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Résumeé

La thése s’articule autour du développement des thermothérapies hépatique et
cardiaque guidées par Imagerie de Résonance Magnétique (IRM).

La premiére partie est axée sur le développement d'une méthode permettant
d’augmenter la taille des Iésions induites par ultrasons focalisés de haute intensité (HIFU). Le
seuil de d'intensité acoustique fut déterminé par IRM de la force de radiation acoustique et
I'effet caractérisé par IRM de température ex van vivo dans le foie de porc.

La deuxieme partie présente le développement d’'une méthode permettant une
focalisation HIFU hépatique intercostale avec utilisation de la déflection électronique du
faisceau pour le suivi du mouvement respiratoire ou /et une ablation multipoint. La méthode
proposée repose sur une mise a jour des éléments du transducteur HIFU a désactiver en
fonction du point de focalisation sélectionné, a partir d’une projection géométrique de I'ombre
des cobtes sur la surface du transducteur, mesurée sur des images IRM anatomiques. Nous
avons montré gu’il est possible de réduire significativement le chauffage des cotes tout en
conservant une élévation de température dans le foie suffisante pour induire une Iésion
thermique.

La troisieme partie expose la mise en place de I'IRM de température pour le
monitoring des ablations par radiofréquences (RF) dans le cceur. Plusieurs aspects sont
abordés, notamment la précision de la thermométrie, la possibilité de réaliser des ablations
thermiques par cathéter RF sous IRM de températwi®o dans le cceur de brebis, ainsi que
I'utilisation du cathéter comme sonde d’'imagerie dans I'objectif d’accroitre la précision de la

thermomeétrie cardiaque.



Magnetic Resonance Imaging guided focused ultrasound and
radiofrequency ablations.
Methodological developments for the treatment of liver cancer

and cardiac arrythmias

Abstract

My manuscript studies the development of mini and non invasive thermotherapies
guided by magnetic resonance imaging (MRI) in the treatment of hepatic and cardiac
diseases.

The first part was the development of a method to increase the lesion size, induced by
HIFU, and based on bubble enhanced heating (BEH). The acoustic power threshold of the
BEH was determined by MR acoustic radiation force imaging (MR-ARFI) and the thermal
effect was characterized by MR thermometryerrivo and in vivo in pig livers.

The second part developed a strategy to perform HIFU through the rib cage using
beam steering to track the respiratory movement or to performed multipoint ablation while
avoiding heating of ribs. Transducer elements localized in the geometric projection of the
shadow of ribs, relatively to the targeted focal point, were switched off.

The third part was the development of the MR thermometry on the heart for the
monitoring of radiofrequency ablation (RFA). Several aspects were investigated, in particular
the thermometry precision, the feasibility to perform catheter radiofrequency ablation under
MR thermometryin vivo in a sheep heart, the possibility to use the catheter as an MR antenna

to increase spatial resolution of MR thermometry images.



Résumé substantiel

Dans les pays occidentaux, le cancer et les maladies cardiovasculaires représentent les
principales causes de décés (respectivement 30% vs. 28%). Parmi I’arsenal thérapeutique
disponible, les méthodes de destruction thermique par la température (thermothérapie) sont de
plus en plus utilisées. Différentes techniques (radiofréquences, laser, radiofréquences,
ultrasons focalisés) sont utilisées pour induire une élévation de température suffisante
permettant de déposer une dose thermique (intégrant temps d’exposition et température
atteinte) létale dans la région pathologique ciblée pour induire une nécrose de coagulation.
Les thermothérapies sont une alternative avantageuse a la radiothérapie car elles offrent la
possibilité de répéter le traitement plusieurs fois sans effet de dose cumulée pour les tissus
sains. Elles sont largement utilisées dans le traitement curatif du cancer du foie (ablation par
radiofréquences), des fibromes utérins (ultrasons focalisés), de la prostate, du sein, etc...

La thermométrie par Imagerie de Résonance Magnétique permet de cartographier en
temps réel et de maniere non invasive la distribution spatiale de la température tissulaire
pendant le traitement. Cette méthode d’imagerie permet de planifier précisément la zone a
traiter, de suivre 1’évolution de la température dans les régions pathologiques et saines, de
controler précisément le dépot de chaleur local (boucles d’asservissement controlé par
thermométrie IRM) et de cartographier la dose thermique cumulée pour prédire la lésion
thermique induite. L’association des méthodes de thermothérapie et d’IRM de température
permet donc d’offrir une meilleure fiabilité du traitement, de sécuriser la procédure et de
contréler précisément la lésion induite.

La premiere partie du travail de thése est consacrée au le développement d’une
méthode d’ablation thermique par ultrasons focalisés de haute intensit¢ (HIFU) non invasifs,
dans le but de générer de larges lésions thermiques pour le traitement des tumeurs dans le

foie. Cette technique, basée sur la création de bulles au niveau du point focal, présente



I’avantage d’augmenter 1’efficacité de chauffage, de générer une forme de lésion quasi
sphérique (ellipsoide en absence de bulles), de protéger les structures (organes, tissus sains,
peau, 0s) localisées en champ lointain (i.e. aprés le point focal). Les objectifs de cette étude ex
vivo et in vivo dans le foie de porc sont 1) de déterminer le seuil en puissance acoustique pour
induire ce phénomene 2) de comparer, sous IRM de température en temps réel, la distribution
et les profils de température obtenus avec et sans bulles au point focal.

Dans un premier temps, I’'I[RM de température a permis 1’observation in vivo du
changement de la position de la valeur maximale de température (vers le transducteur) en
présence de bulles, et a été utilisée pour déterminer la puissance acoustique nécessaire pour la
génération de ce phénomene grace a 1’application de tirs ultrasonores (0,5 s) dont la puissance
acoustique fut progressivement augmentée entre 400 et 800W. Ensuite, deux protocoles de
tirs ultrasonores ont été compares & méme énergie (1800J). Le premier (« groupe control »)
correspond a un tir de 15 s a puissance modérée (120W). le second (« groupe expérimental»)
est composé d’une impulsion de courte durée (0,5 s) a une puissance acoustique suffisante
pour créer les bulles (400-800 W), immédiatement suivie d’une impulsion continue (14,5 s)
dont la puissance est ajustée pour atteindre une énergie cumulée de 1800J. Pour des régions
de focalisation des ultrasons localisées a une profondeur comprise entre 20 et 25 mm dans le
foie de porc in vivo, 600 a 800 W ont été nécessaires pour atteindre le seuil de création des
bulles. La distribution en température du groupe expérimental a montré une distribution quasi
sphérique de la température (en forme de goutte), décalée vers le transducteur de 7 + 3,3 mm
et présentant un gain de 40% pour le maximum d’élévation de température comparé au
groupe control (distribution de la température en ellipsoide de révolution).

Une seconde étude présente 1’utilisation de I’imagerie par IRM de la force de radiation
acoustique (MR-ARFI) avec comme objectif d’affiner la détermination du seuil de création

des bulles dans le foie de porc ex vivo sans générer de chauffage. L’augmentation progressive



de la puissance acoustique a mis en évidence un seuil de création des bulles correspondant a
un déplacement local de 50 pm d’amplitude. Des courbes de calibration du déplacement en
fonction de la puissance acoustique ont été réalisées a basse puissance et ont permis, compte
tenu de la linéarité déplacement puissance acoustique, de prédire la puissance nécessaire pour
atteindre le seuil d’amplitude de déplacement tissulaire permettant la de génération de bulles.
Par la suite, deux chauffage identiques ont été comparés (20W, 30s), de maniére analogue a
ce qui a été développé dans la premiére étude, I’un étant précédé par une impulsion de courte
durée (0,5s) a une puissance acoustique suffisance pour créer des bulles in situ. En présence
de bulles, pour les deux modalités d’observation (température, déplacement) la distribution du
point focal était en forme de goutte et décalé d’environ 4 mm vers le transducteur, le gain du
maximum de température et de déplacement ont été de 1,5 et 2 respectivement, pour la
largeur a mi-hauteur de 1,7 et 2,2 respectivement, par rapport aux expériences témoins
réalisées en absence de bulles. La méthode MR-ARFI semble donc trés prometteuse pour
accroitre la sécurité des traitements par HIFU, en visualisant la région focale avant chauffage,
et pourrait étre un outil intéressant dans 1’exploitation des chauffages potentialisés par les
bulles.

La deuxiéme partie présente une méthode pour éviter les dommages thermiques au
niveau des cotes occasionnées lors de traitements par HIFU d’organes situés dans la cage
thoracique. La méthode proposée repose sur une projection géométrique, du point de vue du
point focal, de ’ombre des cotes sur le transducteur permettant ainsi d’éteindre les €léments
du transducteur (systeme matriciel a 256 éléments distribués sur la surface active du
transducteur ultrasonore) participant le plus au chauffage engendré. La faisabilité de cette
méthode a deja été démontrée in vivo pour un tir ultrasonore réalise a la focale naturelle.
L’innovation de cette partie a €t€ de combiner cette méthode avec ’utilisation de la déflection

électronique du faisceau ultrasonore, technique permettant de déplacer électroniquement le



point focal pour effectuer différentes trajectoires de tir ultrasonores et/ou de suivre une cible
mobile comme le cceur ou le foie. Les expériences réalisées sur du gel avec une inclusion
osseuse ont montré, pour une focalisation a +/- 7 mm de la focale naturelle horizontalement,
qu’en D’absence d’une actualisation de 1’ombre portée de la cOte sur la surface du
transducteur, qu'un chauffage non négligeable était induit au niveau des cotes (17°C), et que
I’élévation de température au point focal était significativement réduite (30°C = 19°C). La
mise a jour de la surface active du transducteur par une désactivation des éléments du
transducteur localisés dans I’ombre des coOtes a permis de maintenir une élévation de
température au point focal de I’ordre de 30°C et de la réduire au niveau des cotes (7°C a 9°C).
Cette ¢tude a montré que 1’utilisation de la déflection électronique (dans I’ordre de grandeur
du mouvement respiratoire, 14 mm) nécessite une mise a jour de la surface active du
transducteur. La simplicité de cette méthode, qui ne requiére que ’acquisition préalable
d’une pile d’images anatomiques, ouvre 1’opportunité d’une implémentation rapide en temps
réel, qui pourrait améliorer la sécurit¢ et 1’efficacité de la procédure pour I’ablation
intercostale des tissus pathologiques hépatiques et cardiaques..

La troisiéme partie expose la mise en place de I'IRM de température pour le
monitoring des ablations par radiofréquences (RF) dans le cceur. Dans un premier temps, une
mesure du T2* du cceur a été réalisée afin d’estimer la précision de la thermométrie, puisque
ce parametre intervient directement sur le rapport signal sur bruit des images obtenues en
écho de gradient rapide. Cette mesure a été réalisée sur 10 volontaires sains en utilisant une
séquence en écho de gradient segmentée, sous apnée et synchronisée sur le rythme cardiaque.
La valeur moyenne du T2* mesurée est 40,2 ms, en accord avec les données rapportées dans
la littérature. Cette mesure a permis de réaliser une estimation de la précision de la

température (c = 1,26°C) trés proche de celle mesurée directement sur les images de

température cardiaque (o = 1,5°C). Cette précision est jugée suffisante pour réaliser des



ablations radiofréquences dans le cceur sous thermométrie. Le premier test de monitoring
temps réel des ablations RF a été réalisé dans un gel d’agar dopé au NaCl pour permettre le
passage du courant électrique. Les résultats ont montré qu’il était possible de visualiser une
élévation de température au cours du temps avec une précision suffisante pour différencier un
chauffage effectué avec un cathéter avec et sans irrigation interne. La possibilité de réaliser
des ablations thermiques par cathéter RF (10W, 60s) sous IRM de température sur le coeur de
brebis in vivo a ensuite été démontrée. De plus, la bonne précision sur la mesure de
température pourrait permettre d’obtenir une résolution plus fine. Néanmoins, compte tenu de
I’épaisseur minimale du myocarde ~2 mm et de la résolution maximale actuelle 2 x 2 x 5
mm?, il apparait nécessaire de réduire la taille des pixels de I’image de température afin de
mieux caractériser le chauffage induit par ablation RF et ainsi de mieux prédire la lésion
résultante. L’utilisation du cathéter d’ablation lui-méme comme sonde d’imagerie pourrait
permettre d’accroitre la résolution spatiale dans la limite des gradients de champ magnétique
disponibles sur I’IRM clinique installée au sein de 1’Institut hospitalo-universitaire LIRYC et
permettre d’obtenir une cartographie submillimétrique de la température tissulaire. La
faisabilité d’imager avec le cathéter est montrée dans la derniére partie sur une IRM opérant
4,7 Tesla et a permis d’obtenir une résolution spatiale de 0,6 x 0,6 x 5 mm°.

Les études présentées dans ce manuscrit proposent de nouvelles méthodes dans le
cadre des ablations thermiques guidées par IRM pour le traitement non invasif par HIFU ou
mini-invasif par ablation radiofréquences. Différentes stratégies ont été développées afin
d’améliorer la sécurité et 1’efficacité des ablations thermique, incluant 1’étude du chauffage
stimulé par les bulles sous IRM de température en vue d’accroitre la taille des lésion
thermique dans le foie par HIFU, le développement d’une méthode réduisant les dommages
sur les cotes dans le cadre de I’utilisation des HIFU a travers la cage thoracique, et enfin la

mise en place de I'IRM de température pour ameliorer le traitement des ablation



radiofréquence dans le cceur. Les développements effectués dans cette thése ont pour vocation
a étre valorisés en application clinique, dans une démarche de recherche translationnelle, a
I’interface entre la physique de I’IRM, I’instrumentation, le traitement d’images et les

applications précliniques et cliniques.



1. MR THERMOMETRY ...utuittntttin ettt et et et e et e e e et et et e e e et et e e e e e 5
B 3 151 0. N 0 0 ) < P 6
3. REPERENCES. ...ttt ettt ettt et e e e e e e et et 7
II. MR GUIDED HIFU ON THE LIVER ....cccuiitiitiieiinciciecrecsecsecsecscsecscsscans 11
1. MAGNETIC RESONANCE IMAGING FOR THE EXPLOITATION OF BUBBLE ENHANCED HEATING BY HIGH
INTENSITY FOCUSED ULTRASOUND. A FEASIBILITY STUDY IN EX VIVO LIVER. ...ttt 11
ABDSETACE ..o e e 11
INEPOUCLION ... 13
Material and MethOdS ...............oiuii i 15

RESUILS ..o 19
DIASCUSSTOM. ... 28
REfErences ... ..o 31

2. A PRECLINICAL STUDY OF IN VIVO MR-GUIDED ENHANCED ULTRASOUND HEATING IN PIG LIVER 35
ABSETACE ..o e e e 35
INEPOUCLION ... 36
Material and MELROAS ...............oiuii i 38

RESUILS ..o e e e 42
DIESCUSSIOM. .1+ e ettt 52
RefErences ...........coiii e 55

ITII. TRANSCOSTAL HIFU ...cccociuiiuiiuiincincinciessessessassessessessessesssssssssssscssssssssss 00
| (N 201 01§ (0 4 (03 PR PP 60
2. MATERIAL AND METHODS ....tttttintt ettt et et ettt et et et e e et et ettt et e et eeenenenen 64
S TR 2 ] ) 55 PP 67



IV.

7.

8.

