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RESUME

L’anévrisme intracranien est une déformation dedeoi d'une artére du cerveau qui provoque
une dilatation localisée du vaisseau sanguin. Ibéyrésmes non traités peuvent se déchirer et
causer une hémorragie sous-arachnoidienne (SAHaes$, certains cas, des accidents vasculaires

cérébraux.

Les traitements courants sont la chirurgie et lasteiments endovasculaires. Le traitement
endovasculaire le plus populaire est I'embolisaéidiaide de spirales qui a été proposée par G.
Guglielmi en 1991 (ces spirales sont des endopsetheasculaires ayant la forme arrondie d'un
ressort). Cette méthode, qui est actuellementséélipour traiter environ 80% des anévrismes
cérébraux, consiste a insérer un cathéter dangel'qmis a le guider vers le vaisseau désiré de
facon a insérer des spirales de platine a l'intérde I'anévrisme. Ces spirales induisent une
coagulation puis I'obstruction de I'anévrysme. Uolgeme possible est que l'anévrisme ainsi
traité peut se recanaliser aprés quelques mois gesr raisons inconnues. Bien que les
mécanismes de la recanalisation demeurent incestlime des hypothéses est que celle-ci
provient de I'endothélium et que la dénudation émé&l@le pourrait prévenir cette recanalisation.
Certaines méthodes de dénudation endothélialesdéat été étudiées, telles que l'abrasion
mécanique avec le dispositif col-pont anévrisnaak(rismal neck-bridge device, ANBD) et la
cryoablation. Ces deux méthodes ont toutefois ptésdes résultats non désirés. La nouvelle
méthode qui est étudiée dans ce mémoire est l@bl#termique par courant radiofréquence

(radiofrequency ablation, RFA).

A la suite d’études préliminairds vivo, il semble que la résection par courant radiofréqae

puisse étre efficace pour la dénudation endotleélal 'amélioration de I'embolisation par
spirales. Le principal objectif de notre projet d&itudier les effets du courant radiofréquence
appliqué directement ou au voisinage d'une spimelovasculaire sur la distribution de
température des tissus environnants pour optiméerocessus de livraison d'énergie. Pour

atteindre cet objectif, les caractéristiques inthest et résistives des spirales, ainsi que lesseffe



de la longueur et la forme de la sonde sur laildigion de la température ont été étudiés en
utilisant une approche par modélisation numéridRes expériencem vitro ont également été
effectuées afin de valider les simulations parratéur.

En conclusion, nous suggérons que le courant defréguence ne doit pas étre injecté
directement aux spirales de platine a cause degleunde résistance électrique, mais qu'il doit
étre injecté dans un applicateur en acier placéeatre des spirales. Aussi, un applicateur d'une
longueur de 6 a 10 mm est approprié pour généredributions uniformes de température.
Enfin, des études animales devraient étre réalisdies d'étudier davantage cette approche

prometteuse.
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ABSTRACT

Cerebral aneurysm is a weakness in the wall of@bcal artery which causes a localized dilation
or ballooning of the blood vessel. Untreated angusy in the brain may rupture and cause
subarachnoid hemorrhage (SAH) and in some casekest

Treatment may be surgical or endovascular treagn@iie most popular endovascular treatment
is coil embolization, first introduced with contled detachment by G. Guglielmi in 1991. This

method, which is currently used to treat approxetya80% of cerebral aneurysms, consists in
inserting a catheter in the aorta and then guidingp the desired region of the cerebral

vasculature to insert small platinum coils insile aneurysm. These coils induce clotting and
occlude the aneurysms. A possible problem is thataccluded aneurysm can be recanalized
after some months because of unknown reasons. Thiliggexact mechanism responsible for
recanalization remains unclear, one of the hypethas that recanalization is related to the
endothelium and that endothelial denudation carvgmte recanalization. Some methods of

denudation have been previously investigated, sisctmechanical abrasion with the aneurismal
neck-bridge device (ANBD) and cryoablation. Bothtineels showed undesirable results. The
new method which is investigated in this memonadiofrequency ablation (RFA).

Based on preliminaryn vivo studies, it is believed that RFA can be effectiveendothelial
denudation and in improving the results of coil efigation. The main objective of our project is
to investigate the effects of radiofrequency curi@gpplied to an endovascular platinum coil on
the temperature distribution of perianeurysmalugssso as to optimize the energy delivery
process. To achieve this goal, inductive and rigsistharacteristics of the embolization coils, as
well as the effects of the length and shape ofeleetrode on the temperature distribution was
investigated using a computer modeling appro&ehitro experiments were also performed to
validate the computer simulations.

Based on this study, we conclude that platinunscsiiould not be used for the direct application

of RF current. A steel applicator placed in the teerof the endovascular coils is more



vii

appropriate. Also, an applicator length of 6 tori® is optimized for generation of a uniform
temperature distribution. Finally, animal studié®w@|d be performed to further investigate this

promising approach.
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CONDENSE EN FRANCAIS
L'anévrisme cérébral

L’anévrisme cérébral est une déformation de laipditme artére du cerveau qui provoque une

dilatation localisée du vaisseau sanguin.

Dans la plupart des cas, les anévrismes sont asymafitjues et ils sont habituellement
découverts durant I'imagerie cérébrale utiliséerpowvestiguer I'origine de symptémes non-
associés a I'anévrisme comme des maux de tétettdesdissements, des douleurs aux yeux et

des problemes de vision.

Si un anévrisme n'est pas détecté, il peut se remglr causer une hémorragie sous-
arachnoidienne, et dans certains cas, des accuhsuslaires cérébraux ou la mort. La taille et la

position de I'anévrisme sont des facteurs de rigopue I'hémorragie.

Lorsqu’un vaisseau sanguin se rompt, le sang sndépt le cerveau doit alors faire face a de
sérieux problémes: les tissus ne recoivent pluisauiment d’oxygene et de nutriments, la
pression augmente et les tissus enflent.

Environ 20% des accidents vasculaires cérébraudéseulent de cette facon. Parfois, des
symptébmes comme des maux de téte, des nauséesaidissements du dos ou des jambes

peuvent durer durant plusieurs jours.

Toutefois, lorsque I'anévrisme se rompt soudaindmies symptomes précédents peuvent étre
plus séveres, auxquels peuvent s’ajouter de I'igpsion, des pertes d’équilibre, une vision

floue, de la photophobie, de lirritabilité, denonscience et méme un coma profond.



Prévalence et incidence de I'anévrisme cérébral

Des études ont montré que la prévalence des am@gisérébraux dans la population adulte
varie de 1% a 5%. L’incidence est plus élevée dinlae la quarantaine jusqu’au début de la
soixantaine. L'incidence est plus élevée chez &msnfies que chez les hommes. L’incidence
d’hémorragie sous-arachnoidienne due a une ruptareévrisme cérébral est d’environ un cas

par 10,000 personnes chaque année aux Etats-Unis.

Les différentes modalités de traitement de 'anéveme cérébral

Les traitements les plus courants sont I'obsermatitaitement conservateur), la chirurgie et les

traitements endovasculaires.

Le choix du traitement dépend de facteurs telslgderme, la taille et la position de 'anévrisme;
I'age du patient, son état de santé général, ssinite médicale, les symptomes, la présence ou
I'absence de facteurs de risque pour la rupturéagévrisme, I'opinion et les préférences du

patient. Toutes ces conditions peuvent influeneeésultat du traitement.

Le traitement chirurgical est la plus ancienne ntigglde traitement. Toutefois, il est de moins en
moins utilisé a cause de l'apparition de technigbeaucoup moins effractives comme le

traitement endovasculaire.

Le traitement endovasculaire le plus populairel'estbolisation de spirales qui a été proposee
par G. Guglielmi en 1991 (ces spirales sont desmmtheses vasculaires ayant la forme arrondie

d'un ressort trés mince).

Cette méthode, qui est actuellement utilisée paitet environ 80% des anévrismes cérébraux,

consiste a insérer un cathéter dans l'aorte, plesguider vers le vaisseau désiré de facon a



insérer des spirales de platine a l'intérieur aeélrisme. Ces spirales induisent une coagulation

puis I'obstruction de I'anévrisme.

Problémes de recanalisation de I'anévrisme cérébralpres traitement avec spirales

Un probléme possible avec cette méthode est queviame ainsi traité peut se recanaliser aprés
quelques mois pour des raisons inconnues. Bien Iggiemécanismes de la recanalisation
demeurent incertains, I'une des hypotheses estejleeci provient de I'endothélium et que la

dénudation endothéliale pourrait prévenir cettamatisation.

Certaines méthodes de dénudation endothélialesdéat été étudiées, telles que l'abrasion
mécanique avec le dispositif col-pont anévrisnaak(rismal neck-bridge device, ANBD) et la

cryoablation. Ces deux méthodes ont toutefois ptéses résultats non désirés.

La nouvelle méthode qui est étudiée dans ce mérasirka résection par courant radiofréquence

(radiofrequency ablation), qui a été suggérée par J. Raymond.

Objectif du projet de recherche

A la suite d’études préliminairds vivo, il semble que la résection par courant radiofréqae
puisse étre efficace pour la dénudation endotleéletl I'amélioration de I'embolisation des

spirales.

Le principal objectif de notre projet est d’étudies effets du courant radiofréquence appliqué
directement ou au voisinage d’'une spirale endovaseusur la distribution de température du

tissu cérébral pour optimiser le processus deifivrad'énergie.

Pour atteindre cet objectif, les caractéristiqumhictives et résistives des spirales, ainsi que les

effets de la longueur et la forme de la sonde @widtribution de la température ont été étudiés
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en utilisant une approche par modélisation numérigues expériences vitro ont également été

effectuées afin de valider les simulations parratéiur.

Absence d’effets frequentiels

Avant de construire des modeles numérigues, nousndedéterminer si la distribution du
courant dépend de sa fréquence.

Les études préliminaires sur la résection par cauradiofréquence ont montré que la
température n'est pas répartie uniformément auteua spirale. Une explication possible de ce
phénoméne est que I'enroulement hélicoidal du ottedu de platine produit une charge
inductive qui bloque de plus en plus le passagealuant radiofrequence tout au long de la
spirale.

Selon cette hypothése, cet effet devrait s’accemqoaer des fréquences plus €levées et s’atténuer
pour des fréquences plus faibles.

Afin de tester cette hypothése, une premiére skgigériencesn vitro fut réalisée en appliquant
un courant radiofréquence a une spirale plongés dangel électrolytique et en mesurant la
distribution de température du gel a différents reots.

Le modéle se composait d'une spirale de platineéplalans une boite de Pétri de 9 cm de
diametre, remplie d'un gel électrolytique de conidité électrique similaire a celle des liquides

organiques (0,67 S:M et ayant une épaisseur de 3 mm.

Une bande métallique circulaire de 8 cm de diamitrgolacée dans la boite de Pétri comme
électrode de retour pour compléter le circuit. daorant RF de différentes fréquences (50 a 5000

kHz) et différentes amplitudes (100 a 700 mV) foplequé a I'extrémité de la spirale.
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Les tensions et la température ont été mesuréesda H'un oscilloscope et d'un thermometre,
respectivement. Pour observer la distribution deptrature, une mince pellicule sensible a la
température fut placée dans la boite de Pétri.

Les résultats de ces expériences ont montré quistabution de la température n’était pas

modifiée lorsque la frequence changeait.

