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Introduction générale

Introduction génerale

La méhode Monte Carlo et un dgorithme de cacul permettant de moddiser au plus pres la
physique liée aux processus de dépdts d énergie, les dgorithmes Monte Carlo sont donc prévus
pour étre plus précis que d' autres types d' dgorithmes de cacul.

Cependant, des cdculs précis utilisant Monte Carlo conduisent a des temps de calcul trés importants
en compaason avec les logicids anaytiques utilists en routine clinique pour la planification des
traitements du cancer. Pour résoudre ce probléme, différents codes Monte Carlo ont dga été
développés pour un usage dédié a la radiothérapie. Les gpproximations ou les compromis mis en jeu
dans ces codes, comme une modification du transport des déectrons, une limitation du suivi des
événements les moins probables, une méhode de transport des particules basée sur le passage de
voxes, etc, permettent effectivement une réduction des temps de calcul.

Dans I'équipe PCSV (Plate-forme de Cdcul pour les Sciences du Vivant), membre du Laboratoire
de Physque Corpusculaire de Clermont-Ferrand, la plate-forme de smulation Monte Carlo GATE
(GEANT4 Application for Tomographic Emisson) et utiliste dans les domaines d gpplications liés
al'imagerie SPECT, TEP, alaradiothérapie et ala curiethérapie.

De maniere a éendre les qudités intrinseques de GATE aux applications en dosmétrie, e gores la
release publique de GATE en ma 2004, la collaboration OpenGATE a mis en place deux groupes
de travall pour éudier plus spécifiquement les aptitudes de la plate-forme de smulation pour la
dosmétrie, un deuxiéme groupe et consacré a la réduction des temps de cdcul des smulaions en
les divisant entre autre sur de multiples processeurs.

Ces nouveaux champs de traval permettront a la plate-forme de rivaiser avec les codes de cacul
Monte Carlo exigant pour une utilistion en dosmétrie personndisée exploitant des images
voxéisées pour moddliser I’ anatomie du petient.

L’objectif de cette these éat de vaider la plate-forme GATE pour des cdculs en dosmétrie
utilisant des éectrons et de déployer cette plate-forme sur un environnement de grille de cdceul &in
de réduire son temps d'exécution. Un prototype permettant la divison, la répartition et le lancement
des dmulations GATE sur une architecture de grille est proposé pour permettre aux preticiens et
physiciens médicaux de délivrer des digtributions de dose de maniere rgpide e précise en utilisant
un dgorithme Monte Calo. La curiethérgpie oculaire utilisant des applicateurs ophtamiques
émetteurs bétas et I'gpplication qui a bénéficié de nos recherches concernant les dectrons et les
cdculsaur grille




Introduction générale

Les tratements utilisant des fasceaux d'éectrons and que la curiethérgpie utilisant ces mémes
rayonnements représentent 10 a 15 % des traitements quotidiens en routine clinique. Au Centre Jean
Parin de Clermont-Ferrand, les traitements de curiethérapie oculaire utilisant des applicateurs
ophtalmiques de 106RW106Rh émetteurs béa sont préconisés dans le traitement des méanomes de
I'uvée and que des kystes oculaires bénins. Environ deux patients bénéficient de ce traitement tous
les mois. Les logicids de planificaion de tratement (TPS) utilisss dans les dépatements
d oncologie des centres hospitdiers fournissent le moyen d'daborer des planifications de traitement
permettant une prescription de la dose au volume cible tout en préservant autant que possible les
tissus sains dentours. Pour cela, le TPS doit étre capable de calculer des distributions de dose avec
une précison suffisante. A titre indicatif, il et recommandé de ddivrer une dose avec une précison
ne dépassant pas 2 a 3% ; pour des traitements plus specifiques prés de régions hétérogenes (cavités
air/os), des différences sgnificatives ont été démontrées entre les calculs Monte Carlo et les TPS.

Méme g, depuis quelques années, un intérét grandissant est né pour les dgorithmes de cacul de
dose par Monte Carlo, ces codes doivent étre néanmoins évalués de maniere a devenir la meilleure
dterndtive aux cdculs anaytiques pour des gpplications spécifiques en routine clinique, notamment
avec |’ utilisation d' images scanner pour moddliser le corps du patient.

Le fat et que la smulation du transport des éectrons et des positrons et bien plus difficile que
celle des photons, c'est pourquoi, les traitements utilisant des éectrons devraient bénéficier d'une
amélioration de la précison du cdcul de dose. La principade rason éant que la perte dénergie
moyenne d'un éectron par interaction et tres fable (quelques dizaines d éectron volts). Ceci a
pour conséquence que des dectrons dénergie reativement devée (quelques MeV) vont subir un
tres grand nombre d' interactions avant d’ ére effectivement aosorbés dans le milieu.

Un des objectifs de cette these é&ait de vaider I'utilisstion de la plate-forme GATE pour une
dosmétrie impliquant des dectrons. Pour cda, les différentes librairies de GEANT4 avaient besoin
d étre testées et comparées avec d autres codes Monte Carlo aind que des mesures expérimentales.
Pour la simulation du transport des éectrons et des postrons, GEANT4 et la plupat des codes
Monte Carlo actudlement disponibles ont recours aux théories de diffuson multiple qui permettent
de smuler I'effet globd d'un grand nombre dévénements sur un segment de trace pour une
digance donnée (dep). Du fat que les théories de diffuson multiple implémentées dans les codes
Monte Carlo dits condensés, comme GEANT4, sont uniquement approximées et peuvent aboutir a
des erreurs systématiques rendues évidentes par une dépendance des réaultats de smulation envers
la longueur de Step adoptée dans le suivi des particules, nous avons éudié I'impact de
I'implémentation de la diffuson multiple dans GEANT4 sur les smulaions de points kernels pour
des éectrons mono-énergétiques e poly-énergétiques (distribution spetide de I'énergie déposée
dans des volumes cibles centrés sur une source radioactive ponctuele par unité de masse du volume
cible et par décroissance du point source). Les points kernels représentent la bese du calcul de dose
pour des digtributions de source éendue en milieu homogene ou pour des doses moyennées dans
des volumesfinis.