DISCUSSION ..ottt e 72

REFERENCES . ..ottt ittt e e e e e e e e e e e e e 74

INTERVENTIONAL CARDIOLOGY ...cceuuieunienncrenieennccenccennccenncenncsenseenes 77

N 2O D18 (0§ (0 PSSP 77
CONVENTIONAL IMAGING PLANS IN CARDIACMRI ... ..o 79
T2% MEASUREMENT IN VIVO IN THE HUMAN HEART ...\ttt et et e 82
INETOAUCLION ..o 82
Methods and TeSUILS ...........oooii e 87
DASCUSSION. ... e e e 93
TEMPERATURE PRECISION ...ttt it et et et et et e ete et e teete et et e es e e e eae et e eneesenneaneanns 94
Estimation of the standard deviation of the temperature...........................cccccoiiiiiiiiiiii 94
DESCUSSION . ... e e 97

RADIOFREQUENCY THERMAL ABLATION UNDER MR THERMOMETRY:

PRELIMINARY EXPERIMENTS ...ttt ettt et et ettt et et et ettt e e et naenens 929
INEFOUCEION ..o e e e 99
Material MEtROd. ........ ..ottt i e 100
RESUILS ..o e e e 102
DESCUSSTOM. ..o+ et et e ettt e e 106

CATHETER ANTENNA .00ttt ittt et ettt et et e e et e e et et e et e et e e e et e e s e e neeeeeens 107
INEPOUCEION ..o i e e e e 107
Material and Method ...............oiiiiiiiiiiii e 108
RESUIL ... e e e e 108
DESCUSSTOM. ..o+ et et e ettt e e 109

|8 018 Y (0 PPN 109

REPERENCES . ...t ettt ittt et ettt et e et e e e ettt ettt e et ettt e ettt e et e e enenaas 110



V. GENERAL CONCLUSIONS

VI. PUBLICATIONS LIST ....



I. INTRODUCTION

Cardiovascular (CV) disease and cancer are the first cause of mortality in the whole
world. In 2008, the world heath organization reported. CV disease is responsible for 29% of
deaths, followed by infectious diseases (16.2%) and cancers (12.6%) (WHO 2008). In the
Western countries, cardiovascular disease is as deadly as cancer (28% vs. 30% respectively)
(WHO 2008). Amongst cardiovascular disease, cardiac electrical diseases are a major burden
for the patients (severe morbidity and poor quality of life) and the health care system.
Mechanistically simple arrhythmias (involving a unique focus or circuit) can now be cured by
localized energy application (catheter ablation) with a 99% success rate. For example atrial
fibrillation, mainly triggered by ectopic foci from the pulmonary vein (Haissaguerre et al.
1998), can be cured by the exclusion of venous sources by cryo or thermoablative therapy
(Fuster et al. 2007). However, for 15 to 40% of the patients, the procedure remains inefficient
and requiring redo the procedure. The cause is an inadequate power used to heat the tissue.
For ventricular arrhythmias, radiofrequency ablation (RFA) has been proposed as an
additional strategy to interrupt VT circuit (Cleland et al. 2006, Calvert et al. 2005). Magnetic
resonance imaging (MRI) can help to control the heating deposition in the tissues and
therefore to optimize the delivered power in space and time. MR thermometry (Quesson et al.
2000, Rieke & Butts Pauly 2008) was already used for the guidance of high intensity focused
ultrasound (HIFU) ablations in different organs (uterine fibroid (Hindley et al. 2004), liver
(Quesson et al. 2010) , kidney (Honeck et al. 2009), bone metastasis (Li et al. 2010) ...) and
for RFA in liver (Seror et al. 2008) and heart (Kolandaivelu et al. 2010, D. Senneville et al.
2012). Currently, cancer treatments rely on surgery, chemotherapy, and radiotherapy.
However, mini and non-invasive therapies like RFA and extracorporeal HIFU have found an

increasing interest. In liver ablation by HIFU, one challenge is to increase thermal lesion size
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for the treatment of large volumes (3 cm diameter or more), (Kohler et al. 2009, Charles
Mougenot et al. 2004, Salomir et al. 2000). Another challenge is to avoid collateral damages
induced to the bones of the rib cage located in the cone of the HIFU (Quesson et al. 2010,
Cochard et al. 2011, Marquet et al. 2011, Gélat et al. 2011).
The objectives of this work are:
1) to develop a method to increase the lesion size induced by HIFU based on bubble
enhanced heating (BEH)
2) to propose a method for MR guided HIFU sonication through the rib cage using
beam steering and avoiding heating of ribs

3) to develop MR thermometry in the heart for the monitoring of RF cardiac ablation.

1. MR thermometry

Different methods have been developed to map the temperature by using MRI (Rieke & Butts
Pauly 2008, Quesson et al. 2000) based g@melaxation time of water protons; felaxation

time of water protons, molecular diffusion constant of water molecules, temperature
dependence of the magnetic susceptibility and water proton resonance frequency (PRF). PRF
method is increasingly used for a number of applications (uterine fibroid, brain, liver,
pancreas) because of the linearity between temperature change and phase variations observed
in MR images and the near independence of the effect among tissues (except for fat). The

relationship between temperature and the phase of MR images is:

Ap

AT =
ayB,Tg

whereAT the temperature changky the phase difference between the reference image an

the current imagey the temperature dependent water chemical shift equal to 0.98 KQ0
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y the gyromagnetic ratio of the proton equal t X 42.58 x 10°rad T*, B, the static
induction field, TE the echo time of the MR sequence. In order to map the temperature, single
or multishot EPI can be used to ensure a high sampling rate of the temperature in adequacy to
the heating duration (about a minute for HIFU and RF ablation) and in good agreement with
the restricted time imposed by the physiological motions (respiratory motion, and cardiac
contraction). At this time, studies have reported spatial resolution equal to 2.6 x 2.6 x 7mm
for the heart (D. Senneville et al. 2012) and 2.2 x 2.6 x 6 for the liver (Quesson et al. 2011) .

The temperature precisions were about 2°C for the liver and 3°C for the heart.

2. Thermal dose

Temperature elevation can induce protein denaturation that results in cells death. This
phenomenon depends on the temperature elevation and the exposure time. MR thermometry
is able to measure temperature evolution and spatially map this evolution giving the
possibility to estimate the lesion size due to thermal ablation (Quesson et al. 2011). Sapareto

et al. introduced the concept of thermal dose (TD) (Sapareto & Dewey 1984) as followed:

TD = [/ 27O~ d¢ if T<43°C

TD = [[47®O~43 dt if T>43°C

The lethal thermal dose is reached for a temperature increase of 43°C during 240 min. The
tissue necrosis appears for equivalent thermal dose equivalent to the lethal thermal dose. For
1°C temperature elevation over 43°C the required time to reach the lethal thermal dose was
divided by 2; for examples: at 52°C the lethal thermal dose is reached after 28 s of heating, at

57°C (20°C elevation) the lethal thermal dose is reached after 1s of heating. Therefore,



temperature increases for thermal ablation remain sufficient in a range of 50 -60°C. Over this
range, collateral damages could difficult to manage (C. Mougenot et al. 2011 Bruno Quesson

et al. 2010).

3. References

Calvert, M.J. et al., 2005. Cost-effectiveness of cardiac resynchronization therapy: results

from the CARE-HF trial. European Heart Journ&i6(24), p.2681-2688.

Cleland, J. G.F. et al., 2006. Longer-term effects of cardiac resynchronization therapy on
mortality in heart failure [the CArdiac REsynchronization-Heart Failure (CARE-HF)

trial extension phase]. European Heart Jourrzal(16), p.1928-1932.

Cochard, E. et al., 2011. Adaptive projection method applied to three-dimensional ultrasonic
focusing and steering through the ribghe Journal of the Acoustical Society of

America, 130(2), p.716-723.

Fuster, V. et al., 2007. [ACC/AHA/ESC 2006 guidelines for the management of patients with
atrial fibrillation--excutive summary]Revista portuguesa de cardiologia: orgéo
oficial da Sociedade Portuguesa de Cardiologia = Portuguese journal of cardiology:

an official journal of the Portuguese Society of Cardiold$fy(4), p.383-446.

Gélat, P., ter Haar, G. & Saffari, N., 2011. Modelling of the acoustic field of a multi-element
HIFU array scattered by human ribBhysics in Medicine and Biology6(17),

p.5553-5581.

Haissaguerre, M. et al., 1998. Spontaneous Initiation of Atrial Fibrillation by Ectopic Beats
Originating in the Pulmonary VeindNew England Journal of Medicine839(10),

p.659-666.



Hindley, J. et al., 2004. MRI guidance of focused ultrasound therapy of uterine fibroids: early

results. AJR. American journal of roentgenolot®3(6), p.1713-17109.

Honeck, P. et al., 2009. Magnetic resonance imaging as a technique for assessing noninvasive
tissue ablation using high-intensity ultrasound: an experimental sfiadynal of

endourology / Endourological SocieB3(1), p.161-168.

Kohler, Max O. et al., 2009. Volumetric HIFU ablatiomder 3D guidance of rapid MRI

thermometry. Medical Physic86, p.3521.

Kolandaivelu, A. et al., 2010. Noninvasive Assessment of Tissue Heating During Cardiac
Radiofrequency Ablation Using MRI ThermographyClinical Perspec@vweulation:

Arrhythmia and Electrophysiolog®(5), p.521-529.

Li, C. et al.,, 2010. Noninvasive treatment of malignant bone tumors using high-intensity

focused ultrasound. Cancelrl6(16), p.3934-3942.

Marquet, F. et al., 2011. Optimal transcostal high-intensity focused ultrasound with combined
real-time 3D movement tracking and correcti®ysics in Medicine and Biology

56(22), p.7061-7080.

Mougenot, C. et al., 2011. Quantification of near-field heating during volumetric MR-HIFU

ablation. Medical Physi¢88, p.272.

Mougenot, Charles et al., 2004. Automatic spatial and temporal temperature control-for MR
guided focused ultrasound using fast 3D MR thermomatd multispiral trajectory

of the focal point. Magnetic Resonance in Medicb#&5), p.1005-1015.



Quesson, Bruno et al., 2010. A method for MRI guidance of intercostal high intensity focused

ultrasound ablation in the liver. Medical Physi8g(6), p.2533.

Quesson, Bruno et al., 2011. Raate volumetric MRI thermometry of focused ultrasdun
ablation in vivo: a feasibility study in pig liver and kidnéyMR in Biomedicing

24(2), p.145-153.

Quesson, Bruno, de Zwart, J.A. & Moonen, C.T.W., 2000a. Magnetic resonance temperature
imaging for guidance of thermotherapjournal of Magnetic Resonance Imaging,

12(4), p.525-533.

Quesson, Bruno, de Zwart, J.A. & Moonen, C.T.W., 2000b. Magnetic resonance temperature
imaging for guidance of thermotherapjournal of Magnetic Resonance Imaging,

12(4), p.525-533.

Rieke, V. & Butts Pauly, K., 2008. MR thermometdournal of Magnetic Resonance

Imaging: JMR] 27(2), p.376-390.

Salomir, R. et al., 2000. Local hyperthermia with MR-guided focused ultrasound: Spiral
trajectory of the focal point optimized for temperature uniformity in the target region.

Journal of Magnetic Resonance Imaging, 12(4), p.571-583.

Sapareto, S.A. & Dewey, W.C., 1984. Thermal dose determination in cancer therapy.

International Journal of Radiation Oncology*Biology*Physid®(6), p.787-800.

Senneville, D. et al., 2012. Feasibility of fast NMiiermometry during cardiac radiofrequency

ablation. NMR in Biomedicin€5(4), p.556-562.



Seror, O. et al.,, 2008. Real time monitoring of radiofrequency ablation based on MR

thermometry and thermal dose in the pig liver in viZowropean radiology 18(2),

p.408-416.

WHO, 2008. WHO | The global burden of disease: 2004 upd&tdeO. Available at:

http://mwww.who.int/healthinfo/global_burden_disease/2004_report_update/en/index.ht

ml

10



II. MR GUIDED HIFU ON THE LIVER

1. Magnetic resonance imaging for the exploitation of bubble

enhanced heating by High Intensity Focused Ultrasound. A

feasibility study in ex vivo liver.

Contribution: Delphine Elbes, Quentin Denost, Benjamin Robert, Max O. Kdhler, Michaél

Tanter, Quesson Bruno.

1. Abstract

* Objectives
Bubble enhanced heating (BEH) may be exploited for improving the heating efficiency of
HIFU sonications in liver and for protection of tissues located beyond the focal point. The
objectives of this study performed in ex vivo pig liver were 1) to determine the acoustic
power threshold to induce BEH from displacement images measured by MR-acoustic
radiation force imaging (MR-ARFI) 2) to compare temperature distribution with MR-

thermometry for HIFU sonication protocols performed with and without BEH.

* Methods
The acoustic threshold to generate BEH was determined wivo pig liver from MR-ARFI
calibration curves of local tissue displacement resulting from sonications at different powers.
Temperature distribution (MR-thermometry) resulting from “control” sonications (20W, 30
sec) were compared to “experimental” sonications performed with identical parameters but
after a HIFU burst pulse (0.5 sec, acoustic power over the threshold for inducing BEH).
Displacement images (MR-ARFI) were acquired between each sonication to measure
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potential modifications of local tissue displacement associated with modifications of tissue

acoustic characteristics induced by the burst HIFU pulse..

* Results
The acoustic threshold for inducing BEH corresponded to displacement amplitude of
approximately 50 um in ex vivo liver. The displacement and temperature images of the
experimental group displayed a nearly spherical pattern, shifted by approximately 4 mm
toward the transducer, in contrast with elliptical shapes centred at the natural focal position
for the control group. The gain of the maximum temperature and displacement values were
1.5 and 2, and the full width at half maximum (FWHM) of the displacement data were 1.7 and
2.2 times larger than in the control group in directions perpendicular to ultrasound

propagation axes.

» Conclusion
MR-ARFI is a promising method to increase the safety of HIFU treatment, by allowing the
visualisation of the focus area before heating, and a useful tool to ensure a better exploitation

of BEH
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2. Introduction

Thermal ablation with High Intensity Focused Ultrasound (HIFU) is increasingly used
for the non invasive treatment of malignant tumour (Chapman & Haar 2007, Enholm et al.
2010, S. H. Kim et al. 2010, Quesson et al. 2010). Magnetic Resonance (MR) thermometry
allows online monitoring of the procedure, controlling the heating sonication in real time
(Quesson et al. 2011pstimating the localization of focus, and predicting thermal lesion size
through the calculation of the accumulated thermal @®sapareto & Dewey 1984) Different
sonication strategies have been developed to enlarge thermal lesion based on continuous
sonications with electronic deflection and a design on trajectories including thermal diffusion
phenomenon to create large and homogeneous ablation volumes while reducing required
energy(Mougenot et al. 2004, Kohler et al. 20083 compared to point by point sonications.
Presence of bubbles cloud in the medium can be used to enlarge the heated region near the
focal point by modifying the spatial distribution of the acoustic intergsigyhille & Campos-
Pozuelo 2009, Kullervo Hynynen 1991, Sokka et al. 20633ulting in a “tadpole” shape. Sokka
et al (Sokka et al. 2003proposed to generate acoustic cavitatiorsitu at the focal point
including a burst pulse in the beginning of the sonication protocol. This method is
advantageous since it produces a nearly spherical lesion, increases the maximal temperature
rise and the shielding effect of bubbles cloud or Igyeanhille & Campos-Pozuelo 2008)ay
also reduce risks of damaging tissues in the far {igddric et al. 2008)

Although HIFU heating in presence of acoustic cavitation appears advantageous for
increasing the heating efficiency, its applicabilityvivo is limited due to the difficulty in
precisely controlling of the phenomenon. Local acoustic pressure has to reach a threshold to

induce cavitation. Local intensity at the targeted area appears hardly predictable due to
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potential acoustic wave aberrations and absorption as the ultrasound beam passes through
inhomogeneous structures (skin, subcutaneous fat layers, bones, bowels).

