). Figure 6.9(c) also shows the computatidin@tmal lesions corresponding to
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the experimental cases. As can be seen, the sinapdiraensions of experimental

and computational thermal lesions were similarlicases.

6.5. Discussion

The aim of this study was to assess whether thednala effect caused by
the blood flow inside a large vessel could thernpaltotect its wall during a
monopolar RF heating conducted by an internallylemb@lectrode. As far as we
know, this problem has not been explicitly addrdskefore, as previous studies
focused exclusively on determining how the flowidiesvessels could distort the
coagulation shape.

We first compared the three mathematical methodd us previous studies
for modeling blood flow inside the vessel (Haemmlerét al 2003b, Chen and
Saidel 2009, Dos Santcet al 2008, Consiglieriet al 2003, Consiglieri 2012,
Antuneset al 2012, Shalet al2005, Gopalakrishnan 2002). Although a recent study
(Penget al 2011)used a combination of Methods 1 and 3, this approess not
considered in our study. It has already been poimigt in computer studies on
cardiac RF ablation that the convective boundanditmn accounts for an average
heat loss to blood, and that the use of such adawyrcondition does not give an
accurate blood temperature distribution. The bldedhperatures obtained when
using a convective boundary condition at the tidsoed interface are higher than
would be seen experimentally. Hence, more reallstod temperatures could be
predicted by including blood motion in the modehi(dand Wolf 2000)In this
respect, our computational results from Methodsn@l 8 (convective boundary
conditions) showed a higher temperature in the dtban in the vessel wall, which
is physically impossible, remembering that tempertcan only be increased at a
distant point by thermal conduction from the tisgeat to the electrode towards the
point, and always with a decreasing gradient (bsumsng similar thermal and
electrical characteristics of tissue and blood)rédwer, in our experimental setup,
due to the complexity of the in vivo scenario itsmaot possible to measure the
temperature in the lumen of the vessel during tRehBating process, so that it was

impossible to check this factor experimentally.
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The evolution of the temperature distributions e ttissue during RF
ablation showed that heating is preferentially tedan the tissue under the edges of
the device and at the tip of the blade, rather thahe middle zone (see Figure 6.6).
This is because there is a high electrical grada&nthese points which causes
considerable Joule heating, resulting in a marketease of temperature.

Regarding thermal lesion dimensions, the thermaiofe shape was
considerably modified by the heat sink effect ilesile portal vein for all the cases
considered (see Figure 6.7). Only in the casetaf ttevice-tissue contact and with
the portal vein in the central zone of the eleatrodid the vessel wall remain
undamaged, even for a vessel-device distance ofml lHowever, in this case the
edge effect was more pronounced than in the otss; as shown on the XY-plane
in Figure 6.7(a). The reason is that the tissuesutite center of the device is heated
to a lower temperature than the zone below thesdfithe device (see Figure 6.6)
and this edge effect is also enhanced by the apdffect of the blood inside the
vessel. These computational results therefore stigipat surgeons should take
special care when the edges of the RF electrod®,spacially the blade tip, are
placed on a proximal vessel. This edge effect malty disappeared with total
device-tissue contact and with the vessel belowmargdendicular to the distal end
of the device, the vessel parallel, and proximaliaetissue contact (see Figures
6.7(c), (d) and (e)). In these cases, the vessklwas more seriously damaged than
in the other cases (for D 4 and 4.25 mm with proximal contact and for the
abovementioned cases of total contact, respecjiwelyich is why surgeons use this
device when they intend to occlude a nearby vedsdl is actually causing a
hemorrhage.

As shown in Table 6.2, in the case of proximal aohthe initial impedance
was approximately twice as high as with total containce the device-tissue
contact area was much smaller, which implies higtwrent density. Although
higher Z implied lower P (since RF power is inversely proportional to imaecke
and the voltage was constant) the maximum temperatas also greater in this
case due to the power being deposited in a muctiegnvalume than is the case
with total contact. From a practical point of viethis result suggests that great care
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should be taken when the vessel is near the etkrt@mad the contact area between
electrode and tissue is small. The effect of vedselce distance on initial
impedance was almost negligible. The drop in impedaat shorter distances was
due to the electrical conductivity of the blood6@? S/m) being higher than that of
the tissue (0.33 S/m). However, the influence ef tiksue between the device and
the vessel may account for the negligible influerafethe vessel on initial
impedance. This suggests that a predictive metliasgessing the proximity of a
large vessel by measuring impedance would not &slike.

This computational modeling can be used to asdes<dpability of the
internal blood flow to protect the vessel wall (ite predict a thermal injury risk).
However, as a partially damaged vessel wall coulgly a significant clinical
problem (such as vascular thrombosis), this is aisly outside the scope of a
computer modeling study. Moreover, individual viddas and the anatomical
complexity of the liver tissue to be transectedlddwave a considerable effect on
the final phenomena, e.g. several vessels (artanids/eins) could be present in the
transection line. We only considered the case @fpibrtal vein. The results could be
dissimilar for other vessel (e.g. hepatic vein)wdifferent flow rates (Kroger et al.
2008). In spite of these limitations, the followiagnclusions can be drawn from the
results.

Previous studies (Welpt al 2006, Lehmanret al 2009)used an ex vivo
experimental approach in which the vessels wereallat®d by glass tubes and the
blood flow by means of a saline flow controlled ayroller pump. However, we
consider that the electrical insulation charactiegsof the glass tube near the RF
electrode could alter the electric field, so thsing this insulating vessel could be
useful to study temperature distributions and ttadesions, as long as the vessel is
placed sufficiently far away from the RF device.drder to demonstrate this we
conducted an additional computer simulation (devatally placed over the tissue
and vessel perpendicular to the device and attandis of 5 mm below its center)
considering an electrically insulating vessel. Wempared the thermal results in
both situations (i.e. blood vessel vs. insulatingssel) and observed that the
temperature distributions and thermal lesions wdifferent near the vessel. The
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temperature in the center of the tissue below #hacd was 70°C and 50°C with
blood and insulating vessel, respectively. We tloeeeconcluded that conducting an
ex vivo study with a glass vessel (as portal veinyuld not be suitable in our case
for modeling thermal lesion dimensions in the pnaity of the vessel.

Consequently, we conducted an in vivo experimestally in order to
validate the computational results. We did not filedsels situated at a distance less
than 5 mm from the RF device or with a diameteragre than 7.6 mm. We
simulated all the experimental cases and verifiedaigreement between the thermal
lesion geometries from the computational and erpemtal results (see Figure
6.9(b)-(c)). We also confirmed that the vessel wals not damaged. This suggests
that our computer model would be a good tool iressisg situations even more
critical than that simulated in this study, i.e.Wwhich the vessel was of larger
diameter and located closer to the device.