Les adgorithmes de passage de frontiere jouent égdement un role important dans la dose déposée
par les éectrons, en particulier lorsque les dectrons déposent leur énergie dans des voxes de taille
inférieure & 1 mm de cbté lors d'une utilisation d'images scanner décrivant |'anatomie du patient
danslessmulations.
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Nous utilisons enauite la plate-forme GATE pour smuler les traitements de curiethérapie oculaire
utilisant des applicateurs de 106RW106Rh qui demandent une connaissance précise de la dose
déposte par les dectrons sur de fables distances. Ceci rend ces smulations dautant plus
intéressantes a comparer avec d'autres codes Monte Carlo, des caculs théoriques, des logiciels de
planification de traitement et des mesures expérimentales.

De maniére a appliquer notre é&ude dosmérique en milieu héérogéne, nous avons éudié I'impact
des inhomogénétés des tissus sur la distribution de dose cdculée avec GATE. Ce travail a éé fondé
aur la converson des nombres Hounsfiddd en densté et poids éémentaires des tissus humains,
données qui sont ensuite nécessaires aux caculs Monte Carlo. Pour vaider notre transcription, nous
avons développé un outil permettant la visudisation, la rotation et la coloration des images scanner
obtenues en échele de gris en fonction des paramétres tissulares. Nous avons ensuite testé
I'influence de la compostion des tissus sur la dose déposée par des faisceaux de photons et
d éectrons en utilisant GATE.

Méme S le colt des ressources de cdcul et en condante baisse, facilitant ang le cdcul intengf,
les smulations GATE ne peuvent ére envisagées dans une utilisstion en routine dinique comme
logicel de planification de tratement du fat de leur temps de cdcul prohibitifs sur smple
processeur. Ajouté au fait que les chercheurs de la collaboration GATE ont exprimé un besoin
d accéder a de grandes ressources de calculs pour leurs Smulations, une solution a é&é trouvée.

Depuis 2000, les technologies de grille sont financées par I'union européenne pour fare face aux
besoins de la communauté scientifique en terme de cdcul, patage de données et stockage massif.
Le projet européen IST DataGrid (2001-2004) puis le projet EGEE (Enabling Grids for ESciencE)
(2004-2006), identifient les dmulations Monte Carlo utilisst GATE comme un domane
d gpplication pouvant bénéficier des technologies de grille pour un usage de cdles-ci en routine
cinique.

Depuis le début du projet DataGrid, I'équipe PCSV et |le Laboratoire de Physique Corpusculaire de
Clermont-Ferrand ont &é impliqués dans le cdcul «gridifié » en déployant au sein des applications
biomédicdes, les smulations GATE pour des tratements utilisant des rayonnements. Durant le
projet DataGrid, la priorité du travail sest focdisée sur la méthode de pardldisation a adopter pour
diviser les smulations GATE sur des processeurs distribués. Cette méhode et basée sur une
méhode de divison de séquences de nombres pseudo-aéatoires permettant a I’ utilisateur d’ alouer
une séquence de nombres pseudo-adéatoires indépendante a chague smulation Monte Carlo divisée
et soumise aur grille.

Le déploiement de GATE durant le projet DataGrid ayant é&é prometteur dans la réduction des
temps de smulation, GATE est devenu une des applications pilotes au sein du projet EGEE,
bénéficiant aind de ressources de cacul encore plus importantes aind que d'un environnement de
production. De maniére a permettre une utilisation trangparente et interactive de GATE sur grille en
routine clinique, une autre éude a &é conduite au cours de cette these visant a développer toutes les
fonctionndités pour utiliser GATE sur un environnement de grille a partir dun portal web
SECUN S2,
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Le Chapitre | et dédié a une description complete des traitements de curiethérapie oculaire,
notamment ceux utilisant les applicateurs ophtalmiques de 106RW106Rh. Aprés une description des
diagnogtics de tumeurs oculaires e des caractéristiques des applicateurs ophtamiques (géométrie,
radio-émetteur), nous déalllons la prescription de la dose et I'efficacité des traitements en
comparant les traitements de curiethérapie avec d autres moddités de traitements utilisant d autres
radioédéments ou bien encore la protonthérapie. Les difficultés et les spécificités rencontrées dans le
contrdle qudité et la mesure de la dose des plaques ophtamiques sont développées ; une description
complée du systéme de planification de traitement utilis® actudlement en routine dinique pour le
cacul de dose en curiethérapie oculaire est ensuite effectuée.

Les technologies de grille sont détaillées dans le Chapitre I, les deux projets de grille pour lesquels
GATE a éé déployé sont particulierement decrits: les projets DataGrid et EGEE. L’intergicid de
grille ans que I'infragtructure de grille du proje¢ EGEE sont discutés précisément en déaillant la
fonction de chague machine de grille le suivi dun job sur la grille ans que I'dlocation des
ressources pour les applications biomédicaes. Les solutions pour une mellleure efficacité du cacul
sur grille sont discutées en sintéressant en particulier au systeme de gestion des jobs sur les noeuds
de gille & la politique de soumisson des jobs qui pourrait ére amdiorée. Findement, nous
indsgtons sur les besoins spécifiques rencontrés par les agpplications liées a la santé dans un
environnement de grille. Nous mettons en évidence les services exigant fournis par la grille dans un
but d'utilisation de cele-ci a des fins médicades aing que les problématiques restant a résoudre en
ce qui concerne le stockage et I’ acces securisé aux données médicales.

Apres une anadyse des caractériiques clés de GATE lui permettant de devenir une plate-forme
dédiée aux gpplications en dosmétrie, la vdidation des processus physiques de GEANT4 pour une
éude de point kerne utilisant les dectrons est déaillée dans le Chapitre I1l. Aprés une description
des processus physiques mis en jeu dans les interactions éectroniques, nous expliquons les
implémentations successves de la diffuson multiple dans GEANT4 pour les versons 5.2.p02,
6.2.p02 et 7.0.p01. Les réaultats obtenus avec les versons de GEANT4 (effet des implémentations
différentes de la diffuson multiple) pour la moddisaion des points kernels d éectrons mono-
énérgétiques ains que du 106Rh sont comparés avec d'autres codes Monte Carlo. Une éude
spécifique concernant la digtribution angulaire des électrons aprés le passage d'une fine couche
d eau est ensuite conduite.