Mesure de I'impédance des spirales

Pour poursuivre I'évaluation des effets inductifsésistifs des spirales, les impédances résistives
et inductives de différents types de spirales fureesurées a différentes fréquences (50, 500 et
5000 kHz).

Les résultats de cette étude ont montré que l'ianpe des différentes spirales reste presque
constante malgré lI'augmentation de la frequences que les impédances résistives de tous les

types de spirales étaient beaucoup plus éleveelesgjimpédances inductives.

Ce résultat indique que la baisse de la tempérauira été précédemment observée sur toute la
longueur de la spirale n'est pas due a des effdtgciifs, mais est due a la baisse de potentiel

produite par la résistance élevée de la spirale.

Ceci suggere également que le courant radiofréegueadevrait pas étre appliqué directement a
une extrémité de la spirale, mais a un applicatkufaible résistance placé a l'intérieur de la

spirale pour avoir une distribution plus homogeadadtempérature.

Modélisation du potentiel et de la température pata méthode des éléments finis

Les distributions de courant et de potentiel needdpnt pas de la fréquence, tel que déterminé

précédemment, ces distributions peuvent étre @dsign résolvant I'équation de Laplace.
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Plusieurs modeéles numériques de spirales et dgiplirs incorporés dans des milieux
conducteurs représentant le tissu cérébral furirsi aréés a l'aide du logiciel COMSSL

Multiphysics 3.5a.

La méthode des éléments finis fut utilisée poucual d’abord la distribution du courant; par la
suite, la densité de puissance dissipée par ceambdians le tissu fut utilisée pour calculer

I'évolution temporelle de la distribution de la fg@rature.

Modéle de spirale a résistance élevee

Le premier modele consiste en une forme cylindriouilece de 2 cm de long représentant une
spirale de platine de résistance élevée, immergées dine autre forme cylindrique aplatie

représentant la boite de Pétri.

Ce modéle a confirmé les résultats des étudesnpnélires, soit que la température n'est pas
répartie uniformément sur toute la longueur depmate et qu’elle est plus élevée au point

d’entrée du courant, au début de la spirale.

Modéle d’applicateur a résistance faible : optimisdon des dimensions

Le second modéle possede une géométrie de basdabEmd celle du premier, sauf que la
résistance du petit cylindre est beaucoup plusdalb facon a représenter un applicateur en acier

plutét qu’une spirale de platine de résistanceésev

Apres avoir montré que la puissance dissipée rigéslge pas le long de l'applicateur a cause de
sa résistance faible, la géométrie de I'applicateumodifiée pour trouver la taille optimale pour
produire une distribution de température uniformes dimensions suivantes de I'applicateur
furent étudiées, rayon : 1@dn, 150um et 200um ; et longueur : 3 mm, 6 mm, 10 mm, 15 mm et

20 mm.
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Les résultats ont montré que: la température maxinu tissu est plus élevée pour les
applicateurs courts et minces; qu’'une augmentadientempérature était observée aux deux
extrémités des applicateurs longs ; et que poutyar® une distribution de température uniforme,
des applicateurs avec un rayon de gf80et une longueur comprise entre 6 mm et 10 mrerdtai
les plus appropriés.

Modéle d’applicateur inséré dans une spirale

Un troisieme modéle constitué d'un applicateur @asemblable a celui du modéle précédent
disposé dans I'axe d’un solénoide de platine reptést une spirale endovasculaire fut construit
pour étudier l'influence de la spirale de platioe la distribution de température. La tension fut
appliquée a une extrémité de l'applicateur et ramngla spirale directement.

L’addition de la spirale de platine n’a produit go’tres faible changement de la température
maximale du tissu, et pratiguement aucun changedae la distribution de température autour
des spirales. Ces simulations démontrent I'effiéade I'injection du courant radiofréquence a un

applicateur en acier plutdt qu'a une spirale dénea

Etude de validation de la résolution du maillage

Tous les modéles a éléments finis précédents fégalement résolus avec un plus grand nombre
d'éléments pour vérifier s'il y a un changemennifigatif dans les résultats. Le maillage fut
ainsi affiné a quatre reprises pour le modéle diegtpur en acier et le modele d'applicateur au

centre de la spirale de platine.

Il fut observé que pour les applicateurs tres peties mailles plus fines ménent a un résultat plus
précis et améliorent le résultat, mais que pouradpglicateurs plus grands qui sont I'objet
principal de notre étude, il n'a pas d'effets digaiifs.



XV

Modéle d’applicateur inséré dans une spirale : exp&nces additionnelles

Pour valider certains des résultats de simulateomdes expériences vitro, un applicateur avec
un diamétre de 0.46 mm fut placé dans la boite &td, et la distribution de température fut
mesurée en appliqguant un courant radiofréquenc@0akBz pour des longueurs différentes de

I'applicateur (3 mm, 6 mm, 10 mm, 15 mm et 20 mm).

De plus, pour confirmer les résultats en présercka dpirale de platine, I'expérience fut reprise
en placant le méme applicateur au centre d'unalspde platine ayant les caractéristiques
suivantes: longueur de 8 mm, rayon der, rayon de la section transversale de 0,19 mm. L

longueur de 'applicateur en acier fut changée cemprdcédemment.

Puisque dans les modéles informatiques précédectdibre de I'applicateur ne correspond pas a
celui de cette derniere étude expérimentale, deveaux modéles numériques avec des

dimensions et des caractéristiques identiques gpgriences furent créés.

Les résultats de ces expériences ont coincidé ea@c des simulations pour ce qui est de la
forme des distributions de température, toutefieis,températures maximales mesurées étaient
plus faibles que les températures simulées, peaib&tause de la taille du capteur de température

et de I'effet de I'exposition a l‘air de la préptoa expérimentale.

Modele de volume conducteur semblable au cerveau

Des simulations furent effectuées dans un modé&sepmtant une géométrie plus proche de celle
du cerveau. Ce modele se compose d'un grand oylifahec un diametre et une hauteur de 8
cm), représentant le cerveau et d’'un petit cylindte centre avec les caractéristiques de

I'applicateur en acier.
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Les simulations furent effectuées avec deux longueptimisées d’applicateur (6 mm et 10 mm)
ayant un diametre de 0.46 mm pour trouver les eg#ls tensions et durées d'application et
valider la sécurité de la méthode.

Des tensions différentes (5, 10, \Ipfurent appliqués a une extrémité de I'applicatkirant 120
secondes et il a été constaté que pour minimiseddenmages aux tissus nerveux, nous devons

prendre en compte la durée d'application et ladans

Etude des effets de I'augmentation de la conductié électrique due a la température

Finalement, comme la valeur de la conductivité tépee augmente légerement avec la
température (environ 2% par degré centigrade), deléde numérique fut modifié pour tenir
compte de cet effet et des simulations furent affses afin d’évaluer si la conductivité électrique
peut étre considérée comme constante (comme dansimulations précédentes), ou si sa

variabilité en fonction de la température ne péxg Bégligée.

Cette étude a montré que pour des voltages faibleta température ne montre pas une grande
élévation aprées 120 secondes, l'influence de lgpdemture sur conductivité électrique étre
négligée. Toutefois, pour des tensions de plusbd¥, cet effet ne peut étre ignoré et il doit étre

pris en compte.

Conclusion

En conclusion, nous suggérons que le courant defréguence ne doit pas étre injecté
directement aux spirales de platine a cause degleunde résistance électrique, mais qu'il doit
étre injecté dans un applicateur en acier placgeatre des spirales.

Aussi, un applicateur d'une longueur de 6 a 10 rstrapproprié pour générer des distributions

uniformes de température.
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Enfin, des études animales devraient étre réalisdies d'étudier davantage cette approche

prometteuse.
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CHAPTER 1. INTRODUCTION

1.1 Cerebral Aneurysms

In general, arteries have three layers: the tuaxtarna (mainly composed of connective tissue),
the tunica media (smooth muscle cells (SMCs), dasdtia) and the tunica intima (endothelial
cells; usually 1-3 layers of SMCs). The internalitg where blood flows, is called the lumen.
The loss or absence of the muscular wall of thenaidnd of the elastin, which can occur in any
blood vessel but more often in arteries than veiils cause a weakening of the artery. This kind
of structural effect may result in a ballooningwidening of the artery which is called a brain
aneurysm, cerebral aneurysm, or intracranial arseuryFigure 1.1 shows the location of the
arteries that are more likely to have aneurysmangaiwith their prevalence (as published by
Brisman (2009)).

There are three types of cerebral aneurysm: sacduisiform, and dissecting. The saccular
aneurysm, the most common type occurring in 90%r@urysms, is a “berry” like aneurysm
with a narrow stem (or neck). A fusiform aneurysraiswelling on all sides and is associated
with atherosclerosis. A dissecting aneurysm, a éesamon aneurysm, usually results from a
small tear in the inner layer of the arterial wallth blood entering and separating the structural
layers of the artery (Brisman, 2009; Yale Medicab@, 2010). (Figure 1.2)



Figurel.1l Location of the arteries likely to have aneary®risman, 2009)



Types of
Aneurysms

Saccular

Pseudoaneurysm

Figurel.2 Different types of aneurysm (Yale Medical Grp2f10)

1.2 Causes, Developments and Risk Factors

Cerebral aneurysm may have a congenital cause ybmacquired. The frequent localization of
saccular aneurysms in cerebral arteries, as coohgarether systemic arteries, suggests that,
some local factor is involved. Branching patterrsynnfluence the formation of aneurysms. It
has been shown that changes in the configuratioth@fbifurcation could alter blood flow
patterns (N. Brown, 1991). Since cerebral aneuryBetuently occur at a vascular branching
point or a curvature, its development may dependvamous properties of blood flow. For
instance hypertension and atherosclerosis canth#drlood flow and this may cause a weakness
in the arterial wall (Shojima et al., 2005; Brism@009). Flow may act through two directionally
different forces. The first factor is the “impadiforce”, acting perpendicular to the vessel wall.
The other factor thought to have effects on thatawa and development of cerebral aneurysms,
is wall shear stress (WSS). WSS is a hemodynamesssivhich acts parallel to the vessel wall
and affects the cellular function of the endothali{Shojima et al., 2005; Shojima et al., 2004).



Some congenital risk factors for cerebral aneurysiiside arteriovenous malformation (AVM),
coarctation of the aorta, polycystic kidney disedmonan’s syndrome (genetic disorder causing
abnormal developments of parts of the body) andynodiners (Liebeskind, 2009; University of
Virginia Health Center, 2007). A familial form még present in 10% of cases.

Acquired risk factors can be age (>40), hypertemsabherosclerosis, smoking, illicit drug usage,
trauma, and infection (Taylor et al., 1995; Brismm2009).

1.3 Symptoms

In many cases, cerebral aneurysms remain clinicsilgnt and unruptured aneurysms are
discovered during imaging for unrelated symptom#)oagh it is possible to list headache,
dizziness, eye pain, and vision problems as sympt@associated with the discovery of
unruptured aneurysms.

Most aneurysms are discovered at the time of repttivat have caused subarachnoid hemorrhage
(SAH) and in some cases stroke or death. The sidelee location of the aneurysm have been
reported as risk factors for hemorrhage (Murayatra.e1999). When a blood vessel ruptures,
bleeding normally occurs in the subarachnoid sjpatehe brain will face severe problems. The
tissues may not receive enough oxygen and nutri&#hts resulting pressure will cause irritation
and swelling. About 20% of strokes happen this \{Bysman, 2009). Some of the symptoms
that can be listed include: severe headache, namkgomiting, stiff neck, hypertension, loss of
balance, blurred vision, photophobia, irritabilignd altered level of consciousness (including a
deep coma) (Brisman, 2009; University of Virginizdlth Center, 2007). Frequent symptoms

such as headache, nausea, stiff neck may lastvera days.