Some previous experimental results could be alsgpaped to our computer
findings. For instance, Net al (2004)studied the local effect of RF ablation with a
3-mm electrode Cool-Tip on the left main portalnveThey found that RF ablation
was safe at 5 mm from the main portal vein brafdte same study indicates the
importance of blood flow for the thermal protectiohthe vessel, since the use of a
Pringle maneuver (i.e. stopping internal blood flosaused damage to the vessel
wall. On the other hand, in another experimentadybn RF ablation (50 W power)
adjacent to large hepatic veins, some cases ohahtdamage to large veins were
reported when the electrode tips were within 5 nirthe confluence of the hepatic
veins (Metcalfeet al 2007). A third experimental study on RF ablation with a
electrode Starburst XL reported that when the eddet was placed 10 mm (£1 mm)
away from the portal vein, the delivered power was able to overcome the heat
dissipation of the vein, so that the coagulatiomezo around the vessels were
distorted (Bangardet al 2006). These experimental findings suggest that the
threshold value for the distance between the RErtealectrode and large hepatic
vessels should be around 5 mm if thermal damagthdovessel wall is to be
avoided, which is in close agreement with the vahgicated by our computer

results.
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6.6. Conclusions

The experimental and computational results sugbesthe heat skin effect
could protect the vessel wall at vessel-deviceadists equal to or greater than 7.4
mm. The computer results also confirm that preditican be made as to whether
or not the vessel wall could be damaged at lowesseledevice distances. It is
possible that the blood flow inside a large vegsath as the portal vein) could
protect its wall at distances equal to or gredtant5 mm, regardless of its position
with respect to the RF device (parallel or perpemdr and under the distal, center
or proximal part of the device) with the devicedontact with the tissue (total or
proximal). The thermal damage is inversely relatethe vessel-device distance and
is more marked when the vessel is placed paralltéhe device or perpendicular to
its distal end or with partial device-tissue cohtée.g. when only the proximal

portion of the device is used to coagulate befigsatting).
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Table 6.1. Thermal and electrical characteristics of the elnemployed in the
numerical modeling (Data from (Haemmeriehal 2003b, Patzt al 2009, Berjano
et al2006, Duck 1990, Burdiet al2009)).

Element/Material (S/m) | k (W/m-K) (kg/m3) | ¢ (I/kg-K)
Electrode 7.4-10 15 8000 480
Plastic 10 0.026 70 1045
Blood 0.667 0.543 1000 4180
Liquid phase 1080 3455
Liver tissue 0.33 0.502
Gas phase 370 2156

, electric conductivityk, thermal conductivity;, density; and, specific heat.
"Assessed at 37°C.
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Table 6.2. Initial impedance (4, initial power (F), distributed energy (E),
maximum temperature reached in the tissug,JTor the cases studied. D: vessel-

device distance

Cases P E
- - _ i (0
Device-tissue contact/vessely (mm) Zi() W) | ) Tmax(°C)
device position

1 67.05| 37.28 1.982 106.14

2 67.98 | 36.78§ 1.980 109.17
Total contact/ perpendicular
below its center 3 68.64 | 36.42 1979 105.39
4 69.00 | 36.23 1.980 107.07
5 69.21| 36.12 1979 109.42
1 67.29 | 37.15 1.958 109.05
2 68.36 | 36.57 1.964 107.73
Total/ perpendicular below its
proximal end 3 69.08 | 36.19 1972 108.67
4 69.59 | 3593 1970 107.67
5 69.75| 35.84 1972 107.07

3.5 69.09| 36.1§ 1.966 108.22

Total/ perpendicular below its| -, »o | 69 44| 3600 1.965 106.48

distal end
5 69.69 | 35.87 1.968 108.13
35 66.16 | 37.74 2.016 106.37
Total/ parallel below it 4.25 67.05| 37.28 2.022 106.83

5 67.86 | 36.84 2.019 108.49

155.77| 16.0§ 0.94fY 118.34

161.82| 15.45 0.970 113.23

Proximal/ perpendicular below

its contact point 165.24| 15.13 0.983 118.61

167.70| 14.91 0.985 112.86

a | W[N]

170.93| 14.63 0.978 118.26
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Figure 6.1. Coolinside surgical device for RF-assisted resactipeiron Medical,
Valencia, Spain) of 8 mm in diameter and basedromgernally cooled electrode.

Distal end is shown with the blade and proximal gnded to the insulated part of

the device.
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Figure 6.2. (a) Geometry and dimensions of the three-dimensionalahbuilt for
the study.Tissue dimensions X, Y and Z (Z = Y/2) were obtdinkom a
convergence test. The portal vein has diameterld mm, length L (L = Y) and is
located in the middle, perpendicular to and atatist D below the electrodep:L
length of the isolated section of the electrof. Internal and external view and
dimensions of the RF-assisted devicg: length of the metallic part in contact with
the tissue; OR and IDy: outer and inner diameterg:Hnsertion depth of the blade;
Lg: blade length; §: blade thickness;qT thickness of the isolated section.
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Figure 6.3. (@) Electrical (red) and thermal (blue) boundary ctinds of the
numerical model. The Figure shows the XZ-planehef model.(b) Model used in
the analysis of boundary conditions of the bloodset a: length of the heated
region of the vessel during RF ablation, b: vesdilmeter, T;: inlet blood

temperature, § outlet blood temperature of the vessel and Lgtlerof the vessel.
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Figure 6.4. Procedure used to obtain the distances and areedrethe RF lesion
and the vessel and to assess possible damagevedbel wall(a) Measurement of

9 distances according to angle formed by the transverse distances between the
lesion edges and the vessel @hd d). (b) Graphical representation of these
distanceswith respect to . The horizontal dashed line represents the vesa#|

thickness and the arc of the vessel damage.
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Figure 6.5. (a) Temperature distribution (in °C) in the tissueeaft5 s of RF
heating computed by three different methods of ringdhe cooling effect of the
blood flow inside the portal vein. Method 1: a ctamé heat transfer coefficiehi at

the tissue-vessel interface; Method 2: a tempezadependenh,; and Method 3:
advection heat method. The entire device is plaved the tissue and the portal vein
is located perpendicular to the device and at Stelaw its center. The solid black
line is the thermal damage border €1). (b) Distances and area between the portal
vein and the thermal lesion for each method to tifyathe thermal damage in the
vessel wall. The horizontal dashed line represémsvessel wall thickness (0.5

mm).
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Figure 6.6. Evolution of the temperature distribution (in °@)the tissue during RF
heating, considering total tissue-device contadth e portal vein perpendicular to
the device and at 5 mm below its center. The duhdk line is the thermal damage
border ( =1).
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Figure 6.7. Thermal lesions created in the tissue after 45 RlBheating, varying
vessel-device distance (D), device-tissue contadt vessel position. Cases: total
vessel-device contact anessel perpendicular below the center of the defage
below its proximal engb) and below its distal engt), vessel parallel to the device
(d), and proximal vessel-device contact and vessel perpatati¢o the devicge).

The thermal damage surface corresponds #d..