Le Chapitre IV s dedtine a la vdidaion des smulations GATE pour les tratements de
curiethérapie oculaire utilisant le 106RW106Rh. Des comparaisons de GATE avec dautres codes
Monte Carlo, des caculs théoriques e des mesures sont présentées pour le calcul de la dose
déposte sur I'axe centrd d'un odl d'eau virtud and que pour le cdcul des isodoses dans le plan
médian de I'odl. Est égdement présentée une éude concernant la transcription des nombres
Houndfidd d'une image scanner en paramétres tissulaires nécessaires a |'exécution des smulations
GATE en milieu hé&érogéne. Cette éude et prdiminaire a I'utilisation des informations fournies
par lesimages scanner pour des caculs dosmétriques avec GATE.

Dans le Chapitre V, nous expliquons le travail effectué dans les projets de grille pour le
déploiement des smulations Monte Carlo GATE. La moddité de pardldisation des smulations en
divisant le générateur de nombres déatoires est déallé. Des tests de condstance du générateur
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déatoire ont é&é conduits pour produire mille fichiers décrivant des séguences indépendantes de
nombres aéatoires. Ensuite, des tests de temps de cacul obtenus dans un premier temps sur
I'infragtructure DataGrid puis sur cdle dEGEE illusrent le gan en temps obtenu pour nos
smulations. Une description des fonctionndités développées pour une soumission pardlde,
trangparente et sécurisée des smulations GATE a partir d' un portail web est enfin présentée.
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General I ntroduction

Monte Carlo method is the cdculation dgorithm that most closely models the actud physics of the
energy deposition process, so Monte Carlo agorithms are expected to be capable of more accuracy
than other kind of caculation dgorithms. However, accurate caculations usng Monte Carlo
involve a very high computing time compared to andytic caculations used in routine cancer
treetment planning. To address this problem, severa codes have been dready developed more
goecificdly for use in radiothergpy. Approximations or compromises including modified eectron
transport, limited tracking for low probability events, voxe based transport method, etc, adlow the
reduction of caculation times.

In the PCSV team (Plate-forme de Cdcul pour les Sciences du Vivant) part of the Laboratoire de
Physique Corpusculaire of Clermont-Ferrand, the GATE (GEANT4 Applicaion for Tomographic
Emisson) Monte Calo smulation plaform is widdy used in the fidds of SPECT, PET,
radiotherapy and brachytherapy. As a consequence of the attractive feastures of GATE for dosmetry
gpplications, the OpenGATE collaboration, after the release of the open source package GATE in
May 2004, set up two working groups to study specificdly the features of the platform n dosmetry
and in the reduction of the computation time by among other things split smulations on multiple
processors. These new features will enable the GATE platform to compete with exiging Monte
Carlo codes for a usage in personndized dosmetry treatments usng voxedized images to modd the
patient’ s anatomy.

Our objective in this thess was to vaidaie the GATE plaiform for dosimetry caculaions usng
electrons and deploy it on a grid environment to reduce the computation time. A prototype enabling
the divison, splitting and launching of GATE smulations on a grid architecture is proposed to face
the needs of praticians and medicd physicigs into deivering accurate and fast dose didtributions.
Ocular brachythergpy using beta emitter ophthalmic applicators is the trestment that benefits of our
work concerning eectron trangport and grid calculations.

Electron beam treatments and brachytherapy using eectrons represent about 10%-15% of the dally
workload in dinicd practice. In Centre Jean Perrin of Clermont-Ferrand, ocular brachytherapy
trestments using °°Ru°°Rh beta emitter ophthamic applicators are practised for eradication of
uvead meanoma and benign ocular kystes. About two patients are trested per month with such
technique. The treatment planning system (TPS) used in radiation oncology departments a hospita
provides the means to design treatment plans for delivery of the prescribed dose to the target
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volume while sparing the surrounding normd tissue as much as possble. This implies thet the TPS
must be able to cdculate dose digributions with sufficient accuracy. As an indication, an accuracy
in the dose didribution of 2-3% is consdered as presently acceptable; for some specific trestments
paticularly in regions near ar cavities and/or bones, sgnificant differences have been demondrated
between pencil beam dose distributions and Monte Carlo caculations.

Even if, gnce recent years, there has been widespread interest in the implementation of Monte
Calo dose cdculaion dgorithms, those codes must be evauated in order to become the best
dternative to andytic cdculations in dinica routine for some specific gpplications in particularly
when using CT images to model the patient’s body.

The fact is that the Smulation of dectron and postron trangport is much more difficult than that of
photons and therefore, treatments using electron radiations might benefit from improved dose
cdculation accuracy. The man reason is that the average energy loss of an dectron in a dngle
interaction is very smdl (few tens of €V). As a consequence, high-energy dectrons suffer a large
number of interactions before being effectively absorbed in the medium.

One of the god of this PhD thess was to vdidate the usage of the GATE plaform for dosmetry
implying eectrons. For that, the different GEANT4 physics packages needed to be tested and
compared to other Monte Carlo codes and measurements. For high energy eectrons and positrons,
GEANT4 and most of the Monte Carlo codes currently available have recourse to multiple
scattering theories which dlow the amulation of the globd effect of a large number of events in a
track segment of a given length (fep). Because multiple scattering theories implemented in
condensed Monte Carlo, such like GEANT4, are only agpproximate and may lead to systematic
errors, which can be made evident by the dependence of the smulation results on the adopted step
length, we gudied the impact of the GEANT4 multiple scattering implementation on monoenergetic
and polyenergetic eectron dose point kernels (spatid digtribution of the energy deposted in target
volumes centered about a point radionuclide source per mass of the target volume per decay of the
point source) smulations. Point kernds are the bass for cacuating doses from extended source
digtributions in homogeneous media or for averaging doses over finite volumes.