In Sokka’s experiment§Sokka et al. 2003)the acoustic threshold was detected by
analyzing the backward acoustic spectrum due to bubble aciviligrvo Hynynen 1991, Lele
1967) More recently, acoustic mapping of broadband and harmonic emiSgiasen et al.
2012)was proposed to improve this technique. However, the analysis of such a signal for the
treatment of liver tumors may be complicated because of the attenuation of the signal
reflected from the focal area by soft tissue that can interfere with scattered emissions from
structures located in the near field (e.g. bones). A recent ¢§tudy. Khokhlova et al. 2009)
reported that boiling may be the main cause of the bubble. Independently of the physical
cause of local changes of acoustic properties of tissues, resulting lesion and heating pattern
remained similar in terms of shape and localization (shift toward the transducer).
Furthermore, this change, related to bubble enhanced heating (referred as “BEH” in the
following text), could be correlated with an acoustic power threshold. Beside already
established applications of MR-ARBarsac et al. 2012, Kaye et al. 2011, Larrat et al. 2010)
this non invasive imaging method appears as a suitable candidate to investigate focal pattern
of ultrasound distribution through imaging of local tissue displacement in the range of few
micrometres induced by HIFU pulses, and reduces the risks of creating unwanted thermal
damages associated with conventional test shot observed under MR-thermometry (pulsed
mode versus continuous sonicati@8)nkus et al. 2008, McDannold & Maier 2008, Chen et al.
2010)

The objectives of this study performed in ex vivo pig liver were 1) to determine the
acoustic power threshold to induce BEH from displacement images measured by MR-acoustic
radiation force imaging 2) to compare temperature distribution with MR-thermometry for

HIFU sonication protocols performed with and without BEH
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3. Material and Methods

» Experimental setup

Experiments were performed at 1.5 Tesla with the Sonalleve MR-HIFU platform (Philips
Healthcare, Vantaa, Finland) designed for the treatment of uterine fibroidkdslee et al.

2009) for technical description of the device). All sonications were performed at a frequency
of 1.2 MHz in ex vivo porcine liver samples at room temperature. The liver was immersed in
degassed water in a cylindrical plastic tank (20 cm in diameter) equipped with a membrane on
the bottom part. This holder was positioned on top of the platform at the center of the acoustic
window. A mixture of ultrasonic gel and degassed water was applied between the two
membranes to ensure acoustic coupling. MR images were acquired with a circular single

element surface coil located on top of the cylindrical container

* MR-ARFI measurements

The MR-ARFI acquisition sequence was a modified spin-echo sequence with two motion
sensitive bipolar gradients added symmetrically from the refocusing pulse to encode into the
phase of the MR image the tissue displacement associated with HIFU pulses. Each bipolar
gradient (10 ms in length and 40mT/m in amplitude) was applied in the vertical direction
(aligned with the ultrasound propagation axis) to encode tissue displacement in the MR phase
image. Emission of ultrasound pulses were triggered on the motion encoding gradients and
their duration were adjusted to cover a lobe of each bipolar gradient (twice 5 ms in duration).
The acquisition parameters of the MR-ARFI sequence were TE/TR=53/1000 ms, 128 x 128
mm FOV, 128x128 acquisition matrix 90° flip angle and 3 contiguous slices of 2 mm

thickness positioned in along the vertical HIFU beam axis, 2 averages, for a total acquisition
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time of 4 min 16 sec. The positioning of these slices was adjusted from scout views images
and by performing one MR-ARFI sequence in horizontal orientation to precisely identify the
location of the maximal displacement.

MR-ARFI displacement images were computed from phase images with in-house developed
software written in IDL (ITT, Visual Information Solutions). A reference phase image
acquired without applying ultrasound was subtracted to each phase image to remove potential
phase offsets related to imperfect refocusing. This difference phase ihgg&vds then
spatially unwrappe@enis De Senneville et al. 2006) and converted into displacement maps

(Ad) with the following formula:

- 2tyG

[1]

wherey is the gyromagnetic ratiq (2n = 42,58 MHz/T), G is the gradient amplitude aritb

duration. The factor 2 accounts for the double application of the bipolar gradients.

* MR thermometry

MR thermometry was performed using the Proton Resonant Frequency (PRF) shift method
using a multishot Echo Planar Imaging (EPI) sequence, with the following acquisition
parameters : echo train length of 11, TE/TR=18/300 ms, 128 x 128 mm FOV, 77x96

acquisition matrix, 40 ° flip angle, 3 adjacent slices of 2.5 mm thickness positioned in

vertical orientation. Temperature images were calculated (PRF constant of 0.0094'bpm.°C
and displayed with in-house developed software (“RealTI”) written in C++ and IDL (ITT,

Visual Information Solutions).
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« Experimental protocol

In these experiments, ultrasound pulses, with acoustic power ranged from 0 to
800 Wac, and depth in the liver ranging from 12 mm to 33 mm, were performed under MR-
ARFI. Displacement shape, position and maximum displacement value were measured to
identify potential changes of tissue acoustic properties for the determination of the BEH
acoustic threshold.

In the first batch of experiments, displacement maps were acquired by progressively
applying an increasing acoustic power. Calibration curve was plotted reporting the maximal
value extracted on each displacement map as a function of acoustic power. The displacement
threshold was determined by observing change of shape on displacement maps at the focus
from elliptical to ‘tadpole’ shape. Calibration curves were then performed at low acoustic
power ranging from 0 to 250 W. The acoustic power threshold was estimated by reporting the
displacement value threshold, obtained in the ex vivo liver, on the fitted linear function (least
square minimization) of the curve in the same range of depth.

In the second set of experiments, a protocol (see Figure Il.1) was applied to compare
displacement maps and heating characteristics in absence/presence of BEH. Experiments were
divided in two groups:

- the control group consisted of a continuous and moderate sonication (20W,
30s) surrounding by MR-ARFI measurements to verify that no substantial
modifications of tissue acoustics properties could be related to heating.

- the experimental group was composed of a burst pulse (250-800W, 0.5s)
followed by a continue sonication (20W, 30s) surrounded by MR-ARFI
measurements. Acoustic power of the burst pulse was deduced from
calibration curve. The continuous sonication was identical to that used for the

control group.
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In order to illustrate the potential of exploiting BEH, additional experiments
(N=3)performed on ex vivo liver consisted in targeting two spots at distinct locations distant
from 6 mm in the horizontal plane. For each position, MR-ARFI calibration measurements
were performed with 5 different acoustic power values (0 to 180 Wac). From these data, the
power threshold values were determined and two sonications of 0.2 s in duration were
performed above this acoustic threshold for inducing BEH. Then, displacement images were
acquired to confirm modification of tissue acoustic properties. A sonication at 60 Wac during
30s was applied with alternative switching between both positions by +/-3 mm electronic
deflection every 0.25 s, with the transducer positioned at the vertical median position between

the two targeted points.

Figure II.1: Protocol describes MR sequences and sonication characteristics
(duration and power) for the control group first part and for the experimental group,
second part. In each part, the first line shows MR acquisition, the second line the
ultrasound (US) as a function of time. Black rectangles indicate continuous sonications.

Striped rectangles indicate pulsed sonications.
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4. Results

+ Calibration curve and BEH threshold determination

Figure 11.2 presents a typical calibration data set that plots (figure 1.2 a) the maximum
displacement value at the focal spot induced by radiation pressure as a function of the
acoustic power. A discontinuity in the displacement map shape at the focus from elliptical
(2c) to tadpole (2b) was observed for a displacement amplitude of 50 um, corresponding to
350Wac. Below 50 pum, the displacement varied linearly with the acoustic power. Above
50 um, the experimental value deviated from a linear behaviour, with displacement values, at
the natural focal point position, being lower than expected. The location of the maximal
displacement value was shifted 4 mm toward the transducer. In the subsequent experiments,
the acoustic power corresponding to a displacement of 50 um was therefore selected as the

threshold for inducing BEH in the second batch of experiments.

19



15pm 7|
OI
100
) B s s [ R 15
F - -

,,,,,,,,,,,,,,,,,, > Threshold

Tadpole shape

Displacement (pum)

Ellipsoidal shape

Acoustic power (W)

Figure 11.2: MR-ARFI calibration set on ex-vivo liver. The graph (a) displays
tissue displacement versus acoustic power. The solid line represents the linear fit of
experimental data (cross) at low acoustic power (<300Wac). The horizontal dashed
arrow in (a) symbolizes the threshold of tissue displacement corresponding to
modification of the pattern on displacement images and the vertical dashed arrow
indicates the corresponding acoustic power. Images in the right column are
displacement maps obtained from MR-ARFI measurements, below (b) and above (c) the

threshold

* Analysis of displacement and temperature images in control and experimental groups

Acquisition of several displacement images were performed with power ranging from O
to 250 Wac. From these data, a linear fit of the displacement values measured at the natural
focal point versus acoustic power was performed. The slope of the fit was used to calculate

the acoustic power threshold corresponding to a local displacement of 50 pum at the same

location, .
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Figure 11.3 Comparative results of local displacement maps (a and b) and
temperature images (c and d) for control group (left column) and experimental group
(right column). Displacement images were obtained at acoustic power of 150 Wac, and
temperature images at the end of identical sonications performed at 20Wac during 30

sec. Displacement and temperature scales are indicated on the right.
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Figure 1.3 shows MR-ARFI displacement images on the top row and MR-
Thermometry images overlaid on MR magnitude images on the bottom row, for the control
(left column) and experimental (right column) groups. The power threshold corresponding to
50 um displacement was 500 Wac for this dataset. Displacement images acquired before (fig
3a) the sonication performed at 20W during 30 sec under MR-thermometry (fig 3b) display a
near elliptical shape at the focus. MR-ARFI images acquired after the continuous sonication
showed identical displacement characteristics (shape, maximal amplitude and location) as in
figure 11.3a (data not shown). The displacement map acquired after the burst pulse (fig 3c)
shows a madification of the spatial distribution of the displacement induced by HIFU and the

heating sonication (fig 3d) performed at 20 W during 30 s resulted in a tadpole shaped

heating.
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Figure 11.4: Horizontal (a) and vertical (b) profiles of displacement maps for
control (grey) and experimental (black) group. Profiles were selected at the maximal
displacement value on each displacement map (see dashed lines on inserts at the right

part of the corresponding graph).
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Figure 1.4 compares displacement map below and above the threshold, plotting
horizontal (fig 1l.4a) and vertical (fig Il.4b) profiles intersecting the pixel of the maximum
displacement for each group. The maximal displacement value was increased by 55% in the
experimental group and the transverse FWHM was 60% larger than in the control group.
Positions of the maxima were identical in the ultrasound propagation direction. However, in
the experimental group, the maximum was shifted by 4mm toward the transducer. The

FWHM in the vertical direction remained unchanged.
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Figure 11.5: Temperature evolution for identical sonications (20Wac, 30 sec).
Graph (a) plots temperature evolution in the pixel displaying the maximal temperature
increase for control (grey line) and experimental (black line) groups. Graph (b) plots

temperature evolution in the same pixel located 2 mm beyond the natural focal point.
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Figure 1.5 displays the comparative analysis (figure 11.5) of temperature data from the
same experiment shown in Figure 11.4. The experimental group showed a 55% increase in the
maximum temperature rise at the hottest pixel (figure 11.5a), but a reduction of nearly 50% of
the maximum temperature increase 2mm beyond the natural focal point (figure I1.5b)
compared to the control group.

Table 1.1 summarizes results obtained from the analysis of displacement and
temperature maps, in terms of shift in position, increase in the transverse size and in
amplitude at the focus. The shift of the maximum was observed for both modalities and
reached 4.3 = 1.7 mm in displacement maps and 4.6 = 2.7 mm in temperature data. Over the
threshold, the focal spot spread out in the transverse direction with an increase of the FWHM
in the horizontal direction by a factor 2.2 + 0.5 and 1.7 + 0.6 for displacement maps and
temperature data, respectively. At the focus, an increase of maximum by a factor of 2.0 + 0.6
was observed in displacement maps, and by a factor of 1.5+ 0.2 for the maximum temperature

increase.
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MR-ARFI Thermometry
(N=13) (N=7)
Shift (mm) of maximum 43+1.7 4627
Gain on FWHM 22+05 1.7+0.6
Gain on amplitude 20+£0.6 15+£0.2

Table Il. 1: Shift in position, gain in size in the transverse direction (FWHM) and
gain in amplitude observed in MR-ARFI and MR thermometry in presence of BEH as

compared to data measured in absence of BEH
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Figure 11.6: Example of temperature data, control (left) and experimental (right)
conditions, for sonications performed with 2 targeted points. Image (a) and (b) display
temperature distributions at the end of the sonication for both conditions. The graph in
(c) displays the horizontal temperature profiles at the end of each sonication, centered

on the maximal temperature increase as indicated by the white dashed line.
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Figure I1.6 compares temperature data from dual spot heating without (Figure Il.6a) and
with (Figure 11.6b) BEH. Both targeted positions were spaced of 6mm. The first condition
generated two elliptical individual spots elongated in the direction of ultrasound propagation,
whereas the latter condition resulted in an elliptic heating shape elongated in the horizontal
direction and shifted toward the transducer. Comparative analysis of the horizontal
temperature profiles located for each plot at focus level and at the end of each sonication
(Figure I1.6¢) revealed a much higher temperature increase (50°C maximaVeeus25°C
for the control condition) for the case where the tissue was previously sonicated with a burst

pulse at each targeted location.
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5. Discussion

In this study, MR-ARFI was used to visualize the local displacement induced by HIFU
sonications in ex viviiver, in order to determine the acoustic power threshold to induce BEH.
Similar approach could have been performed with MR thermometry by observing
modifications of the temperature distribution as a function of the delivered ultrasound power.
However, MR-ARFI offers the advantage of lowering the deposited acoustic energy inherent
to the low duty cycle (3% in our implementation) emission of ultrasound pulses. Therefore,
MR-ARFI offers a more secure approach than conventional heating tests, reducing the risks of
creating unwanted damages. The total acoustic energy deposition during the spin-echo based
sequence used in the present work may also be reduced by parallel imaging techniques or by
the use of rapid gradient echo based acquisitianisoiroux et al. s. d.yvith alternated bipolar
gradients or spin echo-echo planar imadidaye et al. 2011yvith shifting of the readout echo.

Both methods were developed to make the sequence sensitive to both local tissue
displacement and temperature change. Whatever the sequence, the central objective of this
study was to evaluate the required acoustic power to further exploit BEH. In the literature
(Sokka et al. 2003, T. D. Khokhlova et al. 200®)e threshold for inducing BEH has been related

to acoustic power emitted by the transducer or local pressure value at the focus, the link
between both being dependent on transducer characteristics in homogeneous media. However,
the effective local pressure at the focus in biological tissue is difficult to assess since it
depends on attenuation and diffraction of ultrasound wave in heterogeneous media (skin,
subcutaneous fat, muscle, liver, bones). Displacement maps, calculated from MR-ARFI phase
images, allow for the rapid determination of the threshold across any types of transducer and
independently of sonication depth. This approach is advantageous since it provides a practical

solution to estimate the acoustic power threshold to deliver without requiring precise prior
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knowledge of tissue composition. The displacement threshold was found to be around 50 pm
in ex vivo liver. This value was selected to estimate the minimal acoustic power required for
inducing BEH. At each targeted location, only a limited number of calibration data were
required, since measurement of the first points of the curve at low acoustic energy was
sufficient to estimate the acoustic power of the threshold. Each sonication performed after the
burst pulse with acoustic power higher than the threshold resulted in modification of the
displacement map and a tadpole shape heating, with an improvement of approximately 50%
in maximum temperature increase and a broader heating distribution in the horizontal
direction. These results are in a good agreement with results reported by SokiSnldtaabt

al. 2003) who attributed the local change at the focal point to acoustic cavitation based on the
analysis of ultrasound measurements. In another recent Study Khokhlova et al. 2009)
performed on gel samples, boiling was presented as the main physical phenomenon
explaining tadpole heating. In the present study, no evidence of boiling could be established
since temperature measurements were far below 100°C and no millimetre size bubble could
be visualized near the focus region on the MR images (ARFI and temperature), as reported by
Khokhlovaet al. (T. D. Khokhlova et al. 2009)Partial volume effect of the MR thermometry
sequence may alter the visibility of the bubble and underestimate maximal temperature
increase. However, a millimetre scale bubble would have been visible on magnitude images
of the MR-ARFI sequence, if present. Moreover, a delay of 5 minutes was kept between each
MR acquisition sequence to ensure complete thermal relaxation. We observe that the BEH
effect in liver tissue is persistent over this delay. The displacement maps acquired after the
HIFU burst pulse indicate a change in maximal displacement value that may be related to
change in tissue elasticity. Sapin et al have analysed the change of elasticity in tissues as a
function of temperaturéSapin-de Brosses et al. 2010hey reported a hysteresis curve of the

shear modulus as a function of the temperature, with a decrease inversely proportional to
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temperature below 50°C followed by an increase above 60°C. After, irreversible thermal
denaturation of tissue has occurred. Therefore, in case of irreversible thermal damage induced
by the burst pulse, a reduction of the maximal displacement value would have been expected.
On the contrary, a two fold increase in maximal displacement value has been observed (fig
4b), indicative of a reduction of tissue stiffness near the focal region.