162



Chapter 6

Figure 6.8. Distances obtained between the portal vein andhtemal lesion for
each vessel-device distance (D) used to quantdynibl damage in the vessel wall.
Cases: total vessel-device contact and vessel pdiqugar below the center of the
device(a), below its proximal en¢b) and below its distal en@t), vessel parallel to
the device(d), and proximal vessel-device contact and vessel perpatati¢o the

device(e). The horizontal dashed line represents the vesdethickness (0.5 mm).
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Figure 6.9. Ultrasonography employed to measure the distantleeofessel-device
distance and the vessel diamdtg; experimenta(b) and computationdk) thermal
lesions created in the tissue after 45 s of RFimgatith the entire device placed
over the tissue surface, with the vessel perpetatita the device and at different
distances (D) below it. Symbol “V” indicates thec#dion of the vessel whose
diameter varies from 2.6 to 7.6 mm. The thermal agensurface corresponds to
“white zone” in the experimental results and to= 1 in the computational
simulations. Note that the “red zone” does notespond to the thermal lesion and
therefore the white zones shown(l) have to be compared to the corresponding

computed lesion ifc).
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Thermo-elastic Response to RF Heating with
Thermal Damage Quantification of Subcutaneous
Adipose Tissue of Different Fibrous Septa

Architectures: A Computational Modeling Study

7.1. Abstract

Background and objectives: Radiofrequency (RF) gnes widely used to heat
cutaneous and subcutaneous tissues in differemtadelogical applications. Since
the qualitative and quantitative features of phgisttiermo-elastic mechanism of
dermal heating in the presence of the fibrous septevork between fat lobules is
not well understood, our objectives were:; 1) toldba computational model for
selective, non-invasive, non-ablative RF heatingcofaneous and subcutaneous
tissues, considering two conditions of fibrous aepithin the subcutaneous tissue:
low (cellulite Grade 2.5) and high (cellulite Gra@id.e. smooth skin) spatial density
of fibrous septa; 2) to study the effect of thedills septa density and orientation on
the thermo-elastic response during RF heating; @ndo quantify the induced
thermal damage in both subcutaneous tissue stascafter RF heating.

Methods and resultsVe built two-dimensional models with skin, subc@ans
tissue and muscle. The modeling of the subcutan@ssise included two realistic

structures of fibrous septa and fat lobules (low high spatial density) obtained by
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processing sagittal images of hypodermis from minegnetic resonance imaging
(micro-MRI). Our results showed that a higher dignef fibrous septa enhances the
strength of the electrical field in terms of favayithe flux of electric current and
consequently increases power absorption withinsihiecutaneous tissue. Heating
and thermal damage was therefore greatest in ¢imis, avith a damage regiori.5
times higher than with low septa density. Shrinkafjgbrous septa was higher with
fibrous septa at low spatial densities. Skin andselau were subjected to higher
thermal stresses than the subcutaneous tissue.

Conclusions: Our findings show the importance ofluding real anatomical
features when modeling RF heating of subcutanesssie. This is important in
accurately estimating thermal damage after RF hgati order to assess the correct

dosimetry.

7.2. Introduction

Radiofrequency (RF) energy is commonly used to lisaties to specific
target temperatures that vary for different proceduranging from a few degrees
for low hyperthermia applications to over 100°C figsue ablation. In the case of
RF heating of cutaneous and subcutaneous tissliesuRents shrink the dermal
collagen and induce stimulation of fibroblast ceflsat produce new collagen
(Sadick and Makino 2004). Applications in dermatgianclude skin tightening,
reduction of wrinkles and treatments for acne aglitlilite (Dierickx 2006, Lolis and
Goldberg 2012). Unlike other clinical areas, theathrgy of cutaneous and
subcutaneous tissues is not straightforward, siheeRF device is in contact with
non homogeneous tissues, resulting in more conpigsical interactions between
RF currents and tissue. Subcutaneous tissue magphotonsists of a fine,
collagenous and fibrous septa network envelopingsters of adipocyte cells.
Furthermore, the density and orientation of fibreapta within subcutaneous tissue
may vary from person to person. These variatioesliaked to different cellulite
grades, which correlate with the percentile of ad@tissue versus connective tissue
in a given volume of hypodermis and invaginationside the dermis. Cellulite

Grade is assessed by visual inspection accordirgkito appearance and scaled in
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appearance from Grade 0, smooth skin, to Gradeuafpe cheese” (Mirrashed al
2004).

In a previous modeling study based on a three-laygsue (skin,
subcutaneous tissue, and muscle), we found thatstituetural configuration of
fibrous septa within subcutaneous tissue has admnable effect on the distribution
of the power deposition (Jimenez Lozasbal 2013). Our computer simulations
predicted a greater temperature rise when the naideibcutaneous tissue included
a realistic architecture of the fibrous septa (amétally accurate and constructed
from sagittal images from human micro-MRI) instedch homogenous layer of fat
only. Our research was focused on the hypertheramige of temperatures (<50°C)
and hence can be considered as non-ablative. Reeviork considered only an
arrangement of fibrous septa corresponding to lalitel‘Grade’ of 2.5. Since RF
techniques are not only used to treat cellulités important to be able to improve
the electrical and thermal performance in the azssmooth skin, i.e. where the
density of fibrous septa is highest. There is & laicinformation on the qualitative
and quantitative features of physical thermo-eatastechanism of dermal heating in
the presence of fibrous septa network between datlés. Information on the
thermo-elastic response of cutaneous and subcutarissues (including the fibrous
septa network), such as the thermal denaturatiochamsm of collagen (thermal
shrinkage) during RF heating (Xu and Lu 2011), wlodle useful for the
development of new products and improving exispngducts/treatments in clinical
and cosmetic applications. Due to the difficulty eXperimentally measuring the
thermo-elastic behavior of subcutaneous tissue hysiplogical conditions, we
conducted a computational modeling for this purpésefar as we know, this aspect
has not been studied previously. Our objectiveseviberefore as follows: 1) to
build a computational model for selective, non-siva, non-ablative RF heating of
cutaneous and subcutaneous tissues, consideringcanditions of fibrous septa
within subcutaneous tissue: low (cellulite Grade) 2and high (cellulite Grade 0, i.e.
smooth skin) spatial density of fibrous septa;®¥tudy the effect of fibrous septa

density and orientation on the thermo-elastic raspaluring RF heating; and 3) to
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quantify the induced thermal damage occurred ih Babcutaneous tissue structures

after RF heating.

7.3. Materials and methods
7.3.1. Physical Situation

Figure 7.1 shows the geometry and dimensions ofrthéel and includes an
RF applicator (plate) placed over a fragment afugswhich has three layers (skin,
subcutaneous tissue: fat+septa and muscle). Thenajgo of the model was
mirrored on the sides to avoid lateral boundarga# focusing on the area beneath
the RF applicator. The thicknesses of the skjn fat+septa fls) and muscle §)
layers were 1.5, 17, and 38 mm, respectively; layetth (W) being 54.5 mm
(Mirrashedet al 2004, Francet al 2010). The RF applicator has 18.5 mm long (L)
(Francoet al 2010) and was cooled to keep surface temperatavmd 30°C.