Boundary crossng dgorithms play dso an important role in dose deposted by eectrons
paticulaly when usng CT images to dexcribe patient’s body in the smulaions where dectrons
deposit thar energy in voxelslessthan 1 mmin sze.

We use then the GATE plaform to smulae °°Ru°®Rh ocular brachytherapy trestments that
require an accurate knowledge of the dose deposited by eectrons over very short distances, which
made those smulations particularly interesting to compare with other Monte Carlo codes,
theoretical caculations, treetment planning and measurements.

In order to apply our dosmetry study in heterogeneous media, we studied the impact of tissue
inhomogenaties on clinicd dose digributions cdculated with GATE. This work was fird based on
the converson of CT numbers into mass dendty and dementd weights of tissues that are required
as input in our Monte Carlo cdculaions. To vdidate our transcription, we developed a tool to
endble the visudization, rotation and colouring of gray scded CT images in function of the tissue
parameters and tested the influence of tissue compound on dose deposited by photon and eectron
beamsusng GATE.




General Introduction

Even though the cost of computing resources is continudly decreesng thereby fadlitating
consequent  caculations, GATE smulations couldn't currently be used for clinicd trestments
planning for which the computing time remans too high on a sngle machine. In addition, a need
from researchers pat of the GATE collaboration willing to have access to large computing
resources to run long smulations emerged.

Since 2000, grid technologies are financed by the European Union to face the scientific community
needs in terms of computing, data sharing and large storage. The European IST DataGrid (2001-
2004) project and next the EGEE (Enabling Grids for E-sciencE) project (2004-2006), identify
Monte Carlo smulations usng GATE as an application doman that can benefit from grid
technologies for the usage of the codein clinical practice.

Since the beginning of the DaaGrid project, the PCSV team and the Laboratoire de Physique
Corpusculaire of Clermont-Ferrand got involved by deploying dl dong the work done during this
thess, among other biomedicd applications, GATE dmulations for radiation thergpy. During the
DataGrid project, the priority of this work was focused on the pardldization method necessary to
glit GATE dmulations on didributed processors. This method is based on a pseudorandom
sequence splitting method that dlow the user to dlocate independent random numbers sequence in
each of the Monte Carlo sub-smulations divided and launched on the grid.

As the deployment of GATE during the DataGrid project was promisng in the reduction of the
computation time, GATE became then a pilot gpplication in the EGEE project by benefiting of
larger computing resources and a production testbed. In order to enable a transparent and interactive
use of GATE applications on the grid for an envisaged usage in dlinicad routing, an other work
driven in this thess was to develop dl the functiondities to run GATE smulations from a secure
web portal.

The Chapter | is dedicated to a complete description of ocular brachythergpy clinicd treatments
usng 1°°Ru*°®Rh ophthamic applicators. After a description of ocular tumour diagnosis and of the
characterigtics of the ophthdmic applicators (geometry, radionuclide)) we detal the dose
prescription and the treatment efficacy by comparing this brachytherapy trestments with other
trestment moddities usng other radionuclides or protontherspy. The difficulties and specificities
encountered in the quality control and dose measurements of ocular plagues are developed to finish
with a complete description of the trestment planning sysem dose cdculation that is currently
performed in clinica routine to deliver dose to tumours.

Grid technologies are detailed in Chapter 11, with a specia focus on the two grid projects for which
the deployment of GATE smulaions was involved in: the DaaGrid and the EGEE projects. The
grid middleware and infrastructure concerning the last project is particularly discussed by detaling
eech grid machine functionndity, a typicd job flow and resources dlocated to biomedica
gpplications. Solutions concerning a better grid computing efficacy is argued by interesting to the
cluser batich queuing management and to the jobs submisson policy that could improve gan in
computing time. Findly we focus on the specific needs encounter by hedth related applicaions in a
grid environment. We highlight the existing services of the grid for medicd issues and the
problematics that remain to be solved concerning the storage and secure access to medical data.
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After an anadyds of the key features for GATE to become a plaform intended to dosmetry
gpplications, GEANT4 physics vdidation for electron dose point kernels is detailed in Chapter 111.
After a description of the physic processes involved in eectron interactions, we focus particularly
our explanations on multiple scattering implementetion in GEANT4 following the lagt versons
52p02, 6.2p02 and 7.0.p01l. Comparisons of monoenergetic and 106Rh dose point kernels
cdculated usng different GEANT verdons (eg different implementations of the Multiple scattering
theory) are done with other Monte Carlo codes. A specific sudy of the angular distribution of
electrons after the crossing of athin water fail is presented.

The Chapter IV is intended to the vaidaion of GATE smulaions for °°RuRh ocular
brachythergpy treatments. Comparisons of GATE with other Monte Carlo codes, theoreticd
caculations and measurements are shown for the dose deposted dong the centrd axis of a wrtud
water eye and on the median plan by cdculating isodose contours. A sudy concerning the
trandaion of CT numbers in tissue parameters for GATE cdculations in heterogeneous media is
presented. This study is a preiminay work to enable the use of CT image informetion in GATE
caculations for dosmetry gpplications.

In Chapter V, we explain the work done in Grid projects to deploy GATE Monte Carlo smulations.
The moddity of pardldization of smulations by splitting the random number generator is detailed.
Consgency tests have been peformed to produce the thousand files describing independent
sequences of random numbers. Then, tests of computation time obtained first on the DataGrid and
on the EGEE infragtructures, illusrate the gain in time obtained. A description of the functiondities
developed for the trangparent and secure submission of pardled GATE dmulaions from a web
porta is presented.
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Chapter |I.

Ocular brachytherapy using **°Ru/**Rh
ophthalmic applicators

INTRODUCTION

Beta-ray emitting 1°°Ru/*°°Rh ophthalmic applicators have been used for close to 4 decades in the
trestment of uved meanoma, and aso for benign tumours, it is now a well-practiced treatment in
Centre Jean Perrin of Clermont-Ferrand. The specific shape of the applicators, the sze of the tissue
to irradiate and the use of beta particles make the cdculation of dose distribution complicated. The
very high dose gradient produced by such trestments on the distances rdative to the size of an eye
require accurate and fast tools for the dose cdculaions. Monte Carlo smulations are the best
dternative to answer the specific needs for an accurate determination of the dose digtributiions. In
the cae of an utilization of such cdculations in dinica routing, the reduction of the computation
time is therefore the other priority to treat. This chapter is intended to understand better the
incidence of uved tumours and their treatment using brachythergpy technique with dectrons. An
accurate description of the features of the current andytic treatment planning system used for the
dosimetry is discussed.