1.4 Epidemiology

Studies show that the prevalence of cerebral asmgyin the adult population is between 1%
and 5% (Wiebers et al., 2003). It mostly occurtate 40s and early 60s (A Sadato et al., 1995;
Brisman, 2009), and it is more common in women tivem (Brisman, 2009). It has also been



estimated that the incidence of SAH from a ruptuagurysm is approximately 1 case per
10,000 persons in the United States (Schievink7)199

1.5 Treatments

There are three main treatments for unrupturedbcak@neurysm: conservative management,
surgery, and endovascular treatment (Brisman, 2008)st clinicians believe ruptured
aneurysms should be actively treated, becauseske of a second hemorrhage are so high. The
chosen treatment depends on several factors sudh@se, size and location of the aneurysm,
age, overall health and medical history, signs symdptoms, presence or absence of risk factors
for aneurysm rupture, opinion and preference ofpidgent. These conditions can also affect the
clinical outcome of the treatment (Murayama et H99). There is still no evidence, however,
that unruptured aneurysms must be treated.

Surgical treatment, which will be explained in nekiapter, is the oldest reported method of
treating cerebral aneurysms. However, it is nows lasusage because of the emergence of new
minimally invasive methods. The most popular endouéar treatment is coil embolization. An
important drawback of the endovascular method esatcurrence of recurrences, in 10-30% of
cases (Lozier et al.,, 2002). Therefore, researdjegis were designed to understand and
hopefully minimize this problem. Although the exauotechanism involved in recurrences is
unclear, one of the hypotheses is that recanalizairiginates from the endothelium and that
endothelial denudation can prevent recanalizatiearf Raymond et al., 2004). The most recently
proposed method to ablate the endothelial liningrevent recurrences is radiofrequency ablation

(RFA) which is still under investigation.

1.6 Objectives

In radiofrequency applications, it is possible thiave different outcomes by varying energy
output, time of application and configuration o&tRF electrodes. For RF heating of coils, we
wish to ablate the endothelial lining as completsypossible while limiting the risk of damage

to surrounding tissues. The main objective of #tisdy will be to investigate the effects of



radiofrequency delivery to the platinum coil (th@lavhich is placed in the aneurysm in the coil
embolization procedure) on temperature and volthggibution in the surrounding tissues. The
reason for monitoring these effects is to optimibe parameters, minimize the risk of
recurrences, and minimize the risks of adversectefféVe will consider the effects of following
factors on the temperature distribution: coil sittes duration of applied current, the frequency,
and the power. The proposed methods to investify@enfluence of these specific factors are
computer simulation anih vitro experiments. The finite element method is usecbtapute the
current distribution in the tissues surroundingrapée coil; the dissipated power density is used
to compute the temporal evolution of the tempegatlistribution. Temperature measurements

performed in a similar tissue phantom are usedclioate the model.

1.7 Thesis Outline

In Chapter 2, entitled Literature survey and priesults, a brief description of the treatment
techniques, their advantages and failures are gedvand then, the first attempts at applying
RFA are explained. In Chapter 3 the effects of Rhis application is investigated. Chapter 4
will describe the details of the methods used is $tudy. In Chapter 5 results of the simulations
and experiments are shown and discussed. Thehagter will conclude and provide suggestions
for future research.



CHAPTER 2. LITERATURE SURVEY AND PRIOR RESULTS

2.1 Introduction

Intracranial aneurysms (cerebral aneurysms or lzagurysms) relate to a weakening of a brain
artery which produces a ballooning of the wall loé tartery. As the wall is weakened, it may
rupture and lead to stroke or death. We can catsgdreatments into two groups: surgical
treatments and endovascular treatments (EVT). EYE rainimally invasive, such as coil

embolization. In this chapter, the existing treattse their advantages and drawbacks will be

discussed and compared.
2.2 Surgical Treatment

2.2.1 Clipping

The first reported treatment for cerebral aneurysmsurgical clipping which was introduced in
1937 by Walter Dandy, a neurosurgeon at John HgpKospital. Surgical clipping is an
invasive method where surgeon will reach the bbginemoving part of the skull. A metallic clip
will be placed around the neck of the aneurysnshasvn in Figure 2.1, in order to prevent the
blood flow from entering the aneurysm. Althoughgscal clipping is effective, some risk factors
are associated with this method. The risk factesoeated with this method are the size and
location of the aneurysm and the general stattiseopatient (age, other diseases). According to a
study done from 1976 to 1994 in Japan, among 1T7igéma with subarachnoid hemorrhages
(SAH), 115 cases were treated and followed. Theutatme risk for SAH was 1.4% and 12.4%
at 10 and 20 years respectively. This study clganbywed the long term efficacy of clipping but

also showed that the risk is still present eveyedrs after the treatment (Tsutsumi et al., 1999).



Ruptured Aneurysm

Figure2.1 Clipping(Yale Medical Group, 2010)

For evaluating the lonterm survival of patients ho underwent clipping, a retrospective stud
reported in 2001. This study was mainly about camgapatients with unruptured aneury:
who did and did not have a clipping. Observed p#gievere 4619 patients who were hospitali
from 1987 to 2001 becae of cerebral aneurysm. The rates -day mortality in patients wh
underwent surgical clipping with ruptured aneurysvere 13.4% while in the ones wi
unruptured aneurysm were 5.5 Follow-up study shows the rates15f.9%vs. 8.5%, 22.4%s.
13.4% and 29%s. 24% at 1, 5 and 10 years respecti (Britz et al., 2004

Their results showed thatm@ng patients with unruptured aneurysm who unent surgical
clipping, the rate of 3@ay mortality vas 5.5%, while this rate was 7.980patients who did nc
undergo clipping. fiese rates at 5 and 10 years were 8.5% 16.8%, 13.4¢vs. 30% and 24%
vs. 44.5%, respectively. Thus, survival estimator the patients who had the clipping w
significantly hgher (P<0.001(Britz et al., 2004).



There are multiple methoddgal flaws in this studhowever(Jean Raymond et al., 20.
2.3 Minimally Invasive Treatments

2.3.1 Coiling

Coil embolization or endovascular coiling he most popular minimally invasive technique
treat cerebral aneurysnin this metho, instead of reachingneurysr through the skull, a
catheter is guided throughbdood vesseto reach the aneurysfrom an artery in the groin. Tt
catheter is placed insidae aneurysm with the help fluoroscopic guidanc and once it gets
there,a thin platinum coil is advanced through the cahgtto the aneurys as shown in Figure
2.2(Yale Medical Group, 201.

Figure2.2 Coiling (Yale Medical Group, 2010)

The pldinum coil has a helical design with the configioa presented in Figure 2..The

dimensions of the coil vary according to the amilan and manufacturs, the typical
dimensions of D1, D2and D3 varies betwee44.45 to 76.2 microng).254 t00.381 mm, and 2
to 20 mm, respectivel(White et al., 200¢.
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Figure2.3 Platinum coil configuration (White et al., 2008

The presence of the coil induces blood clottingictwhresults in an occlusion in the aneurysm
and prevents rupture or re-bleeding. This technigag proposed in 1991 by Guido Guglielmi, a
physician at UCLA. The coils are known as GuglielBetachable Coils (GDC). They are
sometimes used in treatment of some tumors as Welhis application they are utilized to

occlude the arteries feeding tumors (Guglielmi,&)99

The occlusion method is based on two electrochénpecaciples: electrothrombosis and
electrolysis. The cause of electrothrombosis isribgative charges of blood cells and proteins.
Positive charges will attract these negative creaeagel make them form a clot (Guglielmi et al.,
1991). The role of electrothrombosis has beenfedrby Guglielmi et al. (1991). Their study
showed that electrically charged coils will be a@ekby clot, a phenomenon that is not seen in
noncharged coils. They also found that the demwsitif blood cells on the coil increases with
time (Zucchi et al., 2001). The other phenomendettmlysis, happens when a direct electrical
current is applied to two immersed iron electrodéisder these circumstances, the positive end
dissolves and the negative one recruits the ferians from the anode to the cathode. Since this
phenomenon excludes noble metals, electrolysisdetibich the platinum coil from the stainless
steel delivery wire (Guglielmi et al., 1991). Thetachment procedure will occur after several
minutes of application of electrical current. Tholgem here is that if the number of coils

increases, the duration of the procedure will iaseeas well as the risk of electrothrombosis (A
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Sadato et al., 1995). To avoid these risks, anattethod for detaching the coils was introduced
in 1995 by Sadato et al. In this method the coildetached immediately after applying a
monopolar high frequency current. A polyvinyl alobliPVA) rod is used at the junction of the
coil and the delivery wire. By applying a high fuemcy electrical current, the heat produced by
the current disrupts the PVA junction (A Sadatalgt1995).

2.3.2 Coiling Method Follow-up Studies

So far, the coiling method has been described. Kb any other treatment, some specific
problems are associated with this method. Thewagtto investigate these problems is a follow-

up study.

One retrospective study, which started after theoduction of GDC, showed that coil
embolization is an effective method for patient$fesing from ruptured posterior circulation
aneurysms. Before that, treating the posteriou@aton aneurysms was more difficult than for
the ones located in other areas (Lempert et abQR0his study also showed the important role
of GDC for patients in poor health condition. Thajamity of individuals in this study had
saccular narrow neck aneurysms and most of thergsmas were located at the basilar
bifurcation. After treatment, recanalization wasersein 22.4% of patients. Most of the
recanalization occurred in aneurysms with largekregze or in fusiform aneurysms (Lempert et
al., 2000). Another follow-up study done at appnoxiely the same period showed almost the
same results and their authors suggested thattéwngangiography should be used in order to
find additional information (Ng et al., 2002). Tleestudies showed good results for patients who
are not good candidates for surgical clipping.

Reported series were thus far uncontrolled andeffieacy and benefit of coiling remained

unproved.

Another study was done to investigate the effeags of endovascular treatments in conditions
where clipping used to be preferred option. In thiisdy, aneurysms located in the middle
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cerebral artery (an artery closer to the surfacthefsurgical field) were treated with the use of
GDC. The necks of aneurysms in this area usuakyvede and they were considered less
favorable for coiling. This study showed that, ttmertality and morbidity rate for ruptured
aneurysms were 6% and 1% respectively. The magrtalitd morbidity rate for unruptured
aneurysms were 1% and 3% respectively. Recurremess shown in 20% of patients. Thus, it
was concluded that middle cerebral artery aneurysamsalso be treated by coiling in most
patients and that it is not subjected to neuroldgitcits (lijima et al., 2005).

Recurrences, the recanalization of the aneurysenc@msidered more frequent after coiling than
after clipping. A study was done amongst all pdtigneated in a hospital for ten years (Jean
Raymond et al., 2003). In this study, recurrenceseviound in 33.6% of patients after one year.
The important factors for the recurrences weredisis: aneurysm size, treatment of ruptured
aneurysm, incomplete initial occlusions and duratd follow-up. Standhardt et al. also have

done a study to evaluate the results of coilingtiment for unruptured intracranial aneurysms.
According to their long term study, the occlusiaterdepends on aneurysm size; for increasing
aneurysm size, the proportion of completely ocaudmeurysms decreased and complete
occlusion was observed in 57.5% of cases. The vafuihis study was that it was done in

patients with unruptured aneurysms (Standhardt,e2G08).