We considered two different structures of fibroepta, which have been
shown to be correlated to cellulite and non cebBufpresence in human subjects
(Mirrashed et al 2004), as shown in Figure 7.2. Hereafter, Casend @ase 2
represent configurations of low (cellulite Grad®)2and high (smooth skin, non
cellulite) spatial density of fibrous septa withime hypodermis, respectively. The
anatomically accurate fibrous septa structures vedrined by post-processing
sagittal images of hypodermis from micro-MRI, usidglobe lllustrator CS3
(Adobe Systems, San Jose, CA, USA), as in a prewstudy (Jimenez Lozared al
2013), which modeled the Case 1 structure. Thewtaheous tissue structure shown

in Figure 7.1 is from Case 2.

7.3.2. Governing Equations

The numerical model was based on a coupled eldutroro-elastic
problem, which was solved numerically using theitBirElement Method (FEM)
with  COMSOL Multiphysics 4.3b (COMSOL, BurlingtonMA, USA). The
biological medium can be considered almost totadlgistive and a quasi-static

approach is therefore possible to solve the etadtgroblem (Doss 1982) due to the
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RF frequencies 600 kHz) and over the distance of interest (thetetal power is
deposited in a very small zone close to the eldeloElectric propagation is
assumed time independent, since it is much fastan theat diffusion and the
thermo-elastic response. The rate of energy digsipper unit volume at a given
point in biological tissue is directly proportiortal the electrical conductivity of the
tissue and to the square of the induced intereat®t field,Q = |E|%2, whereQ is
the power absorption (W) |E| the norm of the vector electric field (V/m) and
the electrical conductivity (S/mE is calculated fronE = -N , where is the

voltage (V) obtained by solving Laplace’s equation:
N>(sNF)=0 1)

The thermo-elastic behavior of the tissue was camed to be a two-way
coupled problem, which means that the elastic behawas an influence on the
thermal behavior. The deformations of the tissuesed by thermal changes also
affect thermal properties. This coupling is moraligtic than that set forth in (Xu
and Lu 2011), where the thermo-mechanical behafiskin was simplified to be a
sequentially-coupled problem so that the tempeeafigld in skin tissue is first
obtained from solving the governing equations ahleiat transfer and it was then
used as the input of the thermo-mechanical modetn fwhich the corresponding
thermal stress was obtained.

The governing equation for the thermal problem tesBioheat Equation
(Pennes 1948)hich incorporates the second term for thermo-iglastupling (i.eu

in the equation was the result of the elastic i)l

rc%+/cu NT =R(kNT) +Q,, + ¢, (T, - T)+Q (2)
where is density (kg/m), ¢ specific heat (J/kéK), T temperature (°C)t time (s),

u = {u,v} is the displacement vector (m§,thermal conductivity (W/nK), Q. the
metabolic heat generation (Wimwhich is considered negligible in comparison
with the other terms (Berjano 2008}, blood specific heat (J/Kg) (Francoet al
2007), blood perfusion rate (kg/s), andT, blood temperature (°C).
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The elastic behavior of the tissue, which descrilitss motion and
deformation, was studied by means of the motioratgu for an isotropic linear
elastic solid, which is given by:

2
pal l: -N =F, 3)
qt
where is the stress tensor (Pa) aRAd are the external volume forces (Pgm
Constitutive relations for an isotropic linear ¢lasnaterial are: (i) the stress tensor

=[s(1 +Ru)], whereS is the Duhamel term which relates the stress tetusthe

strain tensor and temperaturfiy the displacement gradient amdthe identity

matrix; (i) the Duhamel relatiors- s, =C:( -1,-a(T- T,)), whereC is the .4

order elasticity tensor, “.” stands for the doublt®- tensor product (or double
contraction), is the strain tensois and  are initial stresses and strainsthe
thermal expansion coefficient (1/°C), angdthe initial temperature; and (iii) the

strain tensor which is written in terms of the thsgment gradierit [Nu" +Nu]/2.

The formulation of elasticity equations is Lagramgi which means that the
computed stress and deformation state always rédetile material configuration
rather to the current position in space. Likewitdeese material properties are
derived in a material frame of reference in a cowmi#® systemX. When solid

objects deform due to external or internal forces @onstraints, each material
particle keeps its coordinaté§ while spatial coordinates change with time and

applied forces such that they follow a path= X +u(X,t) in space. Because the

material coordinates are constant, the currentagaisition is uniquely determined
by the displacement vectar

The thermal damage in the tissue is assessed byrthenius equation
(Henriqgues and Moritz 1947, Moritz and Henriques47)9 which associates

temperature with exposure time, using a first okileetics relationship:

Wt) = t Ae%dt (4)

0
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where (1) is the degree of tissue injur®R the universal gas constarA, the
frequency factor (Y, and E the activation energy for the irreversible damage
reaction (J/mol). The paramet&sand E for the skin are (Weaver and Stoll 1969):
A = 22.10* s and E = 7.8:16 J/mol. We employed the thermal damage
threshold = 1, which represents the threshold of complatevarsible thermal

damage (63% reduction in cell viability).

7.3.3. Tissue Characteristics

The electrical, thermal and elastic propertiesh&f model elements (skin,
fat, fibrous septa and muscle) are shown in TaldleThe electrical properties were
assumed frequency-dependent (Mikiav et al 2006) and those used herein
correspond to 1 MHz. As regards the thermal progerive assumed that tissues
were isotropic materials. Each tissue had constahies of thermal conductivity,
specific heat and the blood perfusion term, sindthiv the 35-50°C range,
variations in specific heat (Haemmerioht al 2005), thermal conductivity
(Bhattacharya and Mahajan 2005) and blood perfugionstant in this range (Xu
and Lu 2011)) were not significant. The electriaatl thermal properties of fibrous
septa have not previously been investigated. Weanasd that the properties of
fibrous septa were similar to those of the derragit is a collagen tissue and an
extension of the dermis (Jimenez Lozatal 2013). For the elastic properties, we
assumed that tissues were linear elastic mateaiads isotropic, with properties
independent of direction that can be charactelgetheir Young's modulu€j and
Poisson's ration). We assumed that strains and displacements weaé & order

to use linear elasticity theory and thermal expamsi

7.3.4. Boundary and initial conditions

Table 7.2 shows the electrical, thermal and elalstiandary conditions
applied to the model (Franat al 2010, Pailler-Mattegt al 2008, Comley and Fleck
2010, Deng and Liu 2003, Lin 2005). As regardsdleetric boundary conditions,

the RF applicator was modeled as a constant volkagece on the skin surface

171



Chapter 7

beneath the applicator. We used an empirical veltigtribution VK) published in

(Francoet al 2010) for a monopolar applicator operating at 12vH
2
V(-L/2EXE L/2)=[a% +b]VPZ (5)

wherea = 2.25 10° b = 1.28,P (150 W) is the applied RF power add100 )
the impedance of the tissues. A zero voltage cmmdivas applied to the lower
surface of the muscle (mimicking the electrical fpenance of the dispersive
electrode) and a null electrical current was usethe remaining skin surface and at
lateral boundaries. For the thermal boundary cardit a constant temperature of
30°C was applied above the applicator to modedatding (T;), and 37°C (constant
core body temperaturd@;) was fixed at the lower muscle surface. The eftdcir
convection on the remaining skin surface was takém account using a thermal
transfer coefficient .9 of 10 W/nfK and a value of 25°C was considered for
ambient temperaturel{). A zero thermal flux condition was applied at thteral
boundaries.