The firgt part of this chapter describes the occurrence of ocular tumours and their trestments. After a
description of eye tissues, an accurate description of the °°Ru'®°Rh ocular brachytherapy is
explained; firs by describing the radioactive source and then the ophthamic gpplicator designs. The
dose prescription and comparison of treatments such like other brachythergpy treatments using
photons or protontherapy are discussed next. A second part describes the measurements and quality
control usudly performed on °°Ru!%Rh plagues to cdlibrate the source, to determine the relaive
dose digribution aong the centrd axis of the source and to determine the relative dose distribution
as a function of pogtion off of the central axis. Thanks to those measurements the dose is specified
a any point. A fina part is dedicated to the Plague Smulator trestment planning system used in
clinicd routine in Centre Jean Perin to cadculate the dose didribution of dinica brachytherapy
trestments, the duration of the trestment and the incidence of radiation field on soft tisues A
detailed description of the dose kerndls calculaionsis done.

11
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|.1. OCULAR BRACHYTHERAPY: A CLINICAL APPROACH
|.1.1. Ocular melanoma and benign tumour

[.1.1.A. Eyeanatomy and tumour incidence

.1.1.A.1l. Eyetissues

In the following, we make a brief description of the principle tissues which compose eye. This
description isn't exhaugtive and is there to enable the reader to understand better ophthamologic
terms employed in the occurrence of eye tumours.

Figurel- 1: Simplified schema of the eye anatomy

The sclera

The stlera is commonly known as "the white of the eye” It is the tough, opague tissue that serves
as the eye's protective outer coat. Six tiny muscles connect to it around the eye and control the eye's
movements. The optic nerve is attached to the sclera at the very back of the eye.

The choroid

The choroid lies between the retina and sclera. It is composed of layers of blood vessdls that nourish
the back of the eye. The choroid connects with the ciliary body toward the front of the eye and is
attached to edges of the optic nerve at the back of the eye.

Theciliary body

The diliary body lies just behind the iris. Attached to the ciliary body are tiny fiber "guy wires'
cdled zonules The crygdline lens is sugpended ingde the eye by the zonular fibers. Nourishment
for the ciliary body comes from blood vessds which dso supply the iris. One function of the ciliary
body is the production of agueous humor, the clear fluid that fills the front of the eye. It dso
controls accommodetion by changing the shepe of the crystaline lens.

Theretina

The retina is a multi-layered sensory tissue that lines the back of the eye. It contains millions of
photoreceptors that capture light rays and convert them into dectricd impulses. These impulses
travel dong the optic nerve to the brain where they are turned into images.

There are two types of photoreceptors in the retina  rods and cones. The retina contains
gpproximately 6 million cones. The cones are contained in the macula, the portion of the retina

12
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respongble for centrd vidon. They ae most densdy packed within the fovea, the very center
portion of the macula. Cones function best in bright light and alow us to appreciate color.

There are gpproximately 125 million rods. They are spread throughout the peripherd retina and
function best in dim lighting. The rods are responsible for periphera and night vison.

Thelens

The cryddline lens is located just behind the iris. Its purpose is to focus light onto the retina The
nucleus, the innermogt part of the lens, is surrounded by softer materia called the cortex. The lens
is encased in a capsular-like bag and suspended within the eye by tiny "guy wires' cadled zonules.

The cornea

The cornea is the transparent, dome-shaped window covering the front of the eye. It is a powerful
refracting surface, providing 2/3 of the eyes focusng power. Like the crystd on a watch, it gives
us a clear window to look through. Because there are no blood vessdls in the corneg, it is normdly
clear and has a shiny surface. The cornea is extremdy sendtive - there are more nerve endings in
the cornea than anywhere else in the body. The adult cornea is only about 1/2 millimeter thick and
is comprised of 5 layers.  epithdium, Bowman's membrane, stroma, Descemet's membrane and the
endothdium.

Theiris

The colored pat of the eye is cdled the iris It contrals light levels indde the eye amilar to the
gperture on a camera. The round opening in the center of the iris is cdled the pupil. The iris is
embedded with tiny musclesthat dilate (widen) and congtrict (narrow) the pupil size.

The iris is flat and divides the front of the eye (anterior chamber) from the back of the eye (posterior
chamber). Its color comes from microscopic pigment cels caled meanin.  The color, texture, and
patterns of each person'siris are as unique as afingerprint.

|.1.1.A.2. Different type of tumours treated with '°°Ru plaques

Uved meanoma are the most frequent and dangerous among ocular tumours.

The gravity of this type of cancer can lead to the loss of visud acuity until the tota loss of eyesght
and in a find dep to the gppaition of metastases. This type of maignant melanoma can be
observed in specific eye tissues: the iris, the ciliary body and the choroid with respectively the
corresponding frequency 1%, 18% and 81%.

Benign tumours can dso be trested usng ocular brachythergpy, paticularly the choroidd angiom
and the anterior chamber kyste.

In 1999, a study shown that the incidence of uveal melanomas in Western Europe was 0.7 per year
per 100 000 persons [1 ]. Approximaively one patient per month is trested using °°Ru°°Rh ocular
brachytherapy in Centre Jean Perrin of Clermont-Ferrand.

[.1.1.B. Tumour diagnosis
Three medicd imaging moddities are used for the diagnogs, the location of the tumour in the eye

and the determination of its Sze by the ophthamologigt.

13



Chapter |. Ocular brachytherapy using *°*°Ru/*°°Rh ophthalmic applicators

[.1.1.B.1. Photography
There are two types of specid photographs ophthamologists use to assigt in diagnoss. fluorescein
angiography and fundus photographs.