Therefore, our results suggest that irreversible thermal tissue damage has not been
induced by the burst pulse @x vivoliver sample for the selected acoustic power values used
in our experimental protocol. Further studies should investigate the precise mechanism BEH
in biological tissue, namely the relative influence of non-linear propagation effects, cavitation
and boiling and if the observed persistence in time of the effect is reprodacibl®. This
may be accomplished by combining for example MR-ARFI/MR-thermometry data and
ultrasound measurements. Such an approach could not be performed in our current
experimental setup and these objectives were clearly out of the scope of the present work.

The position of the maximal displacement and temperature increase were shifted toward
the transducer by approximately 4.4 mm for both modalities, in the same range as already
reported in the literatur@. D. Khokhlova et al. 2009, Kullervo Hynynen 199¥%ye confirm that
BEH can be exploited to create in ex vivo liver near spherical thermal lesions of larger
dimensions than conventional sonications, which may be beneficial for hepatic tumour
ablation. Moreover, prediction of local change in tissue characteristic as a function of acoustic
power could be further exploited in the design of new sonication strategies, with the
objectives of 1) protection of structures located beyond the natural focal point (Figure 11.5)
and 2) minimization of the output acoustic power in order to reduce energy deposition in the
near field and maximization the heating efficiency at the targeted area.

One challenge in HIFU thermal ablation is to enlarge lesion dimensions. A number of

strategies have been proposed, such as Spral concentrft trajectories using rapid
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electronic deflection of the HIFU beam, and exploiting thermal diffusion to generate
homogeneous volumetric heating. However, despite these strategies reduce the treatment
duration as compared to point by point sonications, the resulting lesions remain anisotropic
and elongated in the ultrasound propagation direction. This, in turn, restricts the maximal
dimension of achievable ablation size in the transverse direction. Exploitation of BEH based
on MR-ARFI calibration at low acoustic power, as shown from data presented in Figure 11.6,
assuming a persistence of the effect over several minutes after the burst pulse could open new
possibilities to create thermal lesions of desired shape and size, while reducing the energy
deposition in tissues located in the near field.

As a conclusion, MR-ARFI offers an elegant and non invasive imaging method to

predict acoustic power over which BEH effect appear.
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2. A Preclinical Study of in vivo MR—guided Enhanced

Ultrasound Heating in Pig Liver

Contribution: Delphine Elbes, MD Quentin Denost, Christophe Laurent, Hervé Trillaud, Anne

Rullier, Bruno Quesson.

1. Abstract

Bubble enhanced heating (BEH) can be exploited for increased heating efficiency for the
non-invasive High Intensity Focused Ultrasound treatment of liver tumours. The objectives of
this in vivo study on the pig liver were (i) to calibrate the acoustic intensity to determine the
BEH threshold, (ii) to compare with real-time MR-thermometry the heating patterns obtained
with sonications performed with and without BEH. The threshold in acoustic power for the
generation of BEH in the liver of piga vivo was determined using sonications of 0.5 sec
duration (*burst pulse”) under real-time MR-thermometry. In a second step, experimental
sonications composed by a burst pulse followed by continuous sonication (14.5 sec) were
compared to control sonications (15sec) of identical energy (1.8 kJ). 600-800 acoustic watts
were required to observe a modification of the heating pattern at the targeted region located
between 20 to 25 mm depth in the liver. The experimental group revealed near spherical
heating with a mean enhancement of 40% in the maximal temperature rise as compared to the
control group, a mean shift of 7 + 3.3 mm toward the transducer and reduction of the post
focal temperature increase. MR-thermometry can be exploited for controllingrBt#b in
the liver. Using experimental sonications, more efficient heating can be achieved while

protecting the tissues located beyond the focal point.
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2. Introduction

Magnetic Resonance (MR) guided High Intensity Focused Ultrasound (HIFU) is a
promising non-invasive method for the treatment of liver tumours (Quesson et al., 2011,
Rieke and Butts Pauly, 2008, Quesson et al., 2010). Although the clinical feasibility of
hepatic tumours treatment with HIFU has been demonstrated (Wu et al., 2004), this technique
Is not yet considered as routine. MR thermometry in mobile tissues remains challenging and
requires fast acquisition sequences in combination with real time motion compensation
algorithms (Quesson et al., 2011, Rieke and Butts Pauly, 2008, de Senneville et al., 2007,
Hazle et al., 2002). The blood perfusion in the liver acts as a “heat-sink” that reduces the
efficiency of the treatment. As a consequence, short duration sonication protocols with high
acoustic intensity are preferable to ensure sufficient tissue heating at the targeted region
(Quesson et al., 2000, Liu et al., 2005, Wu et al., 2004). However, such sonications result in
substantial energy deposition that may induce collateral damages in tissues located in the near
field (skin, fat, muscle, bones) of the HIFU beam and/or beyond the focal point, at interfaces
with air filled structures (stomach, bowels) (Zderic et al., 2008). Sonication strategies
exploiting non linear acoustic propagation have been proposed (Holt and Roy, 2001, Clarke
and ter Haar, 1997, Hynynen, 19%Bsed on injection of pressure sensitive microbubbles
(Chen et al., 2003, Tu et al., 2006), on two ultrasound beams operating at different
frequencies (Owen et al.,, 2010, Sokka et al., 2005, Liu et al.,, 2006), on a long duration
sonication inducing boiling (Khokhlova et al., 2009) or on a monochromatic sonication of
sufficient acoustic intensity (Sokka et al., 2003). A study of Soklkd efSokka et al., 2003)
compared sonications at constant intensity with sonication that included an initial burst pulse
of sufficient power to induce acoustic cavitation followed by a sonication at lower constant
intensity. They reported a higher temperature increase in thigh muscles of rabbit by
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application of the latter strategy than compared with standard sonication. Moreover, the
temperature distribution was shown to be near spherical (so called “tadpole shape” Coussios
et al., 2007) instead of ellipsoidal. However, the temperature values measured by MR-
thermometry were spatially averaged, making the quantitative comparison between both
experimental conditions difficult to assess. More recently, Iifldzda et al.,, 2011) have
exploited a similar approach in gel sample and chicken breast, applying burst pulses
immediately followed by a continuous sonication at three different locations using electronic
deflection. The resulting lesion was enlarged perpendicularly to the ultrasound propagation
direction, merging the three initial foci, which was not observed in absence of acoustic
cavitation. Increasing the heating efficiency by exploiting non linear HIFU propagation
approaches constitutes a step forward for the development of non invasive treatments in the
liver where large volumes have to be treated. Imaging techniques based on ultrasound (Ebbini
et al., 2006, Hockham et al., 20X®yongy and Coussios, 2010), detector phase array, shear
wave imaging (Macé et al.,, 2011) and MR (Mac¢ et al.,, 2011) have been suggested to
visualize either the local tissue displacement c@ temperature increase during test
sonications performed at low energy.

The objectives of the present work were: (i) to demonstrate the feasibility of increasing
the heating efficiency of enhanced sonications exploiting BEH in the liver @ pigo using
a clinical platform (ii) to determine the acoustic threshold for such effects with real time,
motion compensated MR-Thermometry and (iii) to compare the resulted heating patterns and
thermal lesion characteristics resulting from continuous sonications and sonications including

a burst pulse.
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3. Material and methods

+ Animal preparation

Animal experiments were performed under experimental conditions approved by the local
Animal Care and Use Committee (agreement #02092009). Four pigs (approximately 65 kg)
were sedated by intramuscular injection of 0.1lmg.kg-1 of acepromazine (Calmivet,
Vetoquinol, Lure, France) and anesthetized by intravenous injection of 0.1 thlofkg
pentobarbital (CEVA Santé Animale, Libourne, France). The analgesia was introduced by an
intramuscular injection of ketoprofen (Ketofene, Merial, Lyon, France) at a dose of 3ng.kg
The anesthesia was maintained by continuous intravenous injection through the ear vein of
pentobarbital at a rate of 7.2mgkg*. The abdomen was carefully shaved and depilatory
cream was applied for removing residual hairs in order to ensure correct propagation of the
ultrasound beam through the skin. The animals were transferred to the 1.5 Tesla MRI
(Achieva/Intera, Philips, The Netherlands) suite and installed in prone position on top of a
Sonalleve MR-HIFU platform (Philips, Vantaa, Finland, see Kohler et al., 2009 for a detailed
description of the platform). A solid gel was inserted between the membrane located on top of
the water tank containing the HIFU transducer and the animal skin, and a mixture of liquid
gel and degassed water was applied to avoid presence of air bubbles in the beam path.

The animals were maintained under assisted ventilation (400 mL at 45% O2 at a frequency of
20 bpm) during the procedure (respirator paraPac; ResMed SA, Saint priest, France). The
cardiac frequency of the animal was continuously monitored and the rectal temperature was
controlled every 30 minutes. After completion of the MR-guided HIFU experiments, the
animals were transferred to the experimental surgery laboratory (DETERCA, Université

Bordeaux Segalen, Bordeaux, France), euthanized by intravenous injection of Dolethal
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(CEVA Santé Animale, Libourne, France) and dissected for histological analysis of the liver

(see below for detalils).

* Sonication protocol

The position of the transducer was carefully adjusted under MR anatomical images to avoid
the presence of ribs or cartilage in the beam path, selecting an acoustic window inferior to the
sternum. For this purpose, T1-weighted images were acquired using fast three-dimensional
gradient-echo sequences, with TE/TR=4.6/8.6 ms, 15° flip angle, bandwidth of 990 Hz, field
of view of 350x350x180miy matrix of 256x256x60 and slice thickness of 3 mm, leading to a
voxel size of 1.37x1.37x3 mm3. All the sonications were performed at a frequency of
1.2 MHz and local temperature increase was assessed by rapid, multi-slice MR thermometry
(see below for detailed description of the MR thermometry protocol).The protocol was
designed in two parts:

» First, the determination of the acoustic power threshold for the depth range of
investigation in the liver: from 20 mm to 25 mm. At 20 mm and 25 mm depth in the
liver five consecutive sonications of 0.5 sec (referred to ‘burst’ in the following text)
duration were performed at the same location and the acoustic power was increased
(from 400 to 800 acoustic watts (Wac)) until a modification could be observed on the
temperature distribution (see paragraph “data analysis” for details). A minimum delay
of 5 minutes was observed between each sonication to ensure complete thermal
relaxation of tissues (Quesson et al., 2010).

e Then, two sonication protocols were compared:
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- Control sonication (N=10) consisted of sonications performed at 120 Wac for
15 seconds (1800 J total energy). The sonication depth in the liver was set to
20 mm (N=6), 25 mm (N=4).
- Experimental sonication (N=16) was designed associating a burst pulse of
0.5 sec in duration at an acoustic power higher than the predetermined
acoustic power threshold with a continuous sonication of 14.5 sec duration.
The acoustic power of the latter sonication was adjusted to emit identical total
acoustic energy (1800 J) as in the control sonication.
Additional experiments (N=2) were performed to compare control and experimental
sonication at two locations separated by a distance of 10 mm in the direction perpendicular to

the ultrasound propagation(lnaba et al., 2011).

¢ MR-thermometry

MR temperature images were acquired prior, during and after each HIFU sonication using
multi-slice, RF-spoiled, single shot echo-planar imaging (EPI)/TRE= 29 m#34ms,

FOV = 300300 mm, RFOV = 45%, flip angle = 45°, 4 parallel horizontal adjacent slices and

1 vertical slice, thickness = 7 mm, matrix size = 128 x 128) to analyse temperature evolution
in space and time in the liver and skin. Temperature maps were calculated in real-time with
the proton resonant frequency (PRF) method, including motion compensation with the multi-
reference baseline technique (the first 40 acquired volumes) (see Quesson et al., 2011) for
details). A non-heated circular region (typical size of 7 pixels in diameter) located within the
liver but outside the heated region was selected on each slice for compensation of the
temporal drift of the magnet field. The standard deviation of the thermometry was measured
at each sonication location. For this purpose, a standard deviation map was computed on the

acquired volumes between the first 40 data samples used for motion compensation and the
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beginning of the sonication. Thermal dose maps were computed according to the Sapareto
equation (Sapareto and Dewey, 1984) that reported a lethal threshold corresponding to
constant heating at 43°C during 240 min (denoted as 240CEM43), adding the rectal

temperature (taken as the reference temperature) to the MR temperature images.

e Data analysis

Evaluation of BEH thresholdhe presence of BEH was assessed on MR temperature images
by detecting a shift toward the transducer of the maximal temperature increase (as reported in

(Zderic et al., 2008, Khokhlova et al., 2009, Sokka et al., 2003)).

Heating pattern analysis for control and experimental sonications : on the sagittal slice, the
shape of the temperature distribution was visually identified as ellipsoid or tadpole. On the
coronal slices, the hottest pixel in the stack was identified and the temperature evolutions at
the same in-plane coordinates were plotted for all slices. The maximal temperature increase
on each curve was measured. The size of the apparent lesion was estimated on the thermal

dose image obtained at the end of the cooling period.

Histological analysis

Immediately after sacrifice of the animal, the liver was surgically extracted, flushed with
physiologic fluid at room temperature through the main portal trunk and their ramifications,
and then fixed with 10% formalin fluid using the same procedure. After at least 7 days of
fixation, each liver was cut in its entirety in 3 mm slices. Each slice displaying a lesion was
photographed and the lesion dimensions were measured. Each lesion was then selected for
histological analysis by an experienced pathologist under light microscopy, using

haematoxylin-eosine-saffron preparations.
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4. Results

The body temperature of the anaesthetized animals ranged between 34.5 and 37°C. For all
the investigated animals, no skin burns were observed after completion of the MR-HIFU
experiments. One liver sample could not be analyzed for histology due to a technical problem
at the surgery laboratory. The standard deviation of motion corrected MR temperature data

was typically 1°C for all the sonicated areas.
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Figure.ll.7: MR-Temperature profiles in the vertical direction crossing the focal point

for two burst pulse sonications of 500 W (grey curve) and 600 W (black curve) acoustic
power. The sonication depth was 20 mm in the liver. The horizontal arrow on top of the
graph indicates the shift in position of the maximum temperature increase (location are

indicated by the vertical dashed lines) toward the transducer.
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* Threshold determination

Figure 11.7 displays vertical profiles of temperature intersecting the hottest pixel for two
sonications (0.5 sec duration) performed at 20 mm in the liver using acoustic powers of
500 W and 600 W, respectively. At 500W, the maximal temperature increase was
approximately 4°C, and the temperature distribution in the vertical imaging slice remained
ellipsoid (data not shown). The temperature rose up to 7 °C for the sonication performed at
600 W and the location of the maximal temperature increase was shifted toward the
transducer by 2 pixels (4.7 mm). For sonications performed at 30 mm depth in the liver (data
not shown), the acoustic power required to observe a modification of the position of the
maximal temperature rise was 800 W. The mean shift) (af the maximum was

7.0 (x 3.3) mm across all sonication depths.