For the elastic boundary conditions, a free movdmendition was used at
the lateral boundaries to model the absence oft@nts and loads. A fixed
constraint condition on the upper skin and lowersahel surfaces was applied to
simulate that displacements are zero in these tiire; since on the skin surface
was located the RF applicator and was assumedttbdbwer muscle surface was
attached to the bone.

As initial conditions, we assumed non applied \géta(O V), initial
temperature Jof 37°C, and no initial strain. Simulations wermrin a 64-bit PC
with a 12-processor Intel Xeon platform running2e80 GHz with 8 GB of RAM
memory. The model meshes consisted of 30,545 ajad8=®lements for low (Case
1) and high (Case 2) spatial density of fibrousaegespectively. Skin, fat, muscle
and septa central domains (beneath RF applicasat)ahhigher mesh density. The
time-dependent solution was set frorB000 s with a time-step of 0.1 s. We used a

multifrontal massively parallel sparse (MUMPS) dirsolver.
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7.4. Results
7.4.1. Electric Response

Figure 7.3 shows the voltage distributions fortive cases of subcutaneous
tissue considered. The maximum value of voltagéadth cases was located just
below the mid-point of the applicator (see Figur8(d)-(b)). In both cases, the
largest voltage drop occurred within skin and stdceous tissue layers, as shown
in the voltage distribution profile at = 0 (Figure 7.3(c)). However, slightly more
irregularities in the subcutaneous tissue (fatigepere observed in Case 2. In fact,
a higher density of fibrous septa (Case 2) causeith@ease in both the extent (in
depth and width) and strength of the electric fielithin the subcutaneous tissue
(see Figure 7.4(a)-(b)), with a maximum electrieldi value of 4.321 V/mm, as
opposed to 3.365 V/mm for a lower density of film@epta (Case 1). We observed
clearly in Figure 7.4(c) that the strength of thectical field in the fat lobules was
greater than in the fibrous septa, in other wotltks,electric field profile showed an
abrupt drop exactly where the electrical curreiftsy fthrough fibrous septa. This
means the fibrous septa network conducted therildltx to deeper subcutaneous
tissue zones, favoring electric field accumulafiothe fat lobules.

Electric power absorption within the tissue is shaw Figure 7.5 for both
cases. A higher density of electric field was gatedt at the edges of the applicator,
causing an accumulation of power absorption in ttwie, as shown in Figure
7.5(a)-(c). The fibrous septa eased the flow ottele currents and thus caused

considerable accumulation of electric power in sdilvers (see Figure 7.5(b)-(d)).

7.4.2. Temperature Response and Damage Quantification

Figure 7.6 shows the temperature distributionsrdRE heating for both
cases of subcutaneous tissue structure. The heatiisgmainly confined to the
subcutaneous tissue, as a consequence of greatricelabsorption and heat
diffusion into this area. The temperature in thénskemained lower than the
subcutaneous tissue, due to surface cooling. Tieetesf increasing the density of

fibrous septa slightly enhanced the heating ofdhlecutaneous tissue, causing an
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increase of 1°C in the maximum temperature (48.12°C in Cases.149.28°C in
Case 2). The time progression of temperature bigidn profiles ak = 0 are shown

in Figure 7.7 for both cases. The temperature lerafiowed a similar pattern in
both cases: it stayed lower in the skin due tccti@ing effect of the plate, increased
parabolically within the subcutaneous tissue arh ttlecayed exponentially in the
muscle. The temperature difference between casesaiged with time, being greater
with higher fibrous septa density (Case 2). Therttad damage zone in both cases
was located within the subcutaneous tissue, withdemage to the skin (see Figure
7.6), and was 1.5 times larger in the case of higher spatialoiilsr septa density
(Case 2). In this case, the thermal lesion regias also slightly deeper and even

reached the muscle.

7.4.3. Thermo-elastic Response

Volumetric strain can be used to assess the thetastic response of the
tissue during RF heating, since it measures theraeftion of the tissue from its
original volume. Figure 7.8 shows the volumetricist map at different times (25
and 8000 s) for both cases. As observed in Figuid@)#(b), during the initial times
(25 s) most of the subcutaneous tissue (both failés and fibrous septa) had a
positive volumetric strain value, showing thamitially expanded before the steady-
state was reached. The fact that the skin had inegatlumetric strain was due to
its contact with the cooling plate. At the steathtes (see Figure 7.8(c)-(d)),
volumetric strain was greater in the subcutanedssu¢ zone, where a higher
temperature was reached, and also in the conndatirauscle layer. However, this
value was negative in the fibrous septa, showiegctintraction (shrinkage) process.

The time progression of volumetric strain profilgsx = O for both cases is
shown in Figure 7.9. In both cases, at initial 8M@5 s) fibrous septa showed
greater volumetric strain than fat, since we asslthat septa had a higher thermal
expansion coefficient. At later times, the fibraepta showed a negative strain (i.e.
shrinkage) due to the adjacent expansion of fatlésband skin contraction. This
shrinkage was more marked in subcutaneous tisstelavier fibrous septa spatial

density, as shown in Figure 7.9(a).
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The Von Mises vyield criterion states that a matesiarts yielding when its
Von Mises stress reaches a critical value, knowthagield strength. All materials
have an associated yield strength, which is a nmeasfutheir elastic limit, and will
not return to their original shape if the streseeimoved. As the Von Mises stress is
a good measure of thermal stress, we also pldteed/on Mises stress map for both
cases (see Figure 7.10(a)-(b)). It can be seerskiatand muscle were subjected to
a higher stress than subcutaneous tissue. Stretfe iskin was uniform, due to
thermal contact with the cold plate, while in thesdle it was higher close to the
subcutaneous tissue region associated with theesigtemperature. Von Mises
stress was higher in Case 2 than in Case 1 (31a24nB 28.77 Pa, respectively).
Figure 7.10(c) shows marked changes in the stresisei skin-subcutaneous tissue
and subcutaneous tissue-muscle interfaces. Thesptathanges at the interfaces
cause shear in the tissue.