* In fluorescein angiography, a specid dye is injected into a vein in the am. As the dye passes
through the blood vessdas in the back of the eye, this dlows for a view of the circulation of
the retina and the layers beneath the reting, highlighting any abnormalities.

» The fundus of the eye includes the retina, macula, fovea, optic disc and retind vessds. In
fundus photography, the inner lining of the eye is photographed with specidly designed
cameras through the dilated pupil. This is a noninvasve and panless procedure that
produces a sharp view of the retina, the optic nerve and the retind vessels.

Figurel- 2: Fundusof patient’seye Figurel- 3: Fundusimage of a choroidal melanoma

[.1.1.B.2. Ultrasound (echography)
Ultrasound is one the most useful technique to determine the sze of the tumour. Both A-scan and
B-scan ultrasound show choroidd meanomas to have low to moderate interna reflectivity,
sometimes called acoudtic hollowing because pat of the tumor typicaly appears dark on B scan.
The A stan is accurate in heping to estimate the height of the tumor, which ades in digtinguishing
thin melanomeas from nevi and in assessing growth over time.

Ultrasound is particularly useful in the diagnoss of meanoma in eyes in which the poderior pole
cannot be visudized directly. Meanomasin such eyes are often unsuspected.

Figurel- 4: Ocular echography of a patient Figurel- 5: Echography image of an ocular melanoma
[.1.1.B.3. Magnetic Resonnance Imaging (MRI)
MRI has been proposed as a helpful diagnostic technique because mdanin is paramagnetic and has
specific characterigics (enhanced proton relaxation with shortened T1 and T2 relaxation times) on
imaging. However, melanomas vary in degree of pigmentation as well as other intringc features o
that the so-called "characteridtic” pattern is seen in only gpproximately 20% of cases.
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Figurel- 6: Frontal view of a patient eye obtain with Figurel-7: Sagittal view of a patient eye obtained with
MRI (choroidal melanoma) MRI (choroidal melanoma)

CT scans can dso be performed to image the tumour in the eye.

[.1.1.B.4. Other diagnosis modalities: Biopsy and metastases detection

Biopsy is a technique that may be useful in the differential diagnoss in sdected cases. A needle is
inserted directly into the tumor from the vitreous sde, and the tumour is sampled for cytologic
andysgs In this way, benign gmulating lesons can be diagnosed, thus avoiding a mistaken
enucleation or radiation trestment.

A generd physcd examination and additional tests are done to diagnose metadtatic disease. The
most frequent Ste of metagtasis is the liver, so the workup should include liver enzyme leves, and,
if indicated, liver ultrasound or scan. Early liver metastases can be difficult to diagnose, which is
unfortunate since prompt pdliative treetment may enhance surviva somewhdt.

During the operdion, trandlluminating the globe helps to show tumour Sze. This technique can be
useful for ddineating anteriorly located melanomas and is an excdlent method to assess the basd
gze of the tumor.

1.1.2. *Ru/**®Rh definition

Ruthenium (Z=44) is a member of the platinium group. This hard, white, noble metd has a mass
density of 1241 g.cm 3, a melting point of 2334 °C and a boiling point of 4150 °C. Wheress the
metd is very inet, the tetroxide is highly toxic. Carrier-free 'Ru’®Rh can be obtained
commeddly, usudly as a dry or dissolved sdt (eg chloride or nitrate). Freshly prepared
18Ru1%Rh may contain a significant amount of 108Ru, which may be diminated by decay as its
half-life (39.35 d) is about ten times less than that of °°Ru.

The radioactive nudeus °°Ru disintegrates to the stable nudlide °°Pd via '°°Rh. The hdf life of
198Ru is 37359 days and for the state of 1°°Rh, which mainly contributes to the b- particle emission,
the haf-life is 29.80 seconds. The dectron spectrum of the °°Ru has a maximum energy of 39.4
keV, wheress in the later disintegration of °°Rh the mean energies of the continuous b- particle
spectra for the three trangtions with the highest yield are 1.508 MeV (78.6%), 0.976 MeV (10.0%)
and 1.267 MeV (8.1%), with a maximum energy of 3.541 MeV.

Figure |- 8 represents the decay scheme of the 1°°Ru*°°Rh nudide.

Table I 1 and Table F 2 describe the energy and the probability of the beta and photon emissons

respectively.
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Figure - 8: Decay scheme of 1%Ru/'°*Rh nuclide
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Tablel- 1: Beta emisions of °°Ru/*°®Rh nudlide

En.  EMeV) y{1Bas}| E'y
[ 0 044 0
0028 DOSEE 08563 OUMSHIRE
005 0177 0603 | 0.1EMGEE
0TS DISS5 0826 | 0.9303
a1 2,354 0857 0.338778
0125 04425 1084 | OATHET
a5 a531 1.205 0. B3RE55
078 B518E | 1337 (EZHTES
0z OT0R 1421 | 1006088
0225 07985 1504 | 1.187936
a25 OB 1ETX | 13132
0275 05735 1827 |1583BEAS
03 1062 1867 | 1770354
D25 116056 1693 15477965
035 1233 1.703 2410017
03Ts 13275 17 23587
o4 1415 1682 T2
0425 15045 1652 | 2485434
045 1503 161 | 258473
0.4TS 16815 1556 | ZE1641d
0s 177 1481 | ZEIWT
0525 18585 141§ | 2.635353
055 1947 1338 2 BOS0BE
B.ETE ZAARE 1382 | 2 R4BASE
Q& 2124 1981 | 2465984
[ 2126 06T 23S0TITE
065 2301 0872 | 22572
0675 T35 0877 20955016
or 2478 0785 | 154523
0725 5585 O&D | 1.TTORAS
075 2655 0596 | 158738
BTTE T 7435 0503  4.37T99808
ng 2832 d.414 | 1172448
025 29205 0.320 (0.060B44S
0z 3008 0282 | 0.TBE2GE
0ATS F0ETE 0183 (05668425
05 3188 0423 | 0391978
08g5 2IT4E 0072 | 02357564
Qa5 3353 008 | 0.109TS
0975 34515 0009 (00310635
1 p Y] 1] 2]

Tablel- 3: Beta energy spectrum

of lOGRh

Tablel- 2: Photon emissions of 1°®Rh nuclide

In our smulations, we have conddered the b trangtions of the
198Rh nuclear decay, therefore the smulated dectrons are randomly
sdlected from the 1°°Rh b-spectrum. For that, the ICRU values [2 ]
of the 1°®Rh nucleus have been taken as reference. The spectrum
was fitted with afifth order polynomia serie expanson
P(E)=a” E>+b” E*+c” E*+d” E*’+¢€ E+ f
where the coefficients of the fit were:
a=-0.026776,b = 0.200614,c = - 0.930780, d =0.38568, ¢ =1.49044, f =0.427923
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Figurel- 9: Beta spectrum of 1°°Rh
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|.1.3. The ophthalmic applicators
The detals of the ophthamic applicators are given in Figure F 10, and they are shown shematicdly

inFgurel- 12.