* Sonication protocols comparison

Figure 1.8 presents comparative temperature data sets for two sonications (control and
experimental groups) performed at a depth of 20 mm in the liver. The temperature distribution
at the end of the sonication for the control group (fig 2a) is elliptic whereas it appears circular
for the experimental group (fig 2b) and has a shift toward the transducer of 6 mm. The
number of pixels with temperature higher than 15°C was 3 and 9 for each condition,
respectively. The temperature evolution (fig 2c) of the pixel showing the maximal
temperature rise reveals maximal values of 18°C for the control condition and 24°C for the
experimental condition, respectively. During the cooling period, the temperature returned to
half of the maximal value in 10 and 20 sec for control and experimental sonications,

respectively.
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Figure 11.8: representative MR-thermometry data for the control and experimental
groups. MR-thermometry images displayed in (a) and (b) show the temperature
distributions (color coded and overlaid on magnitude grey scale image) at the end of the
sonication for both conditions. The color scale for temperature values is indicated in (a).
The horizontal white dashed lines indicate the targeted depth. The white line on the top
right part of image (b) represents 10 mm. Graph (c) plots the temperature evolution in
the pixel displaying maximal temperature increase for the control (grey curve) and
experimental (black curve) sonications. The images selected for motion correction with
the multi-reference baseline (MRB rectangle), for the estimation of the temperature
standard deviation (sd rectangle) and the duration of the HIFU sonication (US grey

rectangle) are indicated on (c).
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Figure 11.9: Comparison of temperature evolution for control (a) and experimental (b)

sonications. For each condition, the temperature evolution at natural the focal point
(solid grey line), 7mm below (solid black line) and 7mm above (black dashed line) are
plotted. The black vertical arrow in (b) shows the increase in temperature in the near

field.

Figure 11.9 plots the temperature evolution in three voxels centred on the natural focal
point for both groups. For the control group (Figure 11.9a), the maximal temperature increase
reached 20°C and was located at the natural focal point. For the experimental group (Figure
[1.9b), the temperature at the focal point was similar, but the maximal temperature increase
reached 25°C (+9.4°C as compared to the same voxel in the control experiment) 7mm below
the natural focal point, whereas the maximal temperature increase at 7 mm above the focal

point was 10°C (-2.7°C as compared to the same voxel in the control experiment).
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Figure 11.10: Representative MR temperature data sets of the experimental
group and comparative macroscopic analysis of explanted livers for both conditions.
Colour coded MR-temperature image (a) obtained at the end of the sonication overlaid
to magnitude image (grey scale). The colour scale is indicated on the top right. The
insert in the bottom right part shows a zoomed (x2) view centred on the heated region.
The accumulated thermal dose image obtained after cooling of the tissue is displayed in
(b). The pixels for which the thermal dose is higher or equal to the CEM43 are coloured
in red. The insert shows the zoomed (x2) view centred on the same pixel as in (a).
Photographs of the macroscopic slices after fixation of the liver tissues for sonications of
the experimental (c) and control (d) groups. The horizontal white bar on each image

represents 10 mm.
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Figure 11.10 displays the complete data set using sonication protocol of the
experimental group, including the temperature image at the end of the sonication (a), the
accumulated thermal dose after tissue cooling (b) and a photograph of the macroscopic view
of the tissue sample after fixation (c). Temperature increases of 15°C or more (red colour)
show a nearly circular pattern, whereas the temperature increase of 12°C (in yellow) shows a
tadpole shape with the tail located in the far field. The accumulated thermal dose shows a near
circular lesion comprising of 14 pixels (8.3 mm maximal width and height), without an
apparent tail. The corresponding liver lesion after fixation (Figure 11.10c) showed
macroscopically a circular white zone of 8 mm diameter surrounded by a thin purple rim
extending at one-end by a small tail. The control sonication resulted in an exclusively purple
elliptic lesion (Figure 11.10d) with long and short axis lengths of 10 and 3 mm, respectively.
The microscopic analysis of both samples (data not shown) confirmed the presence of a sharp
boundary between treated and untreated tissues. The control sonication led to a diffusely
haemorrhagic area with little architectural distortion but without liver cell necrosis. In
contrast, the experimental sonication led to a central necrotic area (white macroscopic zone
previously described) characterized by ghost-cell islands. A haemorrhagic strip with viable
hepatocytes surrounded the central area.

Table 1.2 summarizes the maximal temperature increases values measured by MR
thermometry for sonications at 20 mm depth in the liver, for control and experimental
sonications performed with a burst pulse of 600WagyEFor the control group, the
temperature increase ranged between 15 and 22°C with a mean (+ standard dewalateon)
of 17.6+ 2.8 °C. For the experimental group, the temperature increase ranged between 18 and
32°C (24.3£ 4.3 °C). The mean gain in temperature increase at constant energy deposition
was 40+14 %. Lesions were identified on the macroscopic slices and revealed a white central

part surrounded by a thin red region, similar to the data presented in Figure 11.10c. The shape
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of the lesions appeared nearly circular, with a length and width of 6.25 + 1.26 mm (ranging

from 5 to 8 mm) and 5.5 + 1.29 mm (ranging from 4 to 7 mm).

Tmax [°C] Gain
Control Eso00
21 32 1.52
22 29 1.32
16.5 26 1.58
15 18 1.2
15 21 1.4
16
24
23.5
21

176 +2.8 243 +4.3 1.40+0.14

Table I1.2: Maximal temperature increases for the 14 sonications at acoustic energy of
1800 J performed in the liver at a depth of 20 mm for the control (N=6) and

experimental (Esoo Stands for 600 W acoustic power of the 0.5 sec pulse, N=8) groups,
respectively. The first 5 lines compare sonications performed sequentially at close
locations in the liver (less than 1 cm distance in the horizontal direction), whereas the
last 5 experiments were not paired in position with the other condition. The column

Gain gives the ratio between maximal temperatures of groups (E) and (C). The last line

of the table indicates the mean and standard deviation for each corresponding column.

Table 11.3 presents the maximal temperature increases measured by MR-thermometry
in the liver at a sonication depth of 25 mm. Control agg &onications resulted in similar
temperature increases (mean values of 12.3°C and 13°C, respectively), resulting in negligible
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gain (less than 10%). Sonications performed with a burst pulse of 800g}) k&t to
substantial temperature increases (75% and 155%) with a mean temperature increase of
27.5£1.5 °C, a shift of the maximal value toward the transducer and circular shape on the
sagittal MR temperature slice. The macroscopic analysis of the liver samples for the three
sonications of the dgo group revealed a near circular thermal lesion (displaying white and red
zones) with lengths and widths of 8.33 £ 1.53 mm and 8 + 1 mm, respectively.

The mean (d) shift in position of the maximal temperature increase between the control and
experimental sonication pairs at equivalent depth (5 first rows in Table Il.2d9rBd rows

3 and 4 in Table 11.3 for ggg) was 7.4 £ 1.9 mm.

Tmax [°C] Gain
Control Eeoo Esoo
7 8 1.14
15 15 1
16 16 28 1 (1.75)
11 13 28 1.18 (2.55)
25
29

12.3+3.6 13+3.1 27.5+15 1.08+0.08

Table 11.3: Maximal temperature increases for the 11 sonications at acoustic energy of
1800 J performed in the liver at a depth of 25 mm for the control (N=4) and
experimental groups, with 0.5 sec pulse power of 600W {§&, N =4) and 800W (koo

N = 4), respectively. The column Gain gives the ratio between maximal temperatures of
groups (Esog and (C), with the last two values given in parenthesis corresponding to
ratio (Egod/C). The last line of the table indicates the mean and standard deviation for
each corresponding column. For the gain, only the ratio §&¢/C were considered in the
statistics (N=4).
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Figure 11.11: MR temperature data for sonication performed in the liver with dual
targeted points. Temperature images obtained after 15 sec (a) HIFU exposition and at
the end of the sonication (b). The 10 mm scale (horizontal white line) and colour code for
temperature are indicated in (a). The accumulated thermal dose image at the end of the
MR-thermometry acquisition (150 sec after the end of the sonication) is displayed in (c).
The graph in (d) plots the temperature evolution in the hottest pixels corresponding to
each focal point position (solid grey curve -feet position- and black solid curve —head

position-, respectively) and in the pixel located at the central position (dashed dot).
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Figure 11.11 shows temperature data set corresponding to a sonication performed at two
positions separated by a horizontal distance of 10 mm that were targeted by electronic
deflection of the HIFU beam in the head-feet direction, at 20 mm depth in the liver. The
0.5 sec pulse was split into 100 individual pulses and each location was alternatively targeted
every 5 ms at 600 W acoustic power. The second pulse was iteratively targeted (each 5 ms)
toward the same locations for a total duration of 13.5 sec at an acoustic power of 200 W,
leading to a total energy deposition of 3 kJ. The two distinct temperature spots visible on
Figure Il.11a progressively merged to a spatially uniform temperature distribution (Figure
[1.11b), displaying a nearly elliptic shape with the long axis oriented perpendicular to the
HIFU propagation direction. The resulting thermal dose map (Figure 11.11c) was also elliptic
with horizontal and vertical lengths of 16.5 and 11.5 mm, respectively. The macroscopic
analysis of the liver sample showed an elliptic lesion with length and width of 15.5 and 9 mm.
The graph in Figure 11.11d shows the temperature evolution at the hottest point for each
targeted location and at the central position. The maximal temperature increase was nearly
identical at each location (30°C). The cooling time required to return to half of this value was

40 sec for each targeted point and 60 sec for the central position.
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5. Discussion

In our study, we propose to exploit online, motion-compensated MR thermometry for the
evaluation of the acoustic power threshold required for observing modification of the
temperature distribution at the vicinity of the focal point. With this non invasive method,
acoustic power threshold values of 600 to 800 W were determined for sonication depths
ranging between 20 to 25 mm in the liver parenchyma. This increase in acoustic power with
sonication depths was expected to compensate for the attenuation of the ultrasound intensity
by tissues. More precise calibration of pulse characteristics (duration and power) as a function
of the tissue type and sonication depth appeals for more sophisticated methods, such as
acoustic spectral analysis (Hsieh et al., 2011, McLaughlan et al., 2010), ultrasound imaging of
cavitation (Gyongy and Coussios, 2010) or ultrasound- or MRI-based Acoustic Radiation
Force Imaging methods (Nightingale et al., 2002, McDannold and Maier, 2008, Chen et al.,
2010).

In this current study, the temperature distribution changed from an ellipsoid to a nearly
circular shape (‘tadpole’) using burst pulse with sufficient acoustic power, as already reported
in previous studies (Khokhlova et al., 2009, Sokka et al., 2003, Chavrier et al., 2000). The
shift of the location of the maximal temperature was 7 mm toward the transducer (with
similar values for threshold determination and for the experimental group), in strong
agreement with previously published data (Zderic et al., 2008, Khokhlova et al., 2009) (Sokka
et al., 2003). With regards to the spatial resolution of the in-plane MR acquisition sequence
(2.34 mm), the precision of the determination of the shift should be interpreted as ranging
between 5 to 9 mm (approximately 2 to 4 pixels). The macroscopic analysis of the explanted
liver samples revealed haemorrhagic lesions for sonications of the control group and
confirmed the presence of tadpole shaped thermal lesions from sonications in the
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experimental group. The near circular temperature distribution is beneficial in terms of
thermal dose accumulation since the heat diffusion is more isotropic than for conventional
sonications, slowing down the cooling of tissues. To enlarge thermal lesions (greater than the
size scale of focal point), strategies based on continuous sonications with electronic deflection
of the focal point have been proposed using different trajectories (e.g. spiral (Mougenot et al.,
2004) and concentric circles (Kohler et al., 2009)), exploiting the thermal diffusivity for
creating a homogenous volumetric heating while reducing the total energy deposition.
However, the resulting lesions remain ellipsoidal in shape with the long axis aligned with the
ultrasound propagation. As a consequence, the maximal transverse size of the trajectory must
be carefully selected to avoid expansion of thermal damages in the near field and far field.
Sonications with enhanced heating, combined with multiple targeted points using fast
electronic deflection of the HIFU beam may be exploited (Inaba et al., 2011). This is
suggested by data presented in Figure 1.11, where the resulting thermal lesion was more
elongated in the direction orthogonal to the ultrasound propagation axis. These results are in a
good agreement with those reported by Inaba (Inaba et al., 2011).

More sophisticated sonications could be planed where a number of selected locations may be
pre-defined and targeted with short burst sonications at sufficient acoustic power in order to
delineate the desired outer limit of the sonication field (shielding effect, mentioned Zderic
(Zderic et al., 2008)).

The maximal temperature rise in the experimental group was increased by approximately 40%
as compared to the control group. Sok#t al (Sokka et al., 2003) reported shorter
temperature rise times within the first 4 seconds of sonication following a short 0.5 sec burst
ultrasound pulse, resulting in a net increase in maximal temperature up to a factor of 2 as
compared to control sonications. However, the temperature curves presented in their article

were spatially averaged over 9 voxels, which may affect the precision of the estimate of the
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gain in temperature since the spatial distribution of heating was different for both conditions.
Moreover, tissue perfusion is expected to be higher in the liver than in the muscle, leading to
a more efficient heat evacuation and lower gain in temperature increase. Experimental
sonications performed below the threshold (e.g. results frggekperiments in Table 11.3)
resulted in maximal temperature increases and elliptical shapes identical to those of the
control group. This result was expected since both sonications had identical total energy.
Besides the gain in temperature, another beneficial effect of experimental sonications is the
reduction of the temperature increase (~30%) in the post focal region. This effect is
particularly advantageous for the treatment of abdominal organs where air-filled structures
(stomach, bowels, lungs...) or heart may be at the vicinity of the targeted region. Zderic et al
(Zderic et al., 2008)also reported attenuated temperature increases in post focal regions at
tissue-air interface of rabbit muscle and liver using similar strategies. Therefore, thermal
ablation of pathological tissues using sonication closer to sensitive structures may be
considered, improving the treatment capabilities of current clinical applications of MR guided
HIFU such as for uterine fibroid.

In conclusion, the present study demonstratesvo in the liver the feasibility of using MR
thermometry for 1) planning the acoustic power threshold to induced BEH, 2) characterizing

the gain in heating efficiency in presence of BEH.
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III. TRANSCOSTAL HIFU

Contribution: Delphine Elbes, Sébastien Roujol, Bruno Quesson

1. Introduction

One of limitation in focusing ultrasound in the heart or liver remains the presence of
rib cage (Figure IIl.1). Firstly, the rib cage acts as an aberrator reducing the focusing quality.
Secondly, the high value of absorption of the bones (Goss et al. 1979) induces undesirable
heating of bones and in surrounding tissues (Quesson et al. 2010). Thirdly, reflexions of
ultrasound by bones can result in constructive interferences in the surrounding tissues and

energy deposition on the transducer surface.

Rib cage

Heart location

Liver

Figure IIl.1: anatomical diagram of organ:

located inside the rib cage
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Several groups have investigated the possibility to perform liver ablation by HIFU.
Daum (Daum et al. 1999) reported a temperature increase on the ribs five times higher than in
intercostals tissues. Wu (Wu et al. 2004) reported skin burn at locations close to the rib cage.
As they were using a single element transducer, they proposed to remove a section of rib
above the liver to overcome this problem. However, this solution makes ineffective non
invasive aspect of HIFU treatment.

The development of transducer arrays was a step forward to develop new strategies to
perform HIFU in the liver while reducing heating of the ribs (McGough et al. 1996, Botros et
al. 1997, Botros et al. 1998). An efficiency solution to reduce the overheating of the rib cage
and to improve the focusing quality is time reversal focusing (Fink 1992, Aubry et al. 2008).