7.4.4. Comparison with case of absence of fibrous septa

Finally, we compared the thermal damage zones ctedpay considering
the exact anatomy of the two conditions of fibrosepta density within the
subcutaneous tissue (Cases 1 and 2)aahdmogeneous subcutaneous tissue layer
(with fat only), as considered in (Jimenez Lozastoal 2013). In this case we
modeled RF heating with 200 W of applied power.urég7.11 shows that when
simplifying the subcutaneous tissue model by igmpthe fibrous septa network, the
thermal lesion was approximately 2 and 3 times Emalespectively, than for the

two conditions of fibrous septa density considd@ases 1 and 2).

7.5. Discussion

The aim of this study was to assess the thermdielEsponse of low and
high fibrous septa density during RF hypertherméating and to quantify the
induced thermal damage after heating in both casesur knowledge, no study has
previously been made of either the thermo-elassponse or the thermal damage in
both structures.
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As regards electrical response, the results shaoivat the electric flux
preferably flowed through the fibrous septa netwsukrounding the fat lobules, as
shown in Figure 7.5. As we mentioned in a previask (Jimenez Lozanet al
2013), this is due to the electrical conductivifytlee septa (;,= 0.22 S/m) being
much higher than that of fat«= 0.025 S/m) and consequently providing a less
resistive path for electrical currents to the deejpdcutaneous tissues zones. Higher
fibrous septa density (Case 2) therefore createtemmtial electrical paths within
the subcutaneous tissue (see Figure 7.5(d)) afmethéjectric field accumulation in
the fat lobules (see Figure 7.4(b)). Moreover,liea tase of higher septa density
(Case 2) the electric field had greater depth aiddvihan in the lower density case
(see Figure 7.4), which was probably the causbefdrger thermal lesion in Case 2
(see Figure 7.6(b)). In both cases, the highespéeatures were confined to the
subcutaneous tissue (see Figure 7.6). This wagtaltiee electric field in the fat
lobules being much stronger than in the skin, septauscle, as can be seen in
Figure 7.4. Consequently, higher power absorptimuned in the fat lobules, since
absorption is proportional tB2. In the case of the higher septa density (Case 2),
heating within the subcutaneous tissue was gréladerin Case 1, since the electric
field was stronger at some points in the fat lobudes shown in Figure 7.4(b).

Regarding thermo-elastic response, we observed ttlatshrinkage of
fibrous septa within subcutaneous tissue was small€ase 2, probably because
the contraction of this tissue was compensatedéyetfect of opposing forces (i.e.
expansion and contraction) in the solid structufethe fibrous septa network.
Thermal denaturation of collagen may not occurithee density of fibrous septa,
since our study was conducted within the hypertietemperature range (< 50°C)
and collagen is denatured around 65°C (Xu and i R0

The comparison between the thermal damage zonegutecd for both
fibrous septa densities within the subcutaneousudisand the homogeneous
subcutaneous tissue case (fat only) (see Figur® 8Howed a difference of up to
50%, which suggests the necessity of accuratelyetirayl the structure of the
subcutaneous tissue during RF heating, i.e. byidensg the actual fibrous septa

network, in order to accurately estimate thermahage. In general, the geometry of
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the fibrous septa of each patient should be acelyrateasured in order to calculate
the correct dosimetry in RF treatments of subcuasdissue disorders, such as
cellulite, lipomatosis, lipedema and Madelung'sedise. Our findings could thus be
used to design and develop novel devices and REntemts for subcutaneous fat
disorders.

The main limitation of this study is the lack ofafeelectric, thermal and
elastic values for the fibrous septa. In fact, wasidered these septa as a collagen-
like structure with characteristics similar to thermis, which is a mere
approximation. Moreover, the parameters used inAtlieenius model A and E)
were taken from skin, due to the lack of actualugal for subcutaneous tissue
comprised of fat lobules and fibrous septa. Futnogk should be conducted to
measure these parameters in the case of fibroplestatinocytes and adipocytes,
not only for characterizing complete irreversiblernmal damage, but also other
non-ablative effects involving stimulating cellsgmduce new collagen.

Although the thermal dependence of the Young's nusdcould have been
included in this model, as in previous studies (Zkbal 2010), these experimental
data are always measured on complete skin, and eesurements on specific
components of the subcutaneous tissue are presaaiiable, especially for fibrous
septa. Our findings suggest that this is a crugiament that should be taken into

account in the electrical-thermo-elastic behavior.

7.6. Conclusions

We built a computational model for selective nowaisive, non-ablative RF
heating of cutaneous and subcutaneous tissueslovithand high conditions of
fibrous septa density within the subcutaneous ¢isShese models included not only
electrical performance but also the thermo-elasgsponse, which provides
information on the volumetric strain map (expansamd shrinkage) in the tissue
during RF heating. Our results show that the sminectof fibrous septa within
subcutaneous tissue greatly affects the electandl thermo-elastic response. The
computational findings suggested that: 1) a higlesity of fibrous septa enhances

the strength of the electric field and the fluxedéctric current, and consequently
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increases power absorption within subcutaneousigjs®) low spatial density
fibrous septa has higher shrinkage; and 3) skinrandcle are subjected to higher
thermal stresses than the subcutaneous tissue,mdgte intense changes at the

junction between layers.
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Table 7.1. Electrical, thermal and elastic properties of tlereents employed in the
computer modeling (Franaet al 2010, Pailler-Matteet al 2008, Comley and Fleck

2010, Deng and Liu 2003, Lin 2005)

Element | </m) (W/:1-K) (kg/m) (J/k;-K) kagm®s) | ECPD | @0
skin | 022| 053 1200 3800 2 35| 16°
Fat | 0025/ 0.16 850 2300 0.6 2| 2m
Muscle | 05 | 053 1270 3800 05 go| 4mp
Septa | 0.22| 0.53 1200 3800 0" 0.09 610

, electric conductivityk, thermal conductivity; , density;c, specific heat; , blood
perfusion ratek, Young's Modulus; and, thermal expansion coefficient.

" Assumption.” Theperfusion term in the septa is neglected (i.e.asaptsolid).

Table 7.2. Electrical, thermal and elastic boundary conditions

Location Electric Thermal Elastic
{ma=of-wix x< -ud, | { wRT= b (T- T]-Wix x< -1/3
sﬁrl;g]ce {v=v,|- L2<x<Li3, {T=1]- v2<x<u3}, {u=0]- wiz<x<wr3
{nx] :0‘ L/2<x<W/é { i T= QS(L'T)‘L/2<X<W/é
Musdle | (v -o-wzexewd | {T=T)-weexewd | {u=0-wixewd
Left side {nXJ:O|S+I'+S+|m<y<O} {”WT:O|5+|,.S+Im<y<O} {U:free\|5+l,‘s+lm<y<0}
Zii%k: {na=ofl +1 +l,<y<o} | {nafT =01 +1,,+,<y<o} | {u=tree[t + .+, <y<q}

L: length of the RF applicators, ll.s and |, Layer thickness of skin, fat and muscle
respectively. W: width of the mathematical domalg; ambient temperaturef:
constant core body temperaturg; cooled plate (applicator) temperatute; s

thermal transfer coefficient between air and skiriace.
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Figure 7.1. Geometry and dimensions of the model built, whishcomposed of
three tissue layers of skin, fat+septa and museteRF applicator.;:l thickness of
each layer, where i represents skin (s), fat+s@ps) and muscle (m). W: width of
each layer. L: length of the RF applicator. Thecsuiédneous tissue consists of a fine,
collagenous, fibrous septa network enveloping fasters. Vertical dashed lines
indicate the planes on which the geometry of thdehwas mirrored on the sides.
Mathematical domain: -W/2<x<W/2 ang+(k.s+l,)<y<O.