2.3.3 Risks and problems

An important potential complication of EVT is pgp&rative aneurysmal hemorrhage. According
to McDougall et al., the incidence of hemorrhaglevs and even if hemorrhage happens, most of
the patients will survive without serious probleribe possible factors of iatrogenic rupture may
be excessive packing with coils, advancing the guicke or the coil itself. To avoid rupture, it is

important to be aware of the problem, decreasec#itieeter’'s contact time and by not exerting

forward pressure on the catheter before removiagthdewire (McDougall et al., 1998).
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One of the problems occurring after the treatmerdoil compaction. Researches were focused
on this matter in 2001, Kawanabe et al. showeddlation between coil packing density and coil

compaction (Kawanabe et al., 2001).

One of the other problems associated with the essinuar treatment discussed in follow-up
studies, is that the occlusion may not be comm@ateit may result in recurrences. Some studies
have been done to identify risk factors for reaoces. Raymond et al. did a research based on
animal models showing that the type of aneurysmnismportant factor which determines the
degree of occlusion and the ones that are not ccailampletely will recur more often (J.
Raymond et al., 2008).

2.4 Clipping vs. Coiling

So far, the two main methods for treatment of cerelaneurysms were discussed. Now
reviewing the studies in which these treatmentcanepared might be useful.

International Subarachnoid Aneurysm Trial (ISAT)rgmared coiling and clipping in a large
group of subjects: 2143 patients with rupturedaiotanial aneurysms were followed for 6 to 14
years after treatment (Molyneux et al., 2009). @b#hors concluded that there was an increased
risk of recurrent bleeding from coiled aneurysm paned with a clipped aneurysm, but the risks
were small and that the risk of death at 5 years significantly lower in the coiled group than it
was in the clipped group. The risk factors for eatment after 3 months of endovascular

treatment are younger age, larger lumen size asahiplete occlusion (Campi et al., 2007).

2.5 Other endovascular treatments

2.5.1 Balloon Occlusion

One of the minimally invasive methods for treatmehterebral aneurysm is balloon occlusion.
This method, which was the first approach to endatilbn, was introduced by Fedor Serbinenko
in 1971 (Linfante & Wakhloo, 2007). This method waslpful in treating the aneurysms that
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were inappropriate for clipping because of thezresand location (Afion et al., 1992; Ferrito et
al., 1994; Meyers et al., 1999).
This method was abandoned after the introductiocB@E€ coils because it was less effective and

more risky in most patients.

2.5.2 Liquid Embolic agents

In the cases where the neck of the aneurysm idaw® or irregular, or the location of the
aneurysm is not accessible, or performing a surganybe difficult, parent artery occlusion is the
solution, but it is not always possible becausthefanatomical location. In such cases, Nishi et
al. used an EVAL mixture (Ethylene Vinyl Alcohol galymer) as a liquid embolus. They first
occluded the parent artery temporarily with a ball@eatheter and then injected EVAL through a
microcatheter located in the aneurysm (Nishi et1&l96).

Aburano et al. also used another material when toefyd not reach the aneurysm. The material
was a mixture of NBCA (N-butyl-2-cyanoacrylate) ahighiodol (iodized oil) (Aburano et al.,
2006). Though their aneurysms were on a bronchtalyg the material may be useful for the

aneurysms in the brain.

More recently, Vanninen et al. introduced a newitigembolic material called Onyx for
peripheral interventions. It also can be used imlmoation with coils or balloon catheters. The

problem with this material is that it is difficuty control (Vanninen & Manninen, 2007).

Interventions with materials such as balloons amanoils can be accompanied with rupture or
migration of the material to the main vessel, seytlare not a good alternative to clipping.
However GDC with its adaptability to the shape oéarysm is a good option (Kawanabe et al.,
2001).
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2.6 Prior Results

2.6.1 Previous attempts

In order to solve the problems related to coilimgny studies have been done in this area. As it
was mentioned earlier, recurrences and recanalizaditer coil embolization are the most
important limitations of this treatment. Now, wellwdiscuss some methods used in order to solve
this problem.

Another concept to improve long term results of ENV3s used by Murayama et al.: accelerating
the “healing process”. They used BioabsorbablerRetic Material (BPM), which is a stimulator
to inflammation in order to promote neointima fotraa, in addition to GDC. Although the
results of long-term follow-up study are not avlaiéa the short-term animal based experiment
showed good results (Murayama et al., 2002). Fafigwhis study, Taschner et al. did another
study with the use of Matrix detachable coils (jphlatin coils covered with an absorbable
copolymer) in order to assess its safety and #hahitter 6 months. They found that the stiffness
of the Matrix coils makes the packing difficult. dih report showed that using the Matrix coils
plus bare platinum coils result in stable outcorfleschner et al., 2005). Bendszus et al. used a
new bioactive coil (Cerecyte) with polyglycolic ddbaded inside of the coil which did not affect
the coil. They found that it was safe and potelytiadore efficient than bare coil, but their study

needed to be verified by a prospective randomidad(Bendszus et al., 2007).

In 2002, Raymond et al. suggested in situ betaat@di to inhibit the cellular process leading to
recanalization. Their animal based study demorestritat low-dose of beta radiation can prevent
recanalization and it also showed improvement iortsterm result of coil embolization (Jean
Raymond et al., 2002). They also performed ano#tedy to find out the effects of coill
properties and of the location of applied radiatidimey concluded that coil properties can
minimally affect the recanalization; however theessary condition for the effectiveness of this
process is thrombosis (Jean Raymond et al., 2008}y proved the feasibility of radioactive

coils in a human experiment as well, though thegitarm result of any damage to the nervous
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system is unknown (Taschner et al., 2005). Basesubeequent animal studies, radiation did not
show any harmful effects on nervous structure oneaintima formation. However, since clot
organization will be influenced by high activitiding an upper limit for implanted radioactive
is suggested (Jean Raymond, Metcalfe et al., 2006).

One of the hypotheses to be proved to prevent adization was endothelial denudation.
Raymond et al. performed denudation by the meansnofaneurysmal neck-bridge device
(ANBD). ANBD is a mechanical device used in ordehelp placing and retaining the coils into
the aneurysm. Though, it is hard to achieve corapdenudation and it should be limited to the
coiled lesion, endothelial denudation can inhileitanalization. However, finding a better way
rather than ANBD to perform the denudation processuld be more convenient, since
mechanical denudation is not practical in thin @@lbr ruptured aneurysms (Jean Raymond et
al., 2004). They also suggested cryoablation ofetidothelial lining as a substitute method for
inhibiting recanalization. They found that cryottugy can be helpful to some extent in
preventing the recanalization, but there exist ssi#e nerve injuries in their cryotherapy
procedure (Jean Raymond, Mounayer et al., 2006)sdD#a et al. assessed stenting combined
with endothelial denudation and found that thetstdone cannot produce a solid form to occlude
the aneurysm, however their combination will elevtite occlusion and lead to a better result
(Tim Darsaut et al., 2007).

2.6.2 In vivo Radiofrequency Current Experiments

The latest attempt by Dr Raymond to improve theaif¥eness of coil embolization is based on
radiofrequency application (Jean Raymond et all020Radiofrequency current has lots of
clinical applications to create targeted lesionsexample, it is widely used for catheter ablation
of arrhythmogenic substrates in cardiolofyvivo studies were performed in order to show the
effects of radiofrequency ablation (RFA) on recaaion. In this application, RFA was likely to

denude endothelial layer while having minimum efeon surrounding nervous tissues. Two
methods were compared; standard coil embolizattmhail embolization followed by RFA of

the endothelial lining. The coils (3 to 4 mm 0.Qdl&tinum-tungsten coils 8 to 10 cm in length)
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were placed in the arteries. The experiment wa® doré dogs. In the cases with RFA, a 500
kilohertz (kHz) sinusoidal current with an outpudwer of 20 to 30 W which was adjusted in

order to keep the temperature constant at 60°C,apphed to a standard platinum coil for 60
seconds. The tissue surrounding the coil is hebtedoth resistive heating and conductive
heating. Complete occlusion was shown after theqatore in both cases. After two weeks, the
results of coil embolization with RF were compaveth the results of coil embolization alone,

these results suggested that RFA can be effective bbth endothelial denudation and

improvement of coil embolization, but there is a&ddo find optimal RFA parameters (power,

duration, electrode size, etc.).

2.6.3 In vitro Experiments

A first set ofin vitro experiments was done in order to show the povtriblition along the coil.
To perform this experiment, a coil (2-5mm calibed1®; 2 to 8 cm in length; Boston Scientific)
connected to an RF generator (HAT 200, Osypka Campaermany) was placed in a piece of
chicken breast meat. An RF current at 10 watts wifi®0 kHz frequency was applied to the coll
for 60 seconds. As it is shown in Figure 2.4, #&dn (white) is limited to the first part of the
coil. One of the possible causes of this effect mayelated to the coil shape; as it was shown
previously (Figure 2.3), the coil is rolled up aself and forms a solenoid whose inductive
impedance might oppose the passage of radiofregueement.
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Figure2.4 Localized lesion after RF transmission throagiatinum coil imbedded in a chicken

breast (Jean Raymond et al., 2010)

Another experiment was also done by applying a Rfeat through a stainless steel coil
(homemade neurovascular probe) imbedded in an dgte wolution. When the temperature
reaches a critical value (about’6Y), the solution coagulates (Figure 2.5). The lengaliber and
shape of the probe were investigated and it wasddhbat for long probes, the lesion was not be
continuous and that short probes had sudden imped#&ses and peak temperature. It was found
that by increasing the caliber, the lesion area imaseased and that the shape of the probe
affected the depth of the lesion. The best resukhiown in Figure 2.5 where a homogenous
lesion was produced.

To investigate the effects of the platinum coilngopreliminary experiments were performed by
placing the probe in the middle of a standard plati coil. This showed the feasibility of the
approach and the need for further experiments.
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Figure2.5 Lesion obtained with RF probe (Jean Raymorad. €2010)

2.7 Summary and Conclusions

This chapter reviewed the studies dealing withttkatment of cerebral aneurysms. Two main
treatments were compared and their respective sneere discussed. To improve the coiling
technique, radiofrequency ablation was proposede®aon preliminaryin vitro andin vivo

studies which showed the feasibility of this appigathere is a need to further investigate the
modalities of radiofrequency current delivery (élede shape and position, power, duration). In
the following chapter, we will thus investigate iears parameters that may impact on the

efficacy of radiofrequency ablation as appliedhis practical problem.
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CHAPTER 3. INVESTIGATING THE EF FECTS OF FREQUENCY

3.1 Introduction

We propose to perform bofin vitro experiments and computer simulationsinvestigate the
parameters and thedffects of radiofrequency current appliecan imbedded electre (platinum
coil or applicator)on the temperature distribution surrounding tissuéen order to optimize th
RF parameterd:or these computer simulations, a very importamistjan that must be answet

before constructing a model is whether or notcurrent distrilntion depends on the frequer

At the end of the previous chaptthe preliminaryin vitro experimentshowed that the pow:
distribution along a simplglatinum coil is not uniform.A possible explanation for th
phenomenon could be théhe geometry of the coil creates a large indectoad that blocks th
passage of RF current along the length of the(Eagure 3.1)
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1 2 3 4 5 6 7 8 9 10
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|
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Figure3.1Electrical Model of ¢Coil imbedded in a conductive tue

According to this hypothesis, the inhomogeneitytitd temperature distribution in the tis:
surrounding the coil should increase with the fexgpy of the RF currensince the inductive
impedanceZ; of a solenoidalsoincreases with the frequenty (Z, = j 2rnfL). This increased
coil impedance wouldoncentrate the current flow to the tissue neardelivery point of the
current to the coil. We will rst test this hypothesis by measuring the tempegatistribution

near a simple coil in a tige phantonat different frequencies.
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3.2 Tissue phantom and experimental sett

The experimental setuponsists of a platinum co(Microplex18 6 mm/15 cn placed in a
cylindrical container (9 cm diameter and 3 mm thegsfilled with a salinegel having the same
electrical conductivity ablooc (0.67 S.nt). A circular metallic electrode (8 cm diameter) v

placed around the coil as a ground electrode tgéetmthi circuit.