A hydrophone was placed at the focal point of the transducer arrays. The ultrasound emission
of each transducer elements was recorded by the hydrophone. If there was a small source at
the focal point, the set of data received by each element would be the same recorded at the
focal point from each element by the hydrophone according to the spatial reciprocity. As a
consequence, the wave front received by the hydrophone was time reversed and reemitted by
the transducer arrays. The advantage of this method is an instantaneous measurement of the
wave front. However, this technique remained invasive because of the hydrophone had to be
placed at the focal point. Aubmt al (Aubry et al. 2008) have demonstrated the feasibility

and the efficiency of time reversal imaging ex vivo rib cage. They improved focusing
quality by 1.73 dB and reduced significantly the heating near the ribs 0.3°C instead of 5.9°C.
They also showed that in absence of sparing ribs the defocusing was negligible. For
transcranial application, a non invasive version of time reversal focusing has been developed
by Marquetet al. (Marquet et al. 2009x vivo. The data set recorded by the hydrophone was
replaced by acoustic simulations. These simulations were obtained from CT images which

gave the possibility to simulate the acoustic propagation taking into account the skull. The
61



simulation signals were time reversed and emitted by the arrays. In term of efficiency, this
technique maintained about 80 % of the acoustic energy obtained with the hydrophone guided
time reversal focusing. Without any correction, this ratio was near 75%. Although this
technique is non invasive and efficient, it remained difficult to be translated to transcostal
focusingin vivo because of the potential movement of rib cage during the respiration, the
required duration of simulations, and resuirement of 3D Xray data. Other methods based on
simulations have been proposed (Pinton et al. 2012), but the computational time (30 hours)
remained incompatible with real time correction. For transcranial application, a non invasive
method, based on MR-ARFI at the focal point, has been develop (Marsac et al. 2012). Phase
arrays were adapted to maximise the acoustic intensity at the focal point. The adaptation was
based on the measurement of the local displacement at the focal point induced by pulsed
HIFU. Again, the acquisition duration 2 hours remained too long for practical application to
the rib.

Another family of methods to spare ribs during HIFU treatment was switching off
transducer elements located in front of the rib so called binarized apodization law, initially
proposed numerically by Liu et al (Liu et al. 2007) and demonstrated experimémtaiy
by Quesson et al. (Quesson et al. 2010). Cochard et al (Cochard et al. 2011) have developed a
technique based on the analysis of the backscattered signal toward the transducer to identify
the list of transducer elements to deactivate. Although this method was non invasive and
required only one back-scattered echo from the ribs, experiments realized in water tank has
not yet evaluateth vivo. More recently, Marquett al (Marquet et al. 2011) have studied a
deactivation method oex vivoliver in presence of simulated respiratory motion. Using beam
steering, heating became more efficient with motion correction adapted to the respiratory
movement. Moreover, the lesion was enlarged by using spiral trajectory (Salomir et al. 2000).

According to their simulation, an update of the apodization law was not necessary below a
62



distance from the natural focal of 1 cm. Simulations showed that heating remained in the rib,
but below the lethal thermal dose. This method resulted in large lesion with motion
correction and no lesion in absence of ultrasound target tracking. However, for steering
amplitude higher than 1cm, the method appeared ineffective and justified improvements.
Then, the lethal thermal dose was not measured at the rib location, and, no lesion could be
observed, in area surrounded ribs, when 1 or 1.5 cm beam steering was employed, because of
ribs were in a gel. Moreover, in vivo experiments, the acoustic power required for to induce

the same type of lesion will be higher because of perfusion, and therefore the temperature
increase at the ribs location could reach more easily the lethal thermal dose. Recently, a
technique that consisted to insert reflective strips between the transducer and the rib cage was
developed. Although this method remained equivalent to binarized apodization law in terms
of temperature increase at the focal point and at the rib location, the practical application on
humans seems more difficult and longer than binarized apodization law. Moreover, the impact
of reflective strips on the transducer was not investigated. The aims of the following study
were 1) to investigate the beam steering through the ribs cage under MR thermometry, 2) to
quantitatively study the usefulness of updating the binarized apodization law when beam

steering was used in the same range as respiratory motion amplitude.
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2. Material and methods

Experiments were performed at 1.5 T MRI (Achieva, Philips, The Netherlands) with the
Sonalleve MR-HIFU platform (Philips Healthcare, Vantaa, Finland) designed for the
treatment of uterine fibroids (see (Kohler et al. 2009) for technical description of the device).
All sonications were performed at a frequency of 1.2 MHz on a phantom : a cylindrical
agarose-silicon gel (2% agarose 3% silicon) gel with an inclusion of two pig ribs removed

from meat (figure 111.2).

a. MR Sequences

The localisation of the targeted focal point and bones were performed by using a 3D
proton-density weighted fast gradient echo sequence acquired prior to sonications. The
sequence characteristics were TE/TR =4.6/8.57 ms, 350 x 350 x 186@\Wn matrix 192 x
192 x 60, 1.82 x 1.82 x 3 mimvoxel size, a 15° water selective binomial pulse. The
reconstructed volume was analyzed via home made software allowing multiplanar
visualization in the transverse, sagittal and coronal orientations, for : localization and
segmentation of bones, the location of the targeted focal point, and calculation of the list of
transducer elements to deactivate using geometric projection of the shadow of the bones at the
surface viewed from the focal point.

MR thermometry was performed by using the Proton Resonant Frequency (PRF) shift
method using a multishot Echo Planar Imaging (EPI) sequence, with the following acquisition
parameters : echo train length of 7, TE/TR=12/200 ms, 200 x 200 mm FOV, matrix 100 x 98,

20 ° flip angle, 3 adjacent slices of 2.5 mm thickness positioned in vertical orientation.

Temperature images were calculated (PRF constant of 0.0094 phnafi@ displayed with
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in-house developed software (“RealTl”) written in C++ and IDL (ITT, Visual Information

Solutions).

b.  Sonication protocol

The binarized apodization law, used in this study, consisted on the deactivation of
transducer elements covered by minimum50% of the shadow of the rib.

First batch of experiments were similar to those presented by Quesson (Quesson et al.
2010). The targeted heating area was located at the natural focal point. The case with all
elements activated and binarized apodization law were compared. When all transducer
elements were activated, the acoustic power was 100 W and the sonication duration was 30 s.

Secondary, electronic deflection was used to focus at 7 mm left and right around the
focal point (figure 111.2) since 15 mm was considered in the range of the amplitude of
respiratory movement. Two binarized apodization laws were compared for the new location.
The first binarized apodization law consisted in keeping the same elements deactivated as for
the natural focal point. For the second binarized apodization law, the geometric projection of
the ribs on the transducer from the new targeted location was calculated to update the list of
elements to deactivate. In the manuscript the first law is called initial law and the second law
updated law. Target points, focused by using electronic deflection, were localized at the same

depth.
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gel

rib

Figure 111.2: binerazed apodization law combined with beam steering for thre
positions: at the natural focal point (a), 7 mm left of the focal point, 7 mm right of th
natural focal point. Crosses symbolise the tree targetetbcations, the red one th
natural focal point. The grey triangle symbolizesthe ultrasound cone. Dashed line
indicate the projection coneof the shadow of the ribs on the transducer. The horizont

black lines show the shadow of bones projected on the transducer surface.

c. Data analysis
MR temperature maps were computed and temperature images at the end of sonication were
displayed. Pixels, with a low SNR on modulus images in the ribs, were masked out in
temperature images. Temperature evolutions, at the targeted focal point and near the ribs,

were analysed.
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3. Results

Figure 1l1l.3 compares data sets obtained for a sonication at the natural focal point.
With all elements turned on, the maximal temperature increase was 36°C at the focal point
and 24°C close to the ribs. With the initial law, the maximal temperature increase at the focal
point was 31°C and 8°C close to the ribs.

Figure 111.4 compares initial law and updated law for ultrasounds focused 7 mm at the
right of the natural focal point, using electronic deflection. With the initial law, maximal
temperature increase at the focal point was 19°C and 17°C close to the ribs. With the updated
law, maximal temperature increase at the focal point was higher (28°C) and lower close to the
ribs (9°C).

Figure 111.5 compares initial law and updated law for ultrasounds focused 7 mm at the
left of the natural focal point, using electronic deflection. With the initial law, maximal
temperature increase at the focal point was 20°C and 8°C close to the ribs. With the updated
law, maximal temperature increase at the focal point was higher (26°C) and in the same range

close to the ribs (7°C).
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maximal temperature increase at the rib cage level.
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Figure 111.4: Comparison of heating sonication through the ribs 7 mm right of th
natural focal point initial law (a) (b) and with updated law (d) (e). Diagram at the toj
raw (a, d) represents the method used to focus ultrasound with the corresponc
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ribs level (see white arrow on (b)) Black curves correspond to sonication with initie
law, grey curves to the case with updated lawThe white arrow (b) indicates the

maximal temperature increase at the rib cage level.
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Table 1l1l.1 summarizes the results obtained for the different locations and binarized
apodization laws. In this experiment, updated law increased slightly the numbers of activated
elements: 142 for the right and the left compared to 131 for the initial law. Therefore, total

emitted acoustic powers were in the same range for both conditions (see Table IIl.1).

Effective Maximal Maximal

Location Deactivation ; Switch acoustic temperatureé temperature

mode on/total

power (W) : increase (focaE increase (ribs)

point)

Natural focal

point | None 256/256 | 100 |  36°C |  24°C
Natural focal ' '

point Initial law 131/256 | 51 31°C 8°C

Right Initial law 131/256 | 51 19°C 17°C

Right | Updatedlaw: 142/256 | 55 28°C 9°C

Left Initial law 131/256 51 20°C 8°C

Left . Updated law | 142/256 ' 55 26°C 7°C

Table 1ll.1: Sonications characteristics. The first column indtates the localisation ¢

the focal point, the second the type of binarized apodization law, the third tl

number of transducer elements activated compared to the total transducer elemer

the fourth the maximal temperature increase at the focal point, ta fifth the maximal



4. Discussion

In our study, the results obtained around the ribs showed maximal temperature
decrease of ~70% was in accordance with literature (Quesson et al. 2010). The maximal
temperature increase at the focal point was lower with the initial law. This small difference
(36°C vs 31°C) could be explained by the fact that rib segmentation was manually drawn and
may be overestimated from MR images. Development of automatic or semi automatic
algorithm may reduce this potential bias. The cases where the deactivation was adapted to the
targeted focal point were in the same range (26-31°C). However for the cases with beam
steering the temperature increase was slightly lower. This could be explained by a loss of
energy due to the higher absorption induced by the longer distance to cover to reach the
deflected focal point than the natural focal point.

Marquet et al have simulated the temperature behaviour around the ribs for beam
steering amplitude of 1cm and 1.5 cm, keeping the same binarized apodization law as for the
natural focal point (initial law). Simulation results showed, for a focal point localized up to 1
cm laterally from the natural focal point, that the lethal thermal dose was not reach. However,
no temperature measurement was realised. In our experiment when electronic deflection was
used at 7 mm right of the natural focal point, and initial law was kept, the maximal
temperature increase around the ribs remained high (17°C) and in the same range as the value
measured at the focal point (19°C). In biological tissues, due to the long cooling duration of
the ribs compared to the soft tissues (Quesson et al. 2010), the lethal thermal dose may be
reached easily in spite of the temperature increase remained small. Then, an update of the
binarized apodization law resulted in a 35% increase of the temperature at the focal point.

Therefore, it could be interesting to mesh the area of possible electronic deflection every
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millimetre and to pre-calculate and update record the binarized apodisation law for each
location of focal point for further real time applications.

Another bias could be the deactivation of transducer element located at the frontier of
the shadow. Until now, transducer elements covered by more than 50% of shadow were
deactivated. There is no proof that this limitation is optimal. However, by using this simple
method, Quesson (Quesson et al. 2010) reported no loss of heating effectevigp andn
vivo in pig liver. An improvement could be deactivate all elements partially covered by the
shadow, or maybe modulate the acoustic power for frontier elements as a function of partial
coverage.

In conclusion, we showed that using beam steering performed without updating the
binarized apodization law generated sufficient temperature increase around the ribs to reach
lethal thermal dose. We overcame this limitation by updating the binarized apodization law
for each new focal point location. Moreover, in this method, one acquisition of anatomical
images and one segmentation of the ribs were sufficient to calculate for each targeted focal
point, the corresponding combinations of transducer elements to deactivate .The simplicity of
the method based on a geometrical approach make compatible real time applications.
Therefore temperature at the focal point was increased and decreased around the ribs. This
non invasive simple and practical method could provide an appropriate solution for real time

HIFU treatment in mobile organs located in the rib cage by increasing the safety of patient.
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IV. INTERVENTIONAL CARDIOLOGY

1. Introduction

The aim of this study is the development of cardiac MR thermometry on the heart for
the monitoring of thermal radio frequency ablations (RFA). MR cardiac imaging is restricted
by respiratory (amplitude about 20mm and period about 3 seconds) and cardiac motions
(period about 1 second).

There are basically four methods to deal with the motion:

1) To block the movement: impossible for the cardiac motion, under breath-hold for the
respiratory motion. Usually, maximum breath-hold duration of 20 s is used practically
for patients. The main disadvantage is the short duration that limits acquisition time.

2) Retrospective gating: the motion is recorded during a continuous acquisition to
reorganise and sort the data during the reconstruction. The respiratory motion is
recorded by using respiratory belt or a navigator. The ECG is used to detect the
cardiac motion. The main disadvantage remains long acquisition duration.

3) Prospective gating: the acquisition is allowed for a short duration of the motion cycle.
The main disadvantage is long acquisition duration.

4) Slice tracking: used for respiratory motion, the stack of slices is dynamically adjusted
in real time to observe the same part of the body. The main advantage is the reduced

acquisition time.
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All of these techniques are routinely used in cardiac MRI. For MR thermometry, another
constraint is the temperature precision. The standard deviation of the temperature depends on

the SNR of modulus images and the T2* of the tissue as follow (Salomir 2001):

400
OT ~ SNR By Tg(ms) [1]
“TE
SNR = SNRy e T2 [2]
400
Oor = —Tg [3]

*
SNRye T2 By Tg(ms)

with the initial signal to noise ratio S§Rorrected for the rician distribution of the noise on

MR magnitude images, (Bhe static magnetic field in Tesla, angd The echo time. The
minimum of the standard deviation is the minimum of the function, equation [3], for TE=T2*.
Measurements of SNR on thermometry magnitude images and T2* of the heart are required to
calculate the SNfRaccording to the equation [2] and therefore the standard deviation of the
temperature.

In this purpose, this chapter presents: 1) the reference planes for imaging the heart due
to its oblique orientation in the body, 2) a study of the T2{rowivo volunteer hearts 3) an
estimation of the standard deviation of the temperature and minimum spatial resolution, 4) a
thermal RF ablation experimemt vivo on the sheep heart under MR thermometry, 5) a pilot

experiment of imaging with the catheter as an antenna.
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2. Conventional imaging plans in Cardiac MRI

Conventional representations for MR-images of patients are in coronal, sagittal and
transversal orientations. The double oblique orientation of the heart in the body justifies a
change of imaging reference system adapted to the anatomy of the organ structure (4 cavities,
2 cavities, short axis). The following images show the method to retrieve these orientations

from conventional orientations.

I . .. )
Transveysal view 2 cavities view
i
3

: sagittal

Figure IV.1: Localisation of 2 cavities view

From transversal image, the two cavities slice is oriented parallel to the septum, placed
at the middle of the left ventricle and crosses the apex and the middle of the left atrium

(Figure 1V.1).
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4 cavities

2 cavities view 4 cavities view

Figure 1V.2: Localisation of 4 cavities view

The orientation of the four cavities slice is determined from the two cavities image.

The slice is perpendicular to the two cavities view, placed at the middle of the left ventricle

and oriented to cross the middle of the left atrium and the apex (Figure 1V.2).
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2 cavities view 4 cavities view Short axis view

Figure IV.3: Localisation of short axis view

The short axis view is placed perpendicular to the two cavities view and the four

cavities view and covers entirely the left ventricle (Figure 1V.3).
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3. T2* measurement in vivo in the human heart

1. Introduction

In MR, two relaxation times T1 and T2 are involved in the contrast of images. T1 and T2
are tissue specific. T1, called longitudinal relaxation time, is induced by spin lattice
relaxation. T1 is the time that corresponds to 63% of recovery of the original longitudinal
magnetisation. T2, called transverse relaxation time, is due to spin-spin relaxation. T2 is the
time that corresponds to 63% loss of the initial amplitude of the transverse magnetisation.
Transverse relaxation time is shorter than longitudinal relaxation time. In gradient echo
sequence, a new transverse relaxation time called T2* has been introduced to take into
account the magnetic field heterogeneities. The relationship between T2 and T2* is described

as follow:

1_1+ 11
T, T, T, T,

+ y4B
wherey is the gyromagnetic ratio antB the magnetic field inhomogeneity across a voxel

(Chavhan et al. 2009).