Figure 7.2. High-resolution in vivo MRIs of the skin of two feies (Mirrasheabt
al 2004) corresponding with two conditions of dengifyfibrous septa(a) Case 1:
Low density (Cellulite Grade 2.5); arfd) Case 2: High density (Cellulite Grade 0,
smooth skin). Dark filaments correspond to fibreepta within the subcutaneous

tissue.
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Figure 7.3. Voltage distribution in the tissue for two condit® of density of
fibrous septa(a) Case 1 (Jimenez Lozamb al 2013); andb) Case 2(c) Voltage
profiles atx = 0. Note the voltage drop occurs mostly in thetiea fat+septa in both

cases.
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Figure 7.4. Electric field norm distribution within tissue fawo conditions of
density of fibrous septda) Case 1 (Jimenez Lozamt al 2013); and(b) Case 2.
Distributions scaled to-@.321 V/mm.(c) Comparison of the electric field norm

profiles atx = 0.
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Figure 7.5. Total electric power absorption (surface map) atettdc current
density (arrows) for two conditions of density dfrbus septafa) Case 1 (Jimenez
Lozanoet al 2013) andc) Case 2(b) and(d) show close-up views of Cases 1 and

2, respectively. The white rectangle indicatesekiended area ifb) and(d).
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Figure 7.6. Temperature distribution (in °C) in the tissue a8@00 s of RF heating
for two conditions of density of fibrous sepfa) Case 1, an¢b) Case 2. The solid

line is the thermal damage contour £ 1).

Figure 7.7. Time progression of depth profiles of temperatuaijes atx = 0 for

two conditions of density of fibrous septa: Casndl Case 2.
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Figure 7.8. Volumetric strain map for two conditions of densdf fibrous septa:
(a) and(c) Case 1;(b) and(d) Case 2. Maps computed at two times during RF
heating: 25 s irfa) and(b); and 8000 s iific) and(d).
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Figure 7.9. Time progress of the volumetric strain profiles xat= 0 for two

conditions of density of fibrous sepf@) Case 1; an¢b) Case 2.
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Figure 7.10.Stress distribution map of Von Mises Stress for teanditions of
density of fibrous septda) Case 1; an¢b) Case 2. Von Mises Stress profilexat
0 for both casef).
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Figure 7.11.Thermal damage zones (= 1) computed after 8000 s of RF heating
(200 W power) considering the subcutaneous tissug laomogeneous layer (solid
line) and for two conditions of fibrous septa déngdotted lines)(a) Case 1, and
(b) Case 2.
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General discussion

The PhD Thesis focuses on developing computatianal experimental
models designed to study various aspects of theénigeaf biological tissues by RF
currents, with the aim of discovering improved &bk techniques for use in
treating cardiac, oncologic and dermatologic discsd

The research on cardiac surgery was focused firstly improving
intraoperative ablation of atrial fibrillation bynaepicardial approach (Chapters 2
and 3). As there are currently no devices capablgiving easy access to atrial
tissue and automatically creating continuous tramamlesions in areas with
overlying fat tissue (Kiseret al 2007), we believe our results are worth
consideration. In Chapter 3, we proposed a newesysbased on measuring
bioimpedance capable of accurately assessing tloardjal fat profile prior to RF
atrial ablation. The next step should be to sefanpex vivo experimental model
including myocardium and fatty tissue to validabe tpotential of the proposed
procedure in estimating the overlying epicardial @ur results also suggest a future
line of research to address the development ofiggat RF ablation systems which
could respond to different adipose tissue thickees$his would allow fine-tuning
the RF energy needed to ablate atrial tissue aiwmptd the thickness of epicardial
fat of individual patients when treating atrialritation.

Secondly, in Chapter 4, we focused on a computatiatudy of the

efficiency of different modes of RF cardiac ablatia terms of creating transmural
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lesions in the ventricular wall by two catheters a@pposite sides, when treating
ventricular tachycardia. There are currently no parative studies of these ablation
modes according to the location of ventricular Vaemdia, either in the
interventricular septum (endocardial-endocardigirapch) or in the ventricular free
wall (endocardial-epicardial approach). Although mesults could be a useful guide
in the choice of ablation mode according to the eftthe affected ventricular wall,
in future work it would be interesting to check liner these results could be altered
by using other catheter types (e.g. non-irrigatedpen-irrigated). Furthermore, our
computational models could be refined to includeobl velocity in the ventricles,
rather than using forced convection coefficientsisTaspect would not affect either
the temperature distribution in the tissue or th&idns created in the ventricular
wall, but would provide a more realistic temperatdistribution in the blood (Jain
and Wolf 2000). Finally, it would also be interesfito conduct an experimental
study using internally cooled electrodes (as useduir study) to assess the lesions
created at both sites of the ventricular wall by three different ablation modes.
The comparison with the experimental results couddldate our computational
models.

As regards oncology, our research was focused orasRiSted hepatic
resection. In Chapter 5, we studied the capacitsgrointernally cooled bipolar RF
device to coagulate hepatic tissue, for which wantjtied the lesion depth created
in a computational, ex vivo and in vivo model. Altlgh currently internally cooled
bipolar RF devices do exist, they have not so &arbused in RF-assisted hepatic
resection, but in other clinical applications. Rostance, the Isolator device was
used to create lesions in cardiac tissue in trgaditnial fibrillation (Voelleret al
2010). The open-irrigated bipolar Aquamantys devsceurrently used in surgical
resection, but, as far as we know, there are nailddtdata on the lesion depth it
created. It would therefore be of interest to cahdu comparative study on the
lesion depth created in hepatic tissue betweemitedar device tested in our study
(internally cooled electrodes) and the Aquamangrga (irrigated electrodes).

Also in the context of the RF-assisted hepatic cise, we focused on

assessing whether the heat sink effect of the biloedinside a vessel could protect
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its wall in the proximity of a RF-assisted resectidevice (Chapter 6). The idea
behind this is that some surgeons prefer usin@adtric dissectors instead of RF
devices to remove the tissue around the vesselthdweetical rationale is to reduce
the risk of thermal damage to the vessel, singaadnic dissectors do not produce
deep thermal lesions (Suttehal 2010). In our study, we observed that the he&t sin
effect caused by blood flow inside the vessel canléact be a thermal protection

mechanism under certain conditions (device-vesssate and vessel-device
position).