An RF current sourceras applied to the coil. “is source onsists of a signal gerator (Agilent
33220A Function Generatc followed by an RF amplifier (MinCGircuits ZHL-32A). An

oscilloscope (Tektronix TDS3052Ewas usedo monitor the voltage at two points in order
compute thecurrent and impedan. Three frequencies were investigk 50 kHz, 500 kHz an
5000 kHz (the frequency used for clinical applicas is typically 500 kHz)Figure 3.2 shows

the electrical setup.

Signal Generator

>

Oscilloscope Channel A

Applied Voltage

Resistance = 20 Ohm _.

Oscilloscope Channel B

Voltage measurements for
Current Monitoring

Figure3.2 Electrical set up

A thin temperature sensitive fi, with a color bar showed in Figure 3¥as placed under the ct
and the RF current was applied to one end of tlile Hoe impedance of the coil as well the

dissipdaed power were calculated. TIgel temperature at two points along the ((entry point
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and the other side) as well near the return eldet(base line) was measured with a thermometer.
Photographs of the film were taken to monitor teenperature distribution at different time
instants during RF power delivery (2 min, 5 mindd® min). The experiment was repeated by
applying the RF current to the other end of thé coi

Figure3.3 A coil immersed in the gel. The color bar shomesdifferent colors of the temperature
sensitive film. From left to right, the colors ranfyjom highest to lowest temperature with a range

of 5 degrees Celsius.
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3.3 Effects d frequency on the temperature distributiors

The measured parameters are shown in Tabli and the temperature distributs for each
applied frequency aghown inthe following figures (3.4 to 3.9).

Table3.1Electrical and temperature values during RF poyetieatior

fkHz) | AV) | BOV) | 1(A) | POW) | Z(ohm) | t(min) Ibés)e (T'g:a) szﬁ,hgfde
Applying Radiofrequency Current to the Left side of the col
50 23.8 154| 0.077 | 1.71 289.1 2 20.8 25 23
50 23.8 154| 0.077 | 1.71 289.1 5 20.8 26 23.5
50 23.8 1.54| 0.077 | 1.71| 289.1 10 20.8 26.6 24.1
500 25.8 1.65| 0.0825| 1.99 292.7 2 20.8| 25.9 235
500 25.8 1.69| 0.0845| 2.04 285.3 5 20.8| 27.9 24.9
500 25.8 1.7 | 0.085| 2.05| 2835 10 20.8 28.8 253
5000 248 | 1.54| 0.077 | 1.79 302.1 2 20.8| 25.9 23.3
5000 248 | 1.54| 0.077 | 1.79 302.1 5 20.8| 26.8 24.3
5000 246 | 156 0.078 | 1.80| 2954 10 20.8 27.3 24.9
Applying Radiofrequency currentto the Right side of the co
50 24 1.47 | 0.0735| 1.66 306.5 2 20.8| 24.9 23.4
50 24.1 1.49| 0.0745| 1.68 303.5 5 20.8| 26.1 24.3
50 23.8 1.51| 0.0755| 1.68| 295.2 10 20.8 26.8 25.1
500 24.2 1.51| 0.0755| 1.71 300.5 2 20.8| 254 23.6
500 24.2 1.51| 0.0755| 1.71 300.5 5 20.8| 26.3 24.8
500 24.2 1.51| 0.0755| 1.71| 300.5 10 20.8 27.1 25.1
5000 25.2 15| 0075 | 1.78 316.0 2 20.8| 25.5 24.2
5000 25.2 1.51| 0.0755| 1.79 313.8 5 20.8| 27,4 25.2
5000 25.2 1.51| 0.0755| 1.79| 313.8 10 20.8 275 25.4

Figure3.4 Temperature distribution after 2 minuwith RF applied tolte left side of theoil,
from left to righ: f = 50 kHz, 500 kHz, 5000 kHz
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Figure3.5 Temperature distribution after 5 minuwith RF appliedo the left sideof the coil,
from left to righ: f = 50 kHz, 500 kHz, 5000 kHz

Figure3.6 Temperature distribution after 10 minuwith RF appliedo the left sideof the caill,
from left to righ: f=50kHz, 500kHz, 5000kHz

Figure3.7 Temperature distribution after 2 minuwith RF appliedo the right side¢of the coil,
from left to righ: f=50kHz, 500kHz, 5000kHz

Figure3.8 Temperature distribution after 5 mtes with RF applietb the right side othe coil,
from left to righ: f = 50 kHz, 500 kHz, 5000 kHz



25

Figure3.9 Temperature distribution after 10 minuwith RF appliedo the right sid¢of the coil,
from left to righ: f = 50 kHz, 500 kHz, 5000 kHz

By observing théhighlighted impedance values in Tal3.1, it can be found that there are
significant changes in impedat for the three frequencies he dissipated powealso remains at
about 1.8 W, whaiver the frequencithe current delivery siter the time insta. The maximum

temperature at one time instant is also not aftebtethe frequenc

Similarly, ascan be seen in t figures, the power is always dissipatezhr the current delivel
site whatever the frequency the delivery site. Thtemperature iglwaysmuch higher around
the delivery site anche lack oluniformity of the temperature distributioakng the length of the

coil is not modified iy changing the frequenc

Therefore, the noruniformity of the temperature distributions canrize explained by the
inductive impedance of the coil and texact mechanism for the ne~uniform distributions
remainsunclear and there is a need to perform somer experiment to understand this

phenomenon.

3.4 Investigating theimpedance of a simple coil

The input impedance of a circumay comprise a resistivas well as a reactive compon:
(inductive for a coil). If the temperature inhomagéy cannot be attributed to indive effects
as shown in th@revious section, icould be attributed to a sestive effect. To investigate this
second hypothesis, the amplitude of the impedZ, its phase and the resistarrR of different

coils were measured at fiifent frequencies (Table 3.
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Table3.2 Impedance and Resistance of different kindbd$ @t different frequencies

Name of the Length f Z Phase | Impedance in R 1Rclrr:]
Company & Ref# (cm) (kHz) | (ohm) | (degree)| 1 cm (ohm) (ohm) | (ohm)
Boston Scientific 30 50 131.1 0 4.37 179|9 5.997
Ref 352163-4 500 128.5 3 4.28
5000 139.1 12 4.64
Boston Scientific 6 50 275.9 1 45.99 1998 333
Ref 350620-3 500 276.9 2 46.15
5000 258.2 3 43.03
Boston Scientific 30 50 597.3 0 19.91 440 14.667
Ref 350730-3 500 589.9 0 19.66
5000 530.0 2 17.67
Boston Scientific 11.5 50 563.3 1 48.99 475 41.304
Ref 342515-4 500 565.1 2 49.14
| size=15 5000 517.0 8 44.96
HELIPAQ microcaoil 10 50 733.7 0 73.37 545 54.%
Ref HSR100410-20 500 735.0 2 73.5
5000 651.6 7 65.16
Axium 8 50 629.4 0 78.67 376 47
Ref QC-4-8-HELIX 500 631.2 2 78.9
5000 544.9 11 68.12
HyperSoft Helical 6 50 925.5 0 154.24 645 107\5
Ref 100306HS-V 500 923.5 2 153.92
5000 778.2 10 129.71
Unknown 5 50 259.2 0 51.84 175 35
Ref 340308-4 500 264.8 2 52.97
5000 238.4 3 47.68

The results show that for all the coils under inigagion, their impedanc& remains almost
constant whatever the frequency. However, thetergiesR of all coils tend toward the value of
impedance. This outcome supports the second hypothesispthaér is dissipated mostly at the

current delivery site because of a resistive efdéthe coil.

As shown in Figure 2.3, the colil is a very thindgolatinum wire, rolled up on itself. Since the

resistanceéRk of a wire is inversely proportional to its crogxtson, the high resistance of the coil
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can be explained by its very small cross sectinnesthe resistance is proportional to the inverse

of the cross section area:
Equation 3.1 R = p%

whereR is the resistance)), p is the resistivity -m), L is the length (m) and is the cross

section area (f).

3.5 Conclusion

We conclude from the results presented in this tenafhat we can neglect the effects of

frequency for the modeling of the coil and of tieste, and that both can be considered to
behave as purely resistive media for the frequenttiat are typically used in the clinic (500

kHz).
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CHAPTER 4. ELECTROTHERMAL MODELING

4.1 Introduction

For the computer simulations, the finite elementhod was used to compute both the current
distribution and the temporal evolution of the temgture distribution in the tissue. The objective

was to optimize the radiofrequency parameters @eioto create a homogenous and predictable
temperature distribution.

4.2 Theoretical analysis

The COMSOI® Multiphysics 3.5a (a finite element analysis antvar software for engineering
applications) was employed to produce differenttdirelement models. Before computing the
temperature distributions, first we have to fin@ fpower density produced by the current. The

model should satisfy the following equation foratteal analysis:
Equation 4.1 V.(cVV) =0

wheres (S m') is the electrical conductivity of the tissue (tepends on tissue type and
temperature) and V (V) is the potential. The boupd®@nditions required to solve the preceding
equation are a constant electrical potential overactive electrode surface (a constant voltage is
applied to one end of the electrode), a nul paaéot the surface of the return electrode, and nul
current density over the interfaces between thelective medium and surrounding dielectric
media. The power densityy (W m?) dissipated by the current flow in the tissue den

calculated by:

Equation 4.2 P; = o(VV)?
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The temperature is governed by the bio-heat equatioich is a parabolic partial differential
equation. It was first proposed by Pennes to desdneat transportation in living tissue. The
equation is defined as:

Equation 4.3 pCOT/o +V.(=kVT) = pyCowp(Ty — T) + Qe + Qexe

Wherep (kg m) is the tissue densitf (J kg* °C?) is the specific heat of the tisste(°C) is
the local temperature at any given timés) is timek (W mi* °C?) is the thermal conductivity of
the tissuepy, (kg m®) is the density of bloqdCy, (J kg* °C™) is the specific heat of blopd, (kg
m*> s?) is the blood perfusion rat&,(°C) is the arterial blood temperatur@ue,(W m?) is a

metabolic heat source af@, (W m®) is the spatial heat source.

4.3 High resistance coil model

The first coil model which was used to obtain oreliminary results consists of a thin cylindrical
shape with a length of 2 centimeters, immersednatteer cylindrical shape having similar
geometrical, thermal and electrical propertieshasphantom described in the preceding chapter.
The model is shown in Figure 4.1 and the valuesllofonstants and parameters for this model
are given in Table 4.1.

Once the model is created, the software constrilneismesh (Figure 4.2) and performs the
potential and temperature computations. Images hef temperature distribution, voltage

distribution and temperature changes by time aogvalin the next chapter.