The ophthdmic applicators are manufactured by BEBIG GmbH. The activity of the plagues is
electrodeposited on a 0.2 mm thick Ag substrate mounted on to a 0.7 mm Ag backing and covered
with a 0.1 mm thick Ag window. The active diameter and the radius of curvature for dl the 16
plague modds are mentioned in Table |- 4.

Treatments performed a Centre Jean Perrin of Clermont-Ferrand use in priority CCA and CCB

applicators.
Type ME:itTﬂlﬂqh Diameter (mm) Helght (mm)  Radias [mem) N”Emyiir o MQIZ::;”""
CCI 2.3 1.5 2.3 12 2 lag
CCY 8.3 115 23 12 3 1
cCXx 9.3 115 23 12 2 20°
CCA 13.0 155 33 12 2 =0
cco 16.0 178 43 12 2 =k
CCB 18.5 20,0 5.5 12 2 20"
CGD 2.0 226 L] 13 3 00| 458"
Ccc 26.0 2510 B3 13 2 =0
CoB 185 20,0 55 12 2 20
coD 18.8 248 TO 14 2 =i
COE 185 20,0 E5 12 2 =g
Coc 26.0 248 TO 14 2 =i
cla 11.0 165 33 12 2 ik
CiB 15.0 2000 b5 12 2 1807
ClE.-2 15,0 20.0 55 12 4 12070 60°

Tablel- 4: Decription of the BEBIG ophthalmic applicators

e
-
e -

éRy radioactiva part: 0.2 mm

Ag bottom: 0.7 mm

Ag radiation window: 0.1 mm

K

Figurel- 10: Scheme of an ophthalmic applicator

-

Figurel- 11: Photos of some *°°Ru/*°®Rh ophthalmic applicators
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106

Figurel-12: 16 typesof Ru-—" ophthalmic plaques. Theradioactive areaismarked hatched.

|.1.4. Dose prescription and treatment efficacy

[.1.4.A. The Collaborative Ocular Melanoma Study (COMS)

In 1986, a COMS [3 ] sponsored by the Nationd Eye Inditute of the Nationd Ingtitute for Hedth
among which 40 clinicd centres of the United States and Canada paticipate, eaborate a
prospective study in United states. The god was to study the efficacy of the ocular brachytherapy
treatments versus enuclegtion for the patient surviva and the apparition of cancer metastasis.

Enrollment of patients with ciliary body or choroidd meanoma began in 1987. Pdients have been
sorted into three groups those with smdl, medium, and large tumors. Those with smdl tumors (up
to 3 mm in devaion) ae observed for tumor growth; if growth is sufficient to place the tumor in
the medium group and if the patient remans digible and willing, the eye is randomized for
treetment. Patients with medium tumors (those between 3 mm and 8 mm in thickness and up to 16
mm in largest basd diameter) are randomized to either enucleation or plague irradiation with iodine
125. Nearly 1200 patients have been enrolled in this arm of the study. Large tumors (grester than 8
mm in devation and 16 mm in basd dianeter) are randomized to receive externd irradiation or no
irradiation before standard enuclegtion. The cutoff between medium and large tumors was changed
from 8-mm devalion to 10-mm e€evation patway through the recruitment period. Before
enrollment closed in 1994, 1003 patients were enrolled in this arm of the study.

Pat of the purpose of the COMS is to assess the naturd history of the tumor in order to design
effective management and dso to evauate therapy in a nonbiased fashion. Also, the study includes
assessment of qudity of life as well as vison retention in patients whose tumors are irradiated. As
with other multicenter trids, one objective is to standardize observation and treatment criteria S0
that petients from different indtitutions can be compared. Developing standardized criteria is the
only way we will be able to obtain sufficient data on a large enough group of patients to draw vaid
conclusons about naturd history and trestment. A weakness of the study is that externd charged
particle trestment was not included. Also, there is no plan to compare efficacy of different plague
isotopes.
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More than a decade has passed since recruitment for the COMS began. Some preiminary results
have been published recently, and one report confirms the very high accuracy rae of dinicd
diagnoss. Report No. 18 refers to 1-125 Brachythergpy for Medium Choroidd Meanoma. No
report has been written yet concerning °°Ru/*°°Rh brachytherapy.

1.1.4.B. Treatments using *°*°Ru/*°®Rh ophthalmic applicators

In Europe, Lommatzcsh pionneered the trestment of uved meanomas in 1964 usng ruthenium
goplicators, introducing these beta-emitting nuclides with directives for trestment [4 ][5 ][6 ][7 ]. As
his results were good, many centres in Europe strated to use these gpplicators in the late 1970s and
early 1980s[8][9][10][11][12][13][14].

A dudy peformed in the Netherlands between 1984 and 1995 [1 | explains the results of the
trestment of 101 patients with °°Ru'Rh ophthamic applicators. It was demonstered that the
tumour prominence and the given top dose were correlated strongly with the trestment outcome.

939 % of the patients were treated successfully resulting in a dlinicadly complete remisson in
62.6% whereas 31.3% kept a stable disease. It was shown that a a tumour top dose < 120 Gy five
out of 22 tumours (23%) faled to respond, whereas a 3 120 Gy treatment only one out of 77
tumours did not respond, indicating that the top dose has to be a least 120 Gy. Mdller et d. [15
Jand Potter et d. [16 ] used atop dose of 150 Gy to obtain comparable results.