The optimal echo time to minimise the standard deviation of the temperature
measurement and maximise the signal to noise ratio on temperature images is equal to T2*
(Quesson et al. 2000). T2* is tissues, patient and scanner dependent, since local field
heterogeneities depends on the patient’'s anatomy and magnet quality. Different techniques
have been proposed to measure T2* in the heart at 1.5 T. The aim of these studies was to

estimate the iron concentration in the patient’'s heart with thalassaemia disease through T2*
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measurement. Three types of techniques have been used to measure the T2* in the heart: two
were based on gradient echo sequence and, one on spin echo sequence.

Segmented gradient echo sequence, trigged on the heart and under bredtavieold,
been used (Reeder et al. 1998, L. J. Anderson et al. 2001, Westwood et al. 2003).For these
studies, the breath-hold duration (see table 1V.1) ranged between 8 s and 42 s. This method
gave the possibility to sample the exponential T2* decay curve between 2 ms and 21 ms. The
TR was limited by the heart beat period (800 — 1200 ms). The echo time was limited by the
repetition time (TR). An increase of the echo time led to a decrease in signal to noise ratio and
an increase of the sequence duration, as in Reeder’s study (Reeder et al. 1998), where breath-
hold duration ranged between 37 and 42 s. Such apnea duration is very long and remains
difficult to hold for patients and even for volunteers. In the other studies (L. J. Anderson et al.
2001)(Westwood et al. 2003) the TR was adapted at each chosen TE, inducing a bias in the

estimation of T2* due to different T1 saturation values

The second method consisted in a segmented multiecho gradient sequence (Westwood
et al. 2003) (Positano et al. 2007) (Ramazzotti et al. 2009)(Ou et al. 2012). Using a fixed TR,
measurements for all TE were realised in a single breath-hold. For the same reasons, the range
of TE value remained limited under 21 ms. This method is the most popular and has the

advantage to generate all data to measure the T2* in only one acquisition.

Another method has been developed based on fast spin echo imaging in conjunction
with black blood preparation (Heinrichs et al. 2009). Fast spin echo imaging is not sensitive to
image distortion due toBnhomogeneity observed in fast GE-based images. The sequence
called displaced U-FLARE (Figure IV.4yas based on U-FLARE sequence. In order to

introduced T2* weighting on image intensity, a detayas introduced before the refocusing
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by the RF pulse. A gradient was added in the readout direction to avoid unwanted
interferences with other echoes than those produced by the RFpanskedisplaced them out

the reading of the signal. This technique enlarged the range of sampling the T2* exponential
curve. This sequence did not require breath-hold and was realised on free breathing volunteers
under cardiac triggering (ECG). Table 1V.1 summarizes these methods, their characteristics
and the T2* values measured for the cardiac muscle. These studies were performed at 1.5 T,
with a sampling time ranged between 2.5 ms and 25 ms except for Reeder (Reeder et al. 1998)
and Heinrichs (Heinrichs et al. 2009). Over these studies performed at 1.5T, the T2* value

was estimated between 29.9 ms and 52 ms (see table V.1).

In our study, the initial method chosen to estimate the T2* was a gradient echo
sequence trigged on the heart and gated on the respiration. Then, in order to reduce the total
scan duration, a segmented gradient echo sequence trigged on the heart and under breath-hold

was chose. This study was performed on 10 healthy volunteers.
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Figure 1V.4: Diagram of displaced U-FLARE sequence
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2. Methods and results

a. Gradient echo sequence

Gradient echo sequence was performed under free breathing and trigged on respiration motion
by a navigator, and on the heart beat by ECG. Data were acquired on a Siemens Avanto 1.5T
scanner (Erlangen Germany) with 32 channels cardiac coil. For the first volunteer the
following parameters were applied: 128 x 128 mm FOV, 64 x 64 acquisition matrix, 76° flip
angle, 1 slice of 5 mm thickness positioned in short axis orientation, acquisition time 4
minutes and 43 seconds. The septum region was manually segmented by using Osirix
software for the estimation of T2* and the mean of the signal intensity was plotted as a
function of the TE values (Figure 1V.6). The curve was fitted by an exponential function (Ke

TEMZ) using least square method. The estimated T2* value was 38.4 ms.
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Figure 1V.6: Regression curve between signal and TE. Experimental data are displayed
in blue. The curve in black is the fit according to the equation Ke ™™™, The

determination coefficient is R2=0.99

The same experiment was performed on the heart of another volunteer. The following
parameters were applied: 143 x 170 mm FOV, 54 x 64 acquisition matrix, 87° flip angle, 1
slice of 6 mm thickness positioned in short axis orientation, acquisition time 6 minutes and 58
seconds.

Unfortunately, the image quality was too poor to properly estimate the T2* value. During this
acquisition, the respiratory motion detected by the navigator was recorded and showed a very
irregular motion. The Figure IV.7 compares images of the first acquisition (top row) and the

second (bottom row) for TE.
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Figure 1V.7: the impact of the irregularity of the respiratory motion on the image
quality. The figure show gradient echo image for TE of 20ms and 30ms and the image
registered by the respiratory navigator. The first line is for the first volunteer and the

second line for the second volunteer.

This sequence presented the advantages to be simple and gave the possibility to have a
large range in echo time values. However, the acquisition time remained long. We
consequently chose to accelerate this sequence to perform the protocol under breath-hold to

avoid respiratory motion.

b. Segmented gradient echo sequence

The segmented gradient echo sequence was performed under breath-hold and trigged on the
heart beat by ECG. The following parameters were applied: TR: 141 ms, 128 x 128 mm

FOV, 64 x 64 acquisition matrix, 25° flip angle, 1 slice of 5 mm thickness positioned in
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short axis orientation, 5 segments, breath-hold 10-17s depending on the heart rate. This study
was performed on 9 healthy volunteers.

The figure IV.8 shows a representative data set obtained by using the segmented GE
sequence. Images acquired at different TE (top row figure IV.8) shows a decrease in image
quality as a function of TE increase. The graph plots the mean signal of the septum as a
function of TE and revealed an exponential decrease.

The table IV.2 presents T2* values obtained for the 10 volunteers septum and the
determination coefficient of the curve fit. T2* values were ranged between 31.1 ms and 47.3
ms. The mean of T2* value over the ten volunteers was 40.2 + 6.7 ms in good agreement
with value already reported. The determination coefficient was ranged between 0.84 and

0.99. the last value was obtained with the first method.
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Figure IV.8: T2* estimation by using a segmented gradient echo sequence. At the top,
modulus images obtained for different TE. The graph at the bottom displays the signal

as a function of TE. On the graph the black curve is an exponential fit.
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Volunteer T, Determination coefficient R2

1 45.8 0.95
2 43.4 0.84
3 46.7 0.93
4 47.3 0.98
5 45.4 0.98
6 43 0.94
7 32.7 0.98
8 28.5 0.97
9 31.1 0.94
10 384 0.99
Mean +* standard deviation 40.2 £6.7

Table 1V.2: summary of the T2* estimation on the heart. The value with the * is

obtained from a gradient echo sequence was performed under free breathing.
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3. Discussion

With the segmented gradient echo sequence, an estimation of T2* of the heart was
realized with a short acquisition time. The mean value of T2* was in agreement with the
literature. However, the sampling time used to evaluate the T2* time appears too restrictive
for precise T2* determination. In this study like in the others in the literature the maximum
TE value was limited because of the decrease in image quality. This limit appeared usually for
TE around 25 ms. The Figure IV.8 illustrates this limitation showing the poor image quality
obtained above TE of 25 ms. The small range of TE time made difficult the interpretation of
the fit with data showing almost linear behaviour. The aim of most of studies on T2* heart
involved short T2* due to the presence of iron in the tissue with T2*<20ms. Under these
conditions, the range of sampling remained sufficient to accurately estimate small T2* values.
In the case of healthy volunteers with higher T2*, increase the range of sampling using
displaced U-FLAIRE method may improve the precision of the T2* estimation. However, at
the time of this project, it was not possible to implement sequence like displaced U-FLARE
which can provide a larger range of sampling time. Nevertheless, the estimated T2* (40.2ms)
was in good agreement with the literature and was used in the evaluation of the precision of

MR thermometry.
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4. Temperature precision

The temperature precision for MR thermometry has been already study in abdominal
organs (Roujol et al. 2010, Holbrook et al. 2010, Rieke & Butts Pauly 2008, Quesson et al.
2000). They showed a temperature precision in the range of 1°C in mobile organs. A recent
study has reported an evaluation of temperature precision of the heart (D. Senneville et al.
2012). They found a precision of 3°C under free breathing with motion correction. In the
following study, the experiments were realized without any motion correction and under

breath-hold.

1. Estimation of the standard deviation of the temperature

In order to estimate the SNRhermometry sequences were performed on four volunteers in
absence of heating (Figure 1V.9) on a Siemens Avanto 1.5T scanner (Erlangen Germany) with
32 channels cardiac coil. The four data sets were acquired with different TE and resulted in 15
images with identical parameters. A region of interest (ROI) of the septum in the heart and a
ROI in a region without signal were used to calculate the SNR on each image. Thev&N\NR
calculated according to the equation [2] and T2* equal to 40.2 for the heart and found equal to
30. In order to avoid potential bias in the estimation of the SNR that may vary spatially
because of coil design and/or parallel imaging, noise images (Figurea®t@®)acquired with

the same sequence but with a 0° flip angle RF pulse. Noise images were divided in 15 ROI
(figure IV.10). The averages and standard deviation values were calculated for each ROI. The

noise distribution was found homogeneous (averages: 11 and standard deviation: 1.5).
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Figure IV.9: SNR of MR thermometry modulus images. Modulus image of MR
thermometry in volunteer's heart is displayed in coronal view. Sequence has the
following parameters : single shot EPI, acceleration factor : GRAPPA 2, TE= 25 ms

TR=1200 ms (heart beats period), 187.67 x 280 mm FOV, matrix 72 x 108, 65 ° flip

angle, slice thickness :7 mm.

95



11+ 11+ 11+
1.5 1.5 1.5

11+ 11+ 11+
1.5 1.5 1.4

11+ 11+ 11+
1.5 1.6 1.6

11+ 11+ 11+
1.5 1.4 1.3

11+ 105+ |11+
1.5 1.5 1.5

Figure IV.10: Noise image (left) and spatial distribution of noise (right) from MR
thermometry sequence with the following parameters : single shot EPI, acceleration
factor : acceleration factor = GRAPPA 2, TE= 25 ms TR=1200 ms (heart beats period),

187.67 x 280 mm FOV, matrix 72 x 108, O ° flip angle, slice thickness :7 mm.
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The graph (figure 1V.11) shows the simulation of standard deviation of the temperature for the
T2* of the heart and the initial SNRxtracted from MR temperature images (Figure 1V.10).

The minimum of the standard deviation of the temperature was expected at TE=T2*, and was
equal to 0.60°C. The error bars took account of T2* and 3tddhdard deviation values from
measured values. The standard deviation of the temperature measured on thermometry images

was 1.26°C at a TE=17ms and 0.8°C for the simulation.
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Figure 1V.11: Theoretical precision of the temperature as a function of TE according to
the equation [3]. Simulation was performed for a temperature increase of 1°C. The inset

shows a zoom of the graph between TE=0-90 ms.

2. Discussion

The estimation of the standard deviation measured on thermometry images was slightly

higher than those from simulation. The difference with the simulation could be explained by
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the lack of motion correction for the cardiac and respiratory residual motion although the
acquisition was performed under breath-hold and trigged on the heart beat.

Compared to the previous study (D. Senneville et al. 2012), the standard deviation of the
temperature was lower in our experiments. It can be explained by the relatively reduced
motion amplitude due to the breath-holding in our study compared to the free breathing in the
other study. Moreover, the SNR on our modulus images was higher (30) than in the other
study (20) which directly impacts on the standard deviation of the temperature. This
difference can be related to the MR-cardiac coil used in the study: 32 channels in our study
and 5 channels in the other study. Usually the TE used in cardiac MR thermometry was
ranged between 10 to 40 ms. According to the simulation, for a standard deviation of the
temperature equal to 3°C, the minimum required SNR, for the range of TE described above,
was ranged between 6 and 11. At the moment, for the same range of TE our SNR is range
between 11 and 23. Therefore, the voxel size may be reduced by a factpfat.@gample 2

x 2 x 5 in order to improve the spatial resolution. Although the SNR was increased, compared
to the literature, the gain in spatial resolution remained limited and justified the use of
dedicated coils such as the catheter tip to overcome this limitation. However, the large range
of FOV, used in this present method, may ensure a better control of eventual collateral heating

that may happened (Tsuchiya et al. 2007) and therefore increases the safety of the procedure.
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5. Radiofrequency thermal ablation under MR thermometry:

preliminary experiments

1. Introduction

Cardiac catheter ablation procedures are usually performed under fluoroscopy guidance.
In order to increase the safety of the procedure several parameters can be measured via the
catheter tip: impedance of the tissues at the tip of the catheter, electrode temperature, local
electrocardiogram changes. However, all these parameters resulted in poor prediction of
lesion extent. Clinical feasibility of MR thermometry has been demonstrated for mobile
organs like liver and kidney (Seror et al. 2008, Ishihara et al. 1995). The measurement of the
lethal thermal dose has been demonstrated highly correlated with the resulted lesion (Quesson
et al. 2011).

Studies have shown the feasibility of MR thermometry during cardiac radiofrequency
ablation on animals (Kolandaivelu et al. 2010, D. Senneville et al. 2012). Both studies used
PRF based MR thermometry. In the first study (Kolandaivelu et al. 2010), MR thermometry
was performed on dog heart by using high-resolution segmented GRE imaging with 10 to 20 s
per slice under ECG and respiratory triggering.

A precise estimation of thermal dosimetry can not be performed because of the limited
temporal resolution of the MR thermometry sequence. The second study used a faster
sequence ~800 ms (one heart beat) for 5 slices and proposed navigator-based slice tracking
and image processing for compensation of motion to improve the temperature precision that
remained under 3°C. Both studies were realised by using non irrigated catheter.

However, the use of irrigated-tip catheter has shown improvements by increasing lesion depth
(H. Nakagawa et al. 1995, Skrumeda & Mehra 1998, Scaglione et al. 2012), reducing

embolism risks (Scaglione et al. 2012, Blanc et al. 2008), limiting collateral heating due to
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possible currents in the catheter induced by RF pulse from the MR antenna (Haines 2011).
The following experiment shows the feasibility of RF ablation under MR thermometry by

using an irrigated catheter, first in a gel, and then, in a sheep heart in vivo.

2. Material method

¢ Gel preparation

Phantom was an agarose gel doped with NaCl (0.9%) to allow electrical propagation. The
concentration of NaCl was chosen at the same osmolarity than blood. The impedance of the
gel measured by the generator via the catheter wasQl2® the same range as values

measured in patients.