Table4.1 Parameters and constants of the platinum cadem

o p C k Pb Co an To | Qme | Qex
Unit | Sm' |kgm?®| Jkg'°C! |Wm'°C!| kgm?® |Jkg'°C'| kgm3s? | °C | wm?® |wm?
milieu | 0.67 | 4200 1000 0.63 0 0 0 2p 0| 4FA
coil 167 | 2800 1000 73 0 0 0 22 0 0
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Figure4.1 Geometry of the first model

Figure4.2 Mesh created by COMSOL

The valuegrovided in Table4.1 are mostly obtained frofiKaouk et al., 199t. The equivalent

electrical conductivity fothe electrode was calculatdtbm our measurements of tresistance



31

of a typical coil so as to simulate the high resise coils that were described in the preceding
chapter. The heat from metabolic activities is aetdd as well as the heat transfer by the blood
flow. The external heating is the resistive heatiRg produced by the radiofrequency current
(equation 4.2).

4.4 Low resistance applicator model

Based on the results obtained from itheitro experiments that showed nonuniform temperature
distributions because of the high resistance ottik it was suggested to apply the current not to
a coil, but to a low resistance applicator. Westhreated a model consisting of a solid stainless
steel electrode, instead of a platinum coil, witle same volume conductor geometry as the
previous model using the following parameters aralues (Table 4.2); i.e. platinum

characteristics substituted by steel charactesistic

Table4.2 Parameters and constants of the stainlessagipitator model

c p C k Po Gy p Tp Qmet Qext
Unit | Sm® | kgm?® | Jkg'°C* [Wm?*°C*| kgm® |Jkg'°C'|kgm®s?| °C | wm?® |wm?
milieu 0.67 4200 1000 0.63 0 0 0 2P 0 a P
coil 4.03e6 7850 475 445 0 0 0 2 0

As it was found that the potential distributionragathe steel applicator is almost uniform, it was
needed to optimize the size of the applicator teehe uniform temperature distribution as well.
Thus the steel applicator model was modified tceestigate the effects of different lengths and
cross section radius of the applicator to investigdne influence of electrode size on the
temperature distribution and to find its optimunzesi Stainless steel applicators with cross
section radii equal to 100 pm, 150 pm, and 200 pith different lengths of 3 mm, 6 mm, 10

mm, 15 mm and 20mm were studied. The observed paeasnwere the voltage distribution,

temperature distribution and temperature changesusdime, which are presented in the next
chapter. To compare the results with those of gk hesistance coil, models of a platinum coil

with a cross section radius equal to 200 um arfdreéifit lengths were also made.
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4.5 Applicator-in- coil mode

In the previous models atainless steel applicas, a helical platinum shape was also adde
order toinvestigate the influen: of platinum coil. The steelpplicator was placed in the ddle
of a platinum oil shown in Figure4.3. The voltage was applied to one end of the applicatol
not to the coil directly. The temperature distribnt voltage distribution and temperatu
changing versus time dll the models which consists different size of steel applicator are

shown in the next chapter.

Figure4.3Model of a platinum coiwhich will be placed around the steel applic:i

4.6 Effectsof Mesh Sizeon the Simulation Results

In solving partial differential equation probls, using darger number of elements will lead t
more accurate result. In the problems with smiatlechsions (in the order of 0.1 m, similar to
our application, solving thenodelswith more elements will imply lorgg computation time and
may not be necessary. Thug performed simulations fcsome slected mode with different
numbers of elements tgtudy theconvergence of our simulations. Theesh wa thus refined

four times,the number of elements v increased and the results were monitore the next
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chapter the number of elements and the differeacepresented. The comparison is done with

the low resistance steel applicator alone and pipécator-in-coil model.

4.7 Additional simulations and experiments

After finding the optimal size of the applicator pooduce a uniform temperature distribution,
there was a need to validate the results withnavitro experiment. Thus, an applicator with a
diameter of 0.46 mm was placed in the experimesgtlp described in the previous chapter and
the temperature distribution was monitored whilelgipg an RF current with the frequency of
500 kHz to different length of the applicator (3 mé mm, 10mm, 15 mm, and 20 mm).
Different parameters (voltage, current, power, amaximum temperature) were observed at
different times (2, 5, and 10 minutes) which thetues are all gathered in a table in the next
chapter.

Since in the previous computer models, the calibéine applicator does not match the one in the
experimental study, after completing this experitmemodels with the same size and
characteristics were also created in COMS8@®b.compare the results with the experimental one

and to validate the simulation results.

4.8 Applicator-in-coil experiments and modeling

The preceding section was related to the studyheftémperature distribution around different
sizes of applicators in the absence of platinurhinairder to optimize the size of the applicator.
In real applications, there will be a platinum coil the aneurysm, thus there is a need to
investigate the effects of the presence of the hegistance platinum coil. The same experiment
as described in section 4.7 was repeated whilengabe applicator in the middle of a platinum
coil with the following characteristics; length 8mmradius 2m m, cross section radius 0.19 mm.
The same set up was used and as in the other egues, the length of the steel applicator was
changed to observe the changes for each lengthag&l current, power and temperature at
different times (2, 5 and 10 minutes) were mondofehe results of this study are shown in the

next chapter.
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As in the previous simulatianthe steel applicatawith different sizes, as mentioned above,
simulatedn the middle of a solenoid platinum c(Figure 4.4)and the same parameti(voltage
and temperature distribution) ve observed. The results will be compared and dssclig the
next chapter.

=
i
|

I ‘;’,J;’,f,«‘i

[
1
7

Figure4.4 Model of a solenoidal platinum coil

4.9 Applicator-in- brain model

Computer simulations wergsodone in a model with similacharacteristics athe brain. The
model consists of a large cylinder (with a diameted height qual to ¢ cm) representing the
brain tissue and a small cylinder in the middlehef big one acting ea steel applicator as it

shown in Figure 4.5. Themulation was done with two optimiz lengths ¢ coils (6 mm and 10

mm) with a diameter of 0.4@m to find the optimal voltage and duratiohapplicatior.



The voltage with different values (5, 10, 15V) wasplied to one end of the coil and the
temperature distribution, voltage distribution, aedhperature rise in the first 120 seconds of

application were monitored. The parameters ofiiuslel are presented in Table 4.3. The results

cm

r=0.23mm «,

]l 6mm (10mm)

Figure4.5 Applicator-in-Brain Model

are shown in the next chapter.

Table4.3 Parameters and constants of the Brain Model

35

o p C K Pb Gy oy To | Qmer | Qex
Unit | Sm® | kgm?® |Jkg'°Ct| wm?°C! | kgm?® |Jkg' °C*|kgm3®s!| °C |Wm?*| wm?
milieu 0.15 1050 3700 0.5 0 0 0 37 a d
coil 4.03e6 7850 475 44.5 0 0 0 37 (
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4.10 Temperature dependant electrical conductivity

A final simulation was done in the brain model gswariable electrical conductivity. The value
of the electrical conductivity, as well as depegdam the type of the tissue, weakly depends on

the temperature and it can be calculated by thistson:
Equation 4.4 o=1/(po(1+ a(T —Ty)))

Whereo (S m') is the electrical conductivityo (Q m) is the resistivity at reference temperature
o (°CY) is the temperature coefficienf (°C) is the temperature anky (°C) is the reference

temperature.

In our application, the tissue temperature charagekit can affect the electrical conductivity.
Thus, a simulation was made in order to show tfextsf of a variable electrical conductivity and
to determine whether or the electrical conductivign be considered constant. For each
temperature rise of 1°C, the electrical condugtivises by 2% because of electrolytic effects
(Shimko et al., 2000). The values of the parametszspresented in table 4.4. The results of the

simulation are shown and discussed in the nexttehap

Table4.4 Parameters of Equation 4.4

Po a TO
Unit | Qm oct °C
milieu | 6.67 0.02 37
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CHAPTER 5. MODELING AND EXPERIMENTAL RESULTS

5.1 Introduction

In this chapter, the resultsbtained withthe models described ithe previous chapter are

presented, discesed and compare

5.2 High Resiseaince CoilSimulations

The first model was that af 2 cm longand a 0.02 cm cross section radius elec with an
equivalentconductivity similarto that of an endovascular coil placeda cylindrical shae.
Figure 5.1 showshe voltage distribution anFigure 5.2 shows thsteady stat¢emperature
distribution around the coil while applying 86 V to one end of the coil. The maximt
temperature which is occurred at ticurrent entry point was 3T6. In Figure 5.3, the

temperature againgtne at diffeent points is plotted.

Time=60 Slice: Electric potential [V] Max: 17.86

16

14

12

10

8

-

Figure5.1 Voltage distributionin the high resistance coil mo.
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Time=60 Slice: Temperature [°C) Max: 31.487

Min: 21.85
Figure5.2 Steady state temperature distributfor the high reistance coil mod.

Temperature [OC]

0 10 20 30 40 50 60
Time[s]

Figure5.3 Temperatures time at different points in thRigh resistance ccmodel. The upper 4
curves (yellow, red, blue, purple) illustrate teenperature at 4 points in the viity of the
current entry point. The 2 lowest curves (blaclkeegy) correspond to parts of the other end o

coil (black) and the periphery (gree
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As can be seen in these figures, the voltage amdetmperature are not distributed uniformly
along the length of the colil, they are highestha beginning of the coil. This non uniform
temperature distribution along the length of thd corresponds to what was observed in our
previousin vitro studies. The decrease of potential along thecowmifirms our second hypothesis
that the non uniform temperature distribution i€ da the high resistance of the coil relative to

the surrounding media.

5.3 Low Resistance Applicator Simulations

In order to have a more uniform temperature digtidm, it was suggested to apply the
radiofrequency current to a low resistance appicabstead of applying it directly to the
endovascular coil. Thus, to find the effects oé thoil's resistance on the temperature
distribution, the same model with the same dimerssibut with the conductivity of solid
stainless steel was made. The same voltage waea@applthe end of the applicator. The voltage
and temperature distributions are shown in Figtdsand 5.5 respectively. The voltage is now
completely uniform along the length of the applicatecause of its low resistance (Figure 5.4),
while the temperature is now identical at both ewdisthe applicator (Figure 5.5). The
temperature is highest at both ends of the applidacause of the higher current density due to
the higher potential gradient at both ends. Fidguf demonstrates the temperature changes at
different points against time, and it can be sd&t & steady state is reached after about 20

seconds.



Time=60 Slice: Electric potential [V] Max: 17.86
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Figure5.4 Voltage distributionfor the low resistance applicator moi

Time=60 Slice: Temperature [°C] Max: 27.596

26
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— 2
Min: 21.85

Figure5.5 Steady statemperature distributic for the low resistance applicator moi
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Temperature [OC]

0 10 20 30 40 50 60
Time[s]

Figure5.6 Temperatures. time at different points in the low resistancelagator model. The

upper curves illustrate the temperature at theniticof both ends of the applicator. The lowest

curves correspond to the periphery.

5.4 Applicator and Coil Size Optimization

In Figure 5.5, it can be seen that the temperaitucesase is focused at both ends of the
applicator. Can we change the size of the applidgatorder to have a more uniform temperature
distribution along the whole length of the coil?helTlow resistance applicator model was thus
modified to investigate different sizes of the apgdior (radius equals to 100 pm, 150 pum, 200
pm and length equals to 3 mm, 6 mm, 10 mm, 15 m#n2@mm). The voltage distributions are

not shown here since the applicator was alwayspetgmtial as in Figure 5.4 because of its low
resistance. However, the dimensions of the applidaad a significant effect on the uniformity

of the steady state temperature distributions whrehshown in Figure 5.7 to 5.11. The effects of
the applicator’s length and radius on the maximemperature are also summarized in Table 5.1.