Finally, as regards dermatology, we focused on awipg the current
treatments for subcutaneous fat tissue diseasé®Fblgeating techniques (Chapter
7). These techniques can produce localized andtasadéheating in the subcutaneous
tissue without causing damage to other skin strast@epidermis and dermis) and
muscle. However, there is currently a total lack kofowledge of the correct
dosimetry of RF energy needed to treat a spedsdiease in the subcutaneous tissue,
due to its being a non homogeneous tissue (icenisists of a fibrous septa network
enveloping clusters of adipocyte cells) and itsictire varies between individuals.
In our study, we assessed and quantified the tHedaaage in two different
structures of subcutaneous tissue after RF hedfingire work could address the
design of an automatic control system capable tiimating the exact dosimetry
from an analysis of the affected area. For thippse, we have already begun a new
study aimed at obtaining the parameters of the ekids EquationA and E) for
each of the cell types that compose subcutanessseti(fibroblasts, keratinocytes
and adipocytes), since these parameters have hbega experimentally estimated.
After obtaining these parameters, they will be erden the mathematical models to

quantify thermal damage in the subcutaneous tissaenore realistic way.
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Conclusions

The results of our research provide a better utaieiléng of the electrical
and thermal phenomena involved in certain medeciniques based on the heating
of biological tissues by RF electrical currentsimecof the findings suggest changes
that would improve the efficacy and safety in therent clinical practice, while
others are used to propose technical improvementie$igning more efficient and
safer RF applicators. The specific conclusionshefresearch can be summarized as

follows in relation to the objectives outlined im&pter 1.

1.1. To study the effect of different procedural anatomical factors on transmural

lesion in atrial tissue during epicardial RF ablaii.

The results of this study showed the difficulty adflating the atrial wall
underneath a thick epicardial fat layer, regardieselectrode design and power
delivery protocol. The results suggest that thidue to the electrical conductivity of
fat being much lower than that of atrial tissueabidition, as fat also has a lower
thermal conductivity than atrial tissue, the preseof this fat layer has a negative
impact on creating transmural lesioris.can therefore be concluded thtie
epicardial fat layer seriously impedes the passd@¥d- current during epicardial RF

cardiac ablation, thus reducing the effectivendssbtation on the atrial wall.

193



Chapter 9

Due to the current low efficacy of treating atrdrillation by RF cardiac
ablation in an epicardial approach, our computatiaresults could be used to
improve present RF ablation techniques by assediagcapacity of different

electrode designs and RF power delivery protocols.

1.2. To conduct a proof-of-concept of a new pratreassessing the amount of

epicardial fat present prior to RF ablation.

The results of this study suggest that a technigaged on impedance
measurements could be an accurate method of gyiagtépicardial fat prior to RF
intraoperative cardiac ablation, i.e. to “map” #maount of adipose tissue under the
probe. This is based on the fact that the impedanailes obtained approximately
coincided with the epicardial fat profiles presentler the electrodes of the probe.

As the main impediment to ablating the atrial wiallthe presence of
overlying fat (see Conclusion 1.1), this resultlddoe useful for improving current
ablative techniques, since knowing the amount afeegdial fat present would make
it possible to choose a particular RF power dejiy@ntocol in order to optimize the

thermal lesion.

1.3. To study the effect of different modes of Rifdliac ablation on transmural
lesions in the ventricular wall by a pair of cathet placed on opposite sides of the

wall.

The results of this study showed that the bipolamibde is superior to both
unipolar modes in terms of achieving transmurables across the interventricular
septum (endocardial-endocardial approach) and tlatrieular free wall
(endocardial-epicardial approach), even when tiigeters are misaligned. The only
situation in which the bipolar mode is inferior waipolar modes is in the case of
ventricular free wall ablation when there is aioward the epicardial catheter tip. In
this case, simultaneous unipolar mode is the onbdencapable of creating
transmural lesions.
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These findings could be useful in guiding electyepblogists to choose the
most appropriate ablation mode to treat ventrictda@hycardia by means of two

catheters placed on opposite sides of the vendrioull.

2.1. To study the electro-thermal behaviour of amterinally cooled bipolar

applicator for RF-assisted hepatic resection.

Both the theoretical and experimental results sliowet an internally
cooled bipolar RF applicator (5 mm diameter, 6 nmteri-electrode distance) could
create sufficiently deep lesions in hepatic tissug mm depth) to coagulate hepatic
parenchyma and seal small vessels. This meangadHermal lesion could be made
along the transection plane in order to minimizeaioperative blood loss during
surgical resection. In addition, our results showret the thermal lesion created is
mainly confined to the area between the electrogbigh would make it possible to
control lesion width by selecting a specific apalar design.

Although open-irrigation bipolar RF applicators acerrently used to
coagulate hepatic tissue, they have some drawbabks compared with closed-
irrigation applicators, including the risk of bungi contiguous organs by hot saline.
Our results therefore suggest that the use ofnatigr cooled bipolar electrodes
could improve safety while creating sufficientlyegelesions in the tissue or to seal

vessels during surgical resection.

2.2. To study the heat sink effect inside a larggsel close to an internally cooled

electrode during RF-assisted hepatic resection.

The experimental results showed that the heat sffdct inside a large
vessel could protect its wall when the vessel ia distance from the RF-assisted
resection device equal to or greater than 7.4 mime Tomputer results also
confirmed that predictions can be made as to whetheot the vessel wall could be
damaged at lower vessel-device distances. It isilpesthat the blood flow inside a

large vessel (such as the portal vein) could ptateavall at distances equal to or
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greater than 5 mm, regardless of its position wibpect to the device and the
device-tissue contact.

Knowing the conditions under which the heat sinfedfinside the vessel
thermally protects its wall could be useful to sogs, since this could avoid the
need for using ultrasonic dissectors to removeidiswound the vessel prior to RF-

assisted resection.

3.1. To study the electrical, thermal and thermastt effect of two different
structures of fibrous septa within subcutaneoususs during RF hyperthermic

heating.

The results showed that the structure of fibroystasvithin subcutaneous
tissue greatly affects the electrical and thernastid response. We observed that a
higher density of fibrous septa enhances the dinewsithe electric field and the flux
of electric current, as well as increasing the poalesorption within subcutaneous
tissue, which implies greater heating and thernaahabe in this region. The lower
the spatial density of fibrous septa the higherstiminkage, and skin and muscle are
subjected to higher thermal stresses than the tarteous tissue.

These findings demonstrate the importance of cenisig the real structure
of the subcutaneous tissue when modeling RF heafirspibcutaneous tissue and
could be used to make an accurate estimate of #hetemage after RF heating.
This would make it possible to apply the correcsidwtry in treating subcutaneous

fat disorders by RF heating.
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