+ Animal preparation

One sheep (approximately 60 kg) was sedated by intramuscular injection of 0.1mg.kg-1
of acepromazine (Calmivet, Vetoquinol, Lure, France) and ketamine (0O.Iinlod
anesthetized by intravenous injection of 0.1 mL kg pentobarbital (CEVA Santé Animale,
Libourne, France). The analgesia was introduced by an intramuscular injection of ketoprofen
(Ketofene, Merial, Lyon, France) at a dose of 3md.Kghe anesthesia was maintained by
continuous intravenous injection through the jugular vein of pentobarbital at a rate of
7.2mgkg".h*. The chest was carefully shaved and depilatory cream was applied for removing
residual hairs in order to ensure correct contact between MR compatible ECG electrodes and
skin. The MRI compatible RF-ablation catheter was placed in the left ventricle under
fluoroscopic guidance. The animal was transferred to the 1.5 Tesla MRI (Avanto, Siemens,
Erlangen, Germany) scanner and installed in supine position. The animals were maintained
under assisted ventilation (400 mL at 100% O2 of 2% isoflurane in pure oxygen, at a

frequency of 20 bpm) during the procedure (respiratorAestive /5 MRI, Datex Ohmeda). After
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completion experiments, the animal was euthanized by intravenous injection of Dolethal

(CEVA Santé Animale, Libourne, France).

« MRI and catheter

The irrigated catheter was provided by Biosense Webster (MR compatible) Notch
passive filters tuned to 64 MHz were inserted in the transmission line to protect the RF
generator and to reduce electromagnetic interferences that may affect the image quality
(Figure IV.12).

MR thermometry was performed by using the Proton Resonant Frequency (PRF) shift
method with a single shot Echo Planar Imaging (EPI) sequence, with the following
acquisition parameters: TE= 20 ms TR=457 ms (heart beats period for animal), accelerator
factor = GRAPPA2, 166.67 x 250 mm FOV, matrix 64 x 96, 60 ° flip angle, 3 adjacent slices
of 6 mm thickness positioned in vertical orientation. Temperature images were calculated
(PRF constant of 0.0094 ppm.“l§:and displayed with the software thermoguide (Image
Guided Therapy, Pessac). MR thermometry on the sheep heart was realized under breath-hold
in absence of motion correction algorithm and slice tracking for the compensation of the

respiratory motion.
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Figure IV.12: Experimental setup for catheter ablation under MR thermometry.

3. Results

a. On gel

« MR compatibility

The size of the artefact, using the MR-thermometry sequence, was 5 mm (about twice the
actual size of the electrode tip, data not shown) without any active connection. This size of

artefact is compatible with MR thermometry.

« Measure of the Impedance

The generator measured the tissues impedance to avoid overheating. However, modifications
in the electrical pathway (filters, cables) may affect this measurement. To evaluate this effect,
several impedances with known values ranging between R=20 to 220 ohms were put in
contact with the catheter and the return electrode and the impedance measured on the
generator was recorded. Representative values of heart tissue impedance were tested [25Q

225Q)] (D. Haines 2004).
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The following graph (Figure 1IV.13) presents the results of the measured impedance by the
generator as a function of the real impedance value (measured with classical ohm-meter and

confirmed with the components values).
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Figure 1V.13: Impedance measured by the catheter via the generator as a function of
true impedance measured by ohmmeter. Red circles are experimental data. Red linear

curve is the fit.

A systematic offset of 20-25 @as observed over the range of the input resistances.
A linear fit of the measured data vs input data resulted in the following values:

R(generator) = 0.98.R(actual) + 24.90 ; R2 = 0,99

* Signal to noise stability and temperature precision

The SNR was analysed and showed a value, about 115, sufficient to performed MR
thermometry with excellent precision. This value stayed stable during radiofrequency ablation
showing non disturbance from the active catheter. Temperature precision measured in a non

heated area remained under 1°C for both conditions.
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* RF heating and irrigated flow
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Figure 1V.14: Influence of irrigation of the catheter on the temperature increase during
RF heating by catheter. Temperature image, at the end of RF heating, overlaid on
modulus images (a), the RF catheter was the wire at the left and the wire at the right is
the return electrode. Temperature evolution at different flows (b): 0 mL/min (red and
pink curves) and 1mL/min (blue curves), in a single pixel (dark blue and red curve) and
the average over a ROI surrounding the catheter tip (light blue, pink). The white arrow

(a) indicates the location of temperature measurement for the graph.

The impact on temperature behaviour, for different irrigated flows (0 mL/min and 1 mL/min),

at identical power (10 W) and duration (20 s), was investigated (Figure 1V.14). In the image
(a) the RF catheter was located at the left. An increase of temperature was generated at the
return electrode because the energy density was high compared to the pads used for clinical
application. The maximal temperature increase, in a pixel located close to the catheter tip
(3mm), was 9°C and 7°C (20% reduction) for 0 mL/min and 1 mL/min flows respectively.

The mean temperature increase, into an area surrounding the catheter tip, showed similar
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temperature behaviour although the difference between temperature increases was reduce

because of the spatial averaging.

Additional data have been collected with higher flow (F=30 mL/min and 60 mL/min),
showing that limited heating could be observed. However, the setup was very different as
compared tan vivo conditions since the flow is directly sent to the gel and such values of
flow induced the destruction of the gel and resulted in non exploitable MR image guality.

vivo the fluid is diluted in the blood circulation and such effect is therefore not expected.

b. Animal in vivo

* Signal to noise stability and temperature precision

The signal to noise ratio remained stable over the procedure and equal to 50. The standard

deviation of the temperature, measured in a non heated area of heart, in vivo was about 1.5°C.

* RF heating
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Figure IV.15: Temperature distribution after 1 min of 20W RF application, overlaid on
the magnitude image (a). Temperature evolution at the hottest pixel in the myocardium

(b). The white arrow (a) indicates the location of temperature measurement for the

graph.
105



The cardiac cycle duration was 650 ms. The ablation was performed at a RF power of 20W
during 60s with an irrigation flow of the catheter of 30 mL/min. The measured impedance of
the tissue before the ablation was around @5@sulting in 1252 after compensation of the

offset. The temperature at the hottest pixel near the catheter increased progressively to reach
20°C at the end of heating (Figure IV.15). After the RF was turned off the tissues cooled

because of perfusion and heat conduction.

4. Discussion

These results were in good agreement with results reported in a previous study (D. Senneville
et al. 2012). The higher SNR, 50 compared to 20 can be explained by the use of a 32 channels
cardiac. This gain of 2.5 in SNR should allow ustheoretically improve the spatial
resolution keeping the same precision as the other study to reach a pixel size of 1.9 x 1.9 x 4.4
for example. Slice tracking could improve the management of the respiratory and in plane

motion correction too (de Senneville et al. 2004 Rieke et al. 2007 Salomir et al. 2012).
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6. Catheter antenna

1. Introduction

The aim of the study was to explore the possibility of using the catheter tip as MR antenna
to increase the spatial resolution of the temperature images by increasing the SNR. Indeed, in
catheter thermal ablation, the area of desired heating is usually ranged between 0 (at the
contact) and 1 cm (septum thickness). This area is very small compared to usual field of view
in thoracic MRI. Moreover, the sensitivity of the conventional loop antenna used to image
decreases in 1/ R? with R the distance from the antenna. Despite the antenna is placed on the
chest, the distance to the centre of the heart remains about 7 cm. Concept of loopless antenna
was widely used and may allow a better detection of the signal, (Sathyanarayana & Bottomley
2009). For a loopless antenna, the sensitivity decreases in 1/R and the catheter antenna is
directly at the contact of the heart. The maximal required distance between the antenna and
the heart, in order to map the temperature is 1 cm (septum thickness). If we considered the
same noise for both antenna and the same maximal sensitivity then, the SNR for the same
sequence and the same spatial resolution would be increased by a factor of 49 when using the
catheter tip as a MR antenna. This gain of SNR can be used to increase the spatial resolution
by dividing the pixel size by 2.6 in each direction and the thickness by 7. The maximal spatial
resolution used in experiments was 2.6 x 2.6 x 8 @®e § IV.5.2). The gain in SNR could
theoretically provide a sub millimetre spatial resolution with the same precision on
temperature images. High spatial resolution has been already described in the literature by
using catheter antennas with a spatial resolution of 0.08 mm at an update rate of 2 images per
second (Sathyanarayana & Bottomley 2009). The following study presents preliminary result,

showing the feasibility to acquire images with a RF ablation catheter.
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2. Material and method

The study was realized at 4.7 T on a Bruker scanner installed at the laboratory centre de
Résonance Magnétique des Systémes Biologiques (RMSB).

The sequence was a 3D GE flash with the following parameters: TE/TR = 2.2ms/500ms, 30 X
30 mm FOV, 48 x 48 acquisition matrix, 15° flip angle, 5 mm thickness positioned
perpendicular to the wire.

Antenna was composed by a wire surrounded by a copper braid. In order to insulate the
external cable, a thermo-sheathing was added to avoid short cut. For imaging purpose, the

antenna was immersed in water.

3. Result

The Figure IV.16 shows the image obtained for this configuration. The signal of the water
was detected in an area of 1cm diameter centred in the wire with a spatial resolution of 0.625

mm.

3cm

v
< >

Figure IV.16: Catheter as a wire antenna. Modulus image obtained by a flash 3D
sequence in a water tube at the tip of the wire. The orientation was perpendicular to the

wire.
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The excitation and the detection were ensured by the wire.

4. Discussion

This experiment showed the feasibility of imaging at submillimetric spatial resolution.
However, a number of improvements need to be performed. The first improvement could be
to separate excitation and detection to avoid overheating of the catheter and thus increase the
safety of the patient. The excitation could be realised by the Q-body and the loopless antenna

used only for the detection.

7. Discussion

This chapter showed the feasibility of catheter ablation in vivo on a sheep heart under
MR thermometry and study the MR thermometry precision on the heart. Constraints of MR
thermometry were studied. Sequences were acquired under breath-hold (respiratory motion)
and prospective gating (heart contraction). Breath-hold limited sequence duration; slice
tracking would certainly extend the possibility of real time monitoring but this functionality
was not available at the moment of the experiment. The resulting temperature precision
appeared better than those reported in the literature on the heart (D. Senneville et al. 2012) but
lower than those expected by the simulation. T2* (40.2ms) value and SNR were estimated in
the heart and used to estimate the temperature precision (0.8°C). The difference between
simulation and measurement of the temperature precision could be explained by the absence
of motion correction. Moreover, the higher SNR of the images, in our experiments, could be
used to ensure a high temperature precision or to provide a better spatial resolution (1.9 x 1.9

x 4.4). Nevertheless, this improvement resulted in a moderate increase of spatial resolution
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insufficient for precise mapping of temperature during RFA. Wire catheter antenna provided
GE images with submillimetric spatial resolution (0.625m) in an area of 1 cm around the wire,
which should be useful for estimating lesion shape via a monitoring of the temperature during
catheter ablation. However, MR thermometry with external coils remains a useful tool to
visualise eventual collateral heating during the procedure. Further investigations could be
developed to improve MR thermometry with catheter and external coils for the monitoring of
thermal catheter ablation like in plane motion correction (D. Senneville et al. 2012).
Moreover, the development of dedicated instrumentation, using embedded sensor in the

catheter, may also improve 3D slice tracking for real time MR thermometry of cardiac RFA.
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V. GENERAL CONCLUSIONS

The presented studies show new methods for MR guided thermal ablation by using
non invasive (HIFU) and mini-invasive (RFA) thermotherapies. Different methods have been
developed to increase the safety and the efficiency of thermal ablations.

The first part investigated a Bubble Enhanced Heating (BEH) to increase lesion size ex
vivo andin vivo in pig liver. The threshold of BEH was determireedvivo by using MR-

ARFI and corresponded to approximately 50 pm of displacement amplitude. When exploiting
the BEH effect, the maximum temperature rise was increased by 50% and the size in the
transverse direction by almost a factor 2. The origin of this phenomenon was not investigated
in this study. Acoustic cavitation (Inaba et al. 2011Hynynen 1991) or boiling (Khokhlova et
al. 2009) may generate such effect. However, the measurement of displacement at the focal
point by MR-ARFI, in light of the study of Sapin de Brosse (Sapin-de Brosses et al. 2011)
indicate that burst pulse effect should not be attributed to irreversible thermal effect, since the
amplitude of displacement increased after BEH. To better investigate the precise physical
phenomenon (Khokhlova et al. 2009), a transducer operating in receive mode may be
included in the experimental setup. However, independently of the effect, BEH remains
dependent on a threshold acoustic intensity. In order to apply this method to other organs
which require large ablation volume, tissues specific thresholds of BEH need to be
determined. In this perspective, MR-ARF|I sequence may be optimized to reduce the
acquisition time forin vivo measurement, by using parallel imaging techniques or rapid
gradient echo based acquisitions (Vincent Auboiroux et al. s. d.) with alternated bipolar
gradients or spin echo-echo planar imaging (Kaye et al. 2011) with shifting of the readout
echo. Another interesting potential application of BEH is the exploitation of the persistence

in time of the effect., since more sophisticated sonications could be planed where a number of
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selected locations may be pre-defined and targeted with short burst sonications at sufficient
acoustic power in order to delineate the desired outer limit of the sonication field (shielding
effect, (Zderic et al. 2008)).
Nevertheless, HIFU sonications performed in organs located in the rib cage remains
challenging because of bones that constituted the subject of the second part of this manuscript.
The method presented in the manuscript to avoid excessive heating near the ribs was a
binarized apodization law that consisted in switching off transducer elements located in front
of rib. An update of this law appeared necessary for electronic deflection of 7 mm right or left
to the natural focal point. In this part, experiments were only performed in gegxawido
and in vivo experiments could not be investigated. In order to update the binarized apodization
law very quickly, it could be interesting, prior HIFU sonication, to mesh the possible area of
electronic deflection every millimetres and to calculate the binarized apodization law for each
focal point location. This technique could be further improved by development of automatic
or semi automatic algorithm for the segmentation of bones avoiding potential bias due to
manually segmentation. Moreover, the criterion for deactivating an element (set to 50%
coverage of a transducer element) may also be optimized in order to maximize the acoustic
intensity at the focus. Slice tracking and real time beam steering could be combined with such
approach, using for example the navigator. This practical solution opens possibilities to
investigate the technical feasibility of cardiac thermal ablation by using non invasive HIFU
sonications. However, management of the complex cardiac structure and motion of the heart
(respiratory motion and cardiac contraction) is mandatory, which was initiated in the last
chapter of the manuscript for real time monitoring of .
The monitoring of RFA in the heart by using MR thermometry was study in the last part of
the manuscript. In order to estimate the temperature precision, the T2* was investigated and

found equal to 40.2 ms. A better estimation could be achieved by using displaced U-FLARE
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because the range of sampling time values for the T2* exponential decrease could be
increased. The estimated temperature precision was lower than those experimentally
measured on temperature images on the heart. This difference could be explained by the lack
of in plane motion correction (B. D. de Senneville et al. 2004) (Rieke et al. 2007) (R. Salomir
et al. 2012). Feasibility of RFA performed in a sheep heart under MR thermometry was also
performed and was in good agreement previous study (D. Senneville et al. 2012). New
features will be implemented such as slice tracking to allow continuous temperature
monitoring in free breathing. Moreover, the higher SNR observed on magnitude images in our
experiments may be exploited to improve the spatial resolution of MR-temperature images.
Therefore, MR thermometry could also provide access to quantitative estimate of potential
catheter heating induced by absoprtion of the RF pulse emitted by the body MR antenna
(Haines 2011) of the scanner. Moreover, development of the catheter instrumentation will be
required (through collaborations with several companies) to exploit all the capabilities of the
different sensors embedded on the catheter tip (temperature, electrical activity, ablation,
tracking coils,...). Furthermore, the use of the catheter as an MR antenna can be used to
increase the spatial resolution by exploiting the increase in SNR as compared to conventional
body surface coils. Under these conditions, heating protocols may be optimized for the
different locations of the heart, taking into account the tissue thickness, local perfusion,
electrical viability, flow rate in the cavities, etc... Such developments may also open
perspective for the development of dedicated algorithms for automatic control of energy
delivery based on real-time feedback of energy delivery from quantitative and rapid MR
temperature images.

Each new technological and methodological development will have to integrate patient safety

and will be guided toward translation into the clinics through the IHU-LIRYC institute.
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