Time=120 Max: 63.713
Slice: Temperature [OC] 60
55
1150
45
140
35
30
25
Min: 2.
Figure5.7 L =
Time=120 Max: 50.883
50

Slice: Temperature [OC]

45
40
35
30
25

Min:

Figure5.8 L =

Time=120 Max: 44.236
Slice: Temperature [OC]
40
‘ 30
|25
Min: 21.5

Time=120
Slice: Temperature [ C]

Mil

Time=120 M
Slice: Temperature [ C]

Mil

Time=120
Slice: Temperature [OC]

Max: 60.275
60

'55
50
45
| 40
35
30
25

Max: 39.713

Time=120
Slice: Temperature [DC]

in: 21.5

3mm, from left to right r = 100 um, 150 p290 pm.

ax: 46.737 Time=120

Slice: Temperature [DC]

in: 21.5

6 mm, from left to right r = 100 um, 150 p2@0 pm.

Time=120
38 Slice: Temperature [OC]

in: 21.5

Figure5.9 L = 10 mm, from left to right r = 100 um, 156200 pm.
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Figure5.10 L = 15 mm, from left to right r = 100 pum, 156, 200 pm.
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Time=120 Max: 39.772 Time=120 Max 36.592 Time=120 Max 34.605
Slice: Temperature [OC] 38 Slice: Temperature [ C] Slice: Temperature

'36
34
32
.
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Figure5.11 L = 20 mm, from left to right r = 100 pm, 156, 200 pm.

Table5.1 Effects of the dimensions of the applicatottfmmaximum temperature.

r=0.001 mm r=0.0015 mm r=0.002 mm
L (mm) L(mm) L(mm)
3 6 10| 15| 20 3 6 10 1% 20 3 (o] 10 (15 20

Max T

°C) 63.7/50.9/44.2|41.1| 39.8| 60.3| 46.7| 39.7| 37.6 36.6/53.9| 42.1| 38.0|35.9/34.6

Observing Figures 5.7 to 5.11, it can be found thatmaximum temperature is always highest at
both ends of the applicator, but that the shonpgtieators tend to have temperature distributions
with circular and symmetrical patterns that are enoniform. The longer electrodes have two
distinct temperature extreme at both ends with dipQlike pattern. Applicators with a smaller
radius tend to have the highest temperature at é@uadis, but with a larger temperature gradient
(Table 5.1). To produce a uniform temperaturerithstion, applicators having a radius of 200
pm and a length between 6 mm and 10 mm would lsfazory.

The following figures show the results for the higlsistance coil model with a radius of 200 um
and different lengths (3 mm 10 mm and 20 mm). Tas done to assess the differences between
low resistance applicators and high resistance ¢oilall lengths. As it can be seen in all of thes

pictures, none of them is demonstrating a unif@mgerature distribution.
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Time=120 Max: 17.86 Time=120 Max: 50.487
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Figure5.12 L = 3 mm, From left to right, voltage and shgatate temperature distributions for
the high resistance coil model.
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Figure5.13 L=10 mm, From left to right, voltage and steatate temperature distributions for
the high resistance coil model.
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Figure5.14 L= 20 mm, From left to right, voltage and sieatate temperature distributions for
the high resistance coil model.
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5.5 Applicator-in-Coil Simulations

The influence of a platinum coil around the stg®leator is not clear. Thus, in order to assess
its influence, the same low resistance applicatith different sizes is placed in the middle of a
platinum coil as described in previous chapter. $teady state temperature distributions for
these models are shown in following figures and |&ab.2 summarizes the maximum

temperature for different sizes of the low resiseapplicator when it is placed in the middle of a

high resistance platinum coil.
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Figure5.15 L = 3 mm, from left to right r = 100 um, 156200 pm.
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Figure5.16 L = 6 mm, from left to right r = 100 um, 156p200 pm.
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Figure5.17 L = 10 mm, from left to right r = 100 um, 156, 200 pm.
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Figure5.18 L = 15 mm, from left to right r = 100 pum, 156, 200 pm.
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Figure5.19 L = 20 mm, from left to right r = 100 pum, 156, 200 pm.

Table5.2 Effects of the dimensions of the applicatoa icoil on the maximum temperature.

r=0.001 mm r=0.0015 mm r=0.002 mm
L (mm) L (mm) L (mm)
3 6 10| 15| 20 3 6 10 1% 20 3 b 10 15 PO

Max T

°C) 57.1|148.9|42.7/ 40.5| 39.6| 59.2| 44.9| 39.5| 37.4| 36.5|55.35/42.6| 38.0 | 35.134.9

The effects of placing a high resistance platinusi around a low resistance applicator are
minimal for the steady state temperature distrdngj but it produces slightly more uniform
temperature distributions for the longer applicatfessening of the “Q-tip” effect). This could
be attributed to the thermal conductivity of thel @hich is higher than that of the tissue. The
coil thus tends to be isothermal. In Table 5.2ydghis only a slight decrease in the maximum
temperature in the models with a smaller radiusgrwthe platinum coil is placed around the

stainless steel applicator.
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5.6 Effects of Mesh Size

As it was said in solving a partial differentialuagion problem, a larger number of elements will
lead to a more accurate result. Since solvinghalldreated models with finer mesh would take a
long time, we checked the accuracy of our results few models. Simulations were performed
with different mesh size in order to validate oesults. The mesh was refined four times and the
results were compared. A comparison was made ingrmaps of models; the low resistance
applicator and the applicator-in-a-coil. This comgan was done in models with different sizes

of steel applicator and the results are presentd@lble 5.3.

Table5.3 Effects of mesh size on maximum temperature

low resistance applical applicato-in-coil
Serie:# | Radius | Length Number of Temperatur | Number of | Temperatur
(um) (mm) Elements °C Elements °C

200z 63.71: 1986 57.09¢

7627 67.30" 7883¢ 60.43¢

1 100 3 2625 69.14¢ 26542: 62.7:
8747 69.38: 88129: 64.42¢

3071 50.88: 1969¢ 48.90!

1257: 52.06: 7829¢ 49.54¢

2 100 6 4342 52.84: 26352: 49.80¢
14641( 52.88t¢ 87264 49.¢

440¢ 44.23¢ 2132( 42.69:

1853¢ 44.7: 8496 43.24,

3 100 10 6391¢ 45,14« 28532: 43.58’
21477 45.20¢ 94158 43.52¢

6027 41.07¢ 2289¢ 40.54"

2623¢ 41.4¢ 9137( 41.01:

4 100 15 8935: 41.88: 30670¢ 41.33.
30051 41.82¢ 101352: 41.23¢

710€ 39.77. 2358¢ 39.61:

3093( 40.26 9501 39.95¢

5 100 20 10573¢ 40.67: 32008t 40.32¢
35534° 40.71¢ 105968 40.36¢

170¢ 60.27¢ 1933¢ 59.16¢

659t 62.56¢ 7748’ 59.97

6 150 3 2257 63.40¢ 26146 60.1¢
7491° 63.48t¢ 86746° 59.77:
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199 46.73" 1945 44.89¢

756¢ 48.00: 7749¢ 45.21¢

7 150 6 2534« 48.58" 26067: 45.43¢

8424: 48.61¢ 86307: 45.40¢

246¢ 39.71¢ 2040 39.52¢

9522 41.05: 8185¢ 40.1%

8 150 10 3259 41.74. 27585 40.27¢

10843t 41.74¢ 91286 40.27¢

323( 37.55% 2106¢ 37.44!

1314 38.30¢ 8480¢ 37.94¢

9 150 15 4511: 38.77: 28474t 38.32.

15230¢ 38.87¢ 94045 38.28"

3731 36.59: 21368 36.51¢

1526¢ 37.28: 8686( 37.15¢

10 150 20 5279( 37.76¢ 29314: 37.59¢

18009: 37.841 97315 37.62¢

144¢ 53.87¢ 1945: 55.35!

512¢ 56.51. 7814¢ 55.66¢

11 200 3 1661: 58.16¢ 26343. 55.64:

5346¢ 58.63¢ 87245 55.29:

1631 42.12¢ 19677 42.6¢

5941 44.37: 7875¢ 42.92¢

12 200 6 20072 45.46¢ 26593 42.84°

65492 45.79: 88032( 42.62¢

210¢ 37.99: 2022: 38.00°

810( 38.9¢ 8063: 38.23.

13 200 10 2687( 39.56¢ 27088 38.25¢
8874 39.5¢ 89494

2551 35.89: 2056¢ 35.65¢

1000+ 36.50¢ 8276¢ 36.12¢

14 200 15 3372¢ 36.86: 27875. 36.37¢
11295¢ 36.82¢ 91994!

288¢ 34.60¢ 2060¢ 34.88:

1147, 35.31¢ 8347¢ 35.46¢

15 200 20 3909t 35.98¢ 28146° 35.79:
13146° 35.9¢ 93139

Figures 5.20 and 5.21 show the curves of maximunpégature obtained using the four mesh
sizes for the two models: low resistance applicatat applicator-in-coil. For the last three mesh
refinements of the applicator-in-coil model, we icboot get the results because the computation

time was too long (in the order of days).
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Figure5.20 Maximum temperatures for the four mesh sizeéke applicator model.
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Figure5.21 Maximum temperatures for the four mesh sizeéke applicator-in-coil model.

As it is presented in previous table and pictuhestemperature change can be neglected in all
models —except in the first two models- as it gsléhan 1 degree Celsius. In the first two models
the change is more significant, but still cannotabeoncern of this study because it was found
that the size of those models are so small arglnbt appropriate for the application. Thus, the
resolution used in this study is equal to the loame and there is no need to have more elements
to be significantly more precise.
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5.7 Additional Applicator Experiments and Simulations

Our proposed method is to inject the radiofrequanayent in a low resistance applicator placed
in the middle of a platinum coil. Previous simutets show that this method can produce more
uniform temperature distributions. Additionalvitro experiments were done in order to validate
these simulations. A steel applicator with a 0.28 madius was placed in the same experimental
set up as described in Chapter 3 and a RF voltageces with a 500 kHz frequency was
connected to the applicator. This experiment wagated for different lengths of applicator (3
mm, 6 mm, 10 mm, 15 mm, and 20 mm), in order tanupe the parameters. The electrical and
temperatures measurements for different lengthsslaogvn in Table 5.4, and the temperature
distributions obtained with the temperature sevssitim are shown in following figures.

Table5.4 Electrical and temperatures measurements fiereint lengths of applicator

Length Z . Tbase | Tmax

o | AW | BO) | @ | P | ming |08 | T
3 15.7 0.961| 0.04806 0.71 306.)7 2 225 258
3 15.4 1.04 0.052 0.75 276.2 5 22.b 267
3 15.6 0.982 0.0491 0.72 297.7 10 225 27.3
6 14.7 1.28 0.064 0.86 209.7 2 22.b 2416
6 14.4 1.34 0.067 0.88 194.9 5 22.b 26)5
6 14.5 1.32 0.066 0.87 199.7 10 22.b 271
10 14.7 1.28 0.064 0.86 209.7 2 22.b 2412
10 14.1 1.34 0.067 0.85 190.4 5 22.b 25|1
10 14.7 1.22 0.061 0.82 221.0 10 2256 26(7
15 13.7 1.6 0.08 0.97 151.8 2 22.5 241
15 13.5 1.66 0.083 0.98 142.v 5 22.b 251
15 13.6 1.56 0.078 0.94 154.4 10 226 265
20 13.5 1.66 0.083 0.98 142.V 2 22.b 24
20 13.3 1.72 0.086 1.00 134.v 5 22.b 25
20 13.3 1.71 0.0855 0.99 135.6 10 225 263




Figure5.22 L = 3 mm, images taken after 2, 5, 10 minutes.

Figure5.23 L = 6 mm, images taken after 2, 5, 10 minutes.

Figure5.24 L = 10 mm, images taken after 2, 5, 10 minutes

Figure5.25 L = 15 mm, images taken after 2, 5, 10 minutes

51



52

Figure5.26 L = 20 mm, images taken after 2, 5, 10 minutes

The following figures are the results of computenidations. Models with the same size and
characteristics as th@ vitro experiment were created. In each picture, from teefright, the

voltage distribution, temperature distribution aeochperature versus time are illustrated.
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Figure5.27 Applicator simulation results, L = 3 mm.
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Figure5.28 Applicator simulation results, L= 6 mm.
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Figure5.29 Applicator simulation results, L = 10 mm.
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Figure5.30 Applicator simulation results, L = 15 mm.
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Figure5.31 Applicator simulation results, L = 20 mm.

The temperature distributions in the simulationsiggally match with the corresponding
experimental results. However, for the longer aggtbrs (15 mm and 20 mm), the measured
temperature distributions do not always show thacgl “Q-tip” pattern observed with the
simulations: the maximum temperature area is mptended at the distal end of the applicator
than at the injection point. This can be attributethe dielectric part of the experimental cathete
that was not included in the model and which cath lwecrease the current density near the

injection point, and increase thermal conductiorayvirom the tissue. Also, steady state is
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reached after 2 minutes in the computer simulafidmg at 10 minutes in the experiments,
probably because of the cooling effects of thesairounding the set-up which was not accounted
for in the models.

5.8 Applicator-in-Coil Experiments and Corresponding Smulations

In the coil embolization process, platinum coils ptaced into the aneurysm and they can affect
the steel applicator efficacy, thus in order toeistigate its influence, a platinum coil was placed
around the stainless steel applicator and the saamameters were monitored in the usual
experimental set-up. The results and images of brfieriments and computer simulations are
shown in the following figures.

Table5.5 Electrical and temperatures measurements fiereint lengths of an applicator placed

in the middle of a coil.

Length Z . Tbase| Tmax

| AV [ BM 1@ | P | op e(min | TS TER
3 14.4 1.32 0.066 0.86 198.2 2 225 25
3 14.6 1.32 0.066 0.88 201.2 5 225 27
3 14.4 1.32 0.066 0.86 198.2 10 22/5 27.9
6 13.6 1.54 0.077 0.93 156.6 2 225 24.8
6 13.7 1.52 0.076 0.93 160.3 5 225 25.2
6 13.6 1.52 0.076 0.92 158.9 10 2215 26.1
10 12.5 1.84 0.092 0.98 1159 2 22/5 24.6
10 12.5 1.82 0.091 0.97 117,4 5 22/5 25.1
10 12.7 1.84 0.092 1.00 118.0 10 22|15 25.9
15 12.5 1.86 0.093 0.99 1144 2 22/5 24.5
15 12.3 1.9 0.095 0.99 109.5 5 225 25.1
15 12.2 1.94 0.097 1.00 105.8 10 22|15 25.6
20 12.4 1.92 0.096 1.01 1092 2 22/5 23.6
20 12.6 1.86 0.093 1.00 1155 5 22/5 23.9
20 12.2 1.91| 0.0955 0.98 107.7 10 22.5 24.3




Figure5.32 L = 3 mm, images taken after 2, 5 and 10 remof RF delivery

Figure5.33 L = 6 mm, images taken after 2, 5 and 10 remof RF delivery

Figure5.34 L = 10 mm, images taken after 2, 5 and 10 tasaf RF delivery

Figure5.35 L = 15 mm, images taken after 2, 5 and 10 tesaf RF delivery
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Figure5.36 L = 20 mm, images taken after 2, 5 and 10 tesaf RF delivery

The following figures obtained from computer sintidas prove that, same as the previous
study, the temperature distributions in computenusation satisfies the experimental results,
however the maximum temperature is not always nedtctue to the lack of accurate measuring
instruments.
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Figure5.37 Applicator-in-coil simulations, L = 3 mm.
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Figure5.38 Applicator-in-coil simulations, L = 6 mm.
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Figure5.39 Applicator-in-coil simulations, L = 10 mm.
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Figure5.40 Applicator-in-coil simulations, L = 15 mm.
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Figure5.41 Applicator-in-coil simulations, L = 20 mm.

Again, the temperature distributions in the simola generally match with the corresponding
experimental results. However, for the longer aggbrs (15 mm and 20 mm), the measured
temperature distributions do not always show thacgl “Q-tip” pattern observed with the

simulations: the maximum temperature area is miocelar. This can be attributed to the thermal

conduction of the coil which tends to be isothermddo, steady state is reached after 2 minutes
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in the computer simulations, but at 10 minutesha experiments, probably because of the

cooling effects of the air surrounding the settugt as not accounted for in the models.

5.9 Applicator-in-Brain Simulations

After having performed simulations and experimetatsfind the optimum parameters of RF
application, it was time to simulate a model withaacteristics more similar to those of the
brain. Thus, a model (described in previous chaptas made and various voltages were applied
to one end of the stainless steel applicator f@ d6tonds. The applicator model was created for

two different lengths: 6 mm and 10 mm.

The following figures show the voltage distributidhe steady state temperature distribution and
the temperature rise with time (from left to riglidy both 6 mm and 10 mm long applicators

while applying 5V, 10 V and 15 V respectively.
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Figure5.42 Brain model with 6 mm long applicator, voltagé V.
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Figure5.43 Brain model with 6 mm long applicator, voltag&O V.



59

Time=120 Max: 15.0 Time=120 Max: 62.771 Temperature [ C]
Slice: Electric potential [V] 14 _ Slice: Temperature [?Q] N ) OU 65 T
\ y 12 ‘ lal I
10 r|[F £ 55—
i + I /
8 ‘ {50 s |/
6 @45
A ‘ 45 (=
: B
40 35,
b v N F70 40 80 120
In: o -
Min: 37.0 Tlme[s]

Figure5.44 Brain model with 6 mm long applicator, voltagé5 V.
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Figure5.45 Brain model with 10 mm long applicator, vokag5 V.
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Figure5.46 Brain model with 10 mm long applicator, vokag10 V.
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Figure5.47 Brain model with 10 mm long applicator, vodag15 V.
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According to a study in rat brain it was found th@ata normal rat brain the temperature is
decreased by 10 degree 5 mm away from the impldnkevwerforming hyperthermia (T.
Kobayashi et al., 1986). Since the critical temperfor the spinal cord in mouse tissue for 2
minutes application is around 452¢g§Dewhirst et al., 2003), in order to minimize tieemage to
the nervous tissue in the brain we have to take actount the duration of application and the
applied voltage and also the type of the tissueit Asseen in these pictures and considering that
the critical temperature for the brain is 46°C afieninutes of applicatioit is better to limit the
applied voltage to 10 V and make sure that the tauraof application does not exceed 120

seconds. So in this case the temperature woulth #&C.

5.10 Temperature Dependant Electrical Conductivity

In order to study the effects of temperature depehélectrical conductivity, the applicator-in-

brain model was solved while the local electricaha@uctivity was increased as the local
temperature increased. This effect was studiettenntodels used in the previous section while
applying different voltages of 5, 10 and 15 V. Tiesults of this study are presented in the
following figures which show the potential and gteady state temperature distributions as well
as the electrical conductivity at the site whicld llade maximum temperature rise (and maximum

conductivity change).
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Figure5.48 Temperature dependant brain model for a 6 omg &pplicator at 5 V.
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Figure5.49 Temperature dependant brain model for a 6 omg &pplicator at 10 V.
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Figure5.50 Temperature dependant brain model for a 6 omm &pplicator at 15 V.
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Figure5.51 Temperature dependant brain model for a 1denmapplicator at 5 V.
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Figure5.52 Temperature dependant brain model for a 1denmapplicator at 10 V.
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Electrical Conductivity
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Figure5.53 Temperature dependant brain model for a 1denmapplicator at 15 V.

This study showed that for the lower voltages, whee temperature does not have a great rise,
the influence of electrical conductivity change dsnneglected. However, for applied voltages

around 15 V or more, this effect cannot be negteatel it must be considered.
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MAIN CONCLUSIONS

The present study was intended to investigatedtienical modalities of radiofrequency ablation
as an adjunct approach to prevent the recanalizaiound the embolized coils used for the
treatment of cerebral aneurysms. We performed bothitro experiments and computer
simulations to investigate the mechanisms and ffieets of radiofrequency current applied to an
imbedded electrode (platinum coil or applicator)tba temperature distribution of surrounding
tissue in order to optimize the radiofrequency paaters. All the computer simulations were

validated within vitro experiments which were done in a similar tissugnpbm.

The following factors were found to have an impottaffect on the temperature distribution:
electrode size and material, duration of energivest and applied power. The frequency of the
current had no effect in the frequency band of ®®Q@00 kHz when the current was injected

directly to a platinum coil and we concluded that @an neglect the inductance of the coil.

Experiments and simulations showed that the pateatnd temperature distribution along a
simple platinum coil is not uniform when currentingected directly at the end of the coil. After
measuring the impedance of different types of ceis concluded that this effect is due to the

large resistance of the coils (typically 4Q0.

This finding suggested us to apply radiofrequenagrent through a low resistance applicator,
and not directly to the platinum coil. We studibe effects of the size of this applicator and we
conclude that an applicator with a length of 6 @ rm is appropriate to generate a uniform
temperature distribution. Based on further modelind experimental results, we also conclude
that when radiofrequency current is injected intsteel applicator placed in the center of the
endovascular coils, the presence of the coils db aiter significantly the temperature

distribution.

The last computer simulations were done in modaisngy a geometry closer to that of the brain.
These models showed that the applied voltage shbeldround 10 V and the application

duration should not exceed 120 second.
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The effects of the mesh size for the finite elenmantiels and of the temperature dependence of
the electrical conductivity of the tissue were aisegestigated to confirm the validity of our

simulation results.

Our study has some limitations. We tried our besinbke the computer models as similar as
possible to then vitro model; however, some factors such as cooling &ffecthe surrounding
air, stability of the model, presence of the cathehaft at the end of the applicator and accuracy
of the measuring instruments were not taken intsiceration. Another effect that was neglected
in bothin vitro and computer models was the shape of the coil.n(V@meendovascular coil is
placed in an aneurysm, it will lose its symmetrislahpe and it will be deformed into a shapeless
mass. Thus, the applicator will be placed withirs ttnass and it will touch it, while in our
models, we assumed that the endovascular coil Bgsmetrical shape and that the applicator is
placed exactly in the middle of the endovasculdr co

Finally, our results show the feasibility of produg very localized and well controlled heating
patterns around endovascular coils with radiofreagyesurrent. Further work could be performed
to document in animal models the feasibility ofngsradiofrequency ablation for endothelial
denudation and for the prevention of recanalizatibembolized coils. Further work could also
be pursued to investigate the possibility of heptineurysms treated with a combination of flow
diverter (stent) and coil that has been recentlyppsed for the treatment of wide necked

aneurysms (Lylyk et al., 2010).
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