A high success rate is aso of vital importance as treatment failures are associated with a 2 to 3-fold
increase in the rate of occurences of metastases[4 ].

The visud acuity is dso of great importance for the patient's qudity of life. The Netherands study
shown that a ussful visud acuity of 3 0.3 was preserved in 51.5% of the 99 patients and visud
acuity > 0.5 in 42.4% of the patients. Furthermore, a find visud acuity > 0.5 was found in 22.7% of
the patients by Lommeatzsch et d. [5 ] and in 27% by Potter at &.[16 ]. It has been demonstered that
the visuad outcome after irradiation was better for peripheraly than for centraly located tumours.
The man reason for loss of centrd vison is radidion retinopathy in the macular area. The macular
capillaries are highly sengtive to radiation and may be damaged by a low dose of 11-17 Gy [17 ][18
]

An application of beta sources is the trestment of choroidd meanoma and retinoblastoma. These
malignant diseases are treated with concave ruthenium plagues that can be ditched to the eye. At
low dose rate the tumor is irradiated during a period varying from two up to fourteen days,
depending on the activity of the source. The highenergy beta emitter ruthenium is used because
tumor thickness can be up to 10 mm. Because the largest part of the absorbed dose is deposted in
the firse 10 mm from the source surface, and most tumors are Stuated a the posterior Sde of the
eyebdl, the absorbed dose to the lens usudly is limited. The prescribed dose for treating choroidd
melanoma is typicaly 80-120 Gy at the gpex of the tumor. This is, however, limited by the surface
dose that should not exceed 1000 Gy. In the literature the use of strontium sources for treatment of
eye melanoma has adso been reported [19 ]. Of dl eye mdanoma, uved meanoma has the highest
(yearly) incidence with gx out of one million people. Over a period of 15 years the overdl survivd
rate is esimated to be about 48% and the cumulative loca trestment falure is 37%. Ciliar body
melanoma (near the iris) and melanoma close to the optical nerve require use of applicators with a

specia shape.
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[.1.4.C. Other radiotherapy and brachytherapy treatments

|.1.4.C.1. Ocular brachytherapy using %I ophthalmic plaques

COMS-type gold seeds carriers typicaly can be ordered in 5 szes in 12-20 mm diameters. 125l
rice-Szed radioactive seeds are purchased and glued into the eye-plague or seed carrier. The gold of
the eye-plague will block more than 99% of the radiation to the back and Sdes, credting a
directiond source. The active surface (facing us) is sawn onto the eye beneath the base of the
intraocular tumor (just like it is done for 1°°Ru plagues).

125! is a low energy gammas emitter, the energies of the gamma rays generated are 27.202 keV
(40.6 %), 27.472 keV (75.7 %), 30.98 keV (20.2 %), 31.71 keV (4.39 %) and 35.492 keV (6.68 %).
Comparative study have been performed between the both brachytherapy using 1251 seeds and
106RU.

Figurel- 14: lodine-125 seedsin a COM S ophthalmic Figurel- 15: Encapsulation of theiodine-125 seedsin a
applicator. COM Sapplicator

With the 1°°Ru, Lommatzsch recomands 80-100 Gy at the top of the tumour with a dose rate of 5-10
Gy/h. With the iodine 125, by following the COMS protocol, for tumours of 3 to 5 mm in thickness,
it is suitable to deliver 100 Gy & 5 mm in depth with a dose rate between 0.5 and 1.25 Gy/h to this
point. Biological effects of such trestments have been compared in a lot of publications. We will
refer here to the work performed a Centre Jean Perrin in collaboration with the ophthamologica
clinic of the CHU G. Montpied of Clermont-Ferrand [20 ]. In that study, rabbit eyes have been
irradiated with a CCZ ophthdmic plagues and with COMS iodine gpplicators of 12 mm in diameter.
At 1 mm in depth the total dose deposited are comparable (317,1 Gy for '°°Ru ophthamic plagues
and 326,9 Gy for iodine plagues), it is dso the case for dose rate (3.07 Gy/h and 2.34 Gy/h
respectively). The dose deposited is different for the both irradiation. High dose gradient from *°°Ru
plagues implies that the decreasing of the dose is very blunt, whereas for the iodine irradiation the
decreasing of the dose is progressve (a 9mm far from the plague, 6,6 Gy ae ddivered with the
ruthenium-106 and 40,7 Gy with the iodine-125). The more important lesons have been observed
usng ruthenium-106 plaques whereas the dose ddivered are lower for iodine-125. One year after
the irradiation, irreversble lesons of the retina and optic nerve have been observed with the
ruthenium- 106 plaques wheress only few lesions of the externd retinalayer were observed.
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In dinicad routing, iodine-125 plaques are used for larger tumors (thicknesses ranging from 6.5 mm
to 11 mm). Those plaques show a dose fal-off factor of 2 per 45 mm water. For 100 Gy at the apex
of an 8 mm tumor, the average sclera dose is 400 Gy, a vaue which is well tolerated. It has been
reported that severe complications a neighboring dructures overcame with iodine-125 plague
therapy [21 ][22 ]. For the tumour located in the pogterior part of the eye, this trestment implicates a
sgnificant risk of retinopathy or opticus radiopathy. For large tumors, the necessity of goplying a
aufficient gpex dose increases the risk to irradiate soft tissues a higher dose in the eye
Improvements on the plague were done to limit the sde effects during the irradiation. X-ray
fluorescent foils were introduced into the applicator design (above or below the seeds depending on
the backscatter or transmitted radiation want to be modified). The foils absorbed the photons of
iodine-125 and emitted characteristic energy x-rays (15.8 keV for zirconium fail). The incressng
cross-section of the photodectric effect for these lower energies reduced the absorption lengths,
causng a deeper dose fdl-off. The dose didributions were then samilar to those obtained with
103Pd radionuclide.

Despite those modifications, it has been noticed that the iodine-125 plagues were not optima for the
treetments of the tumour in the range from 65 mm to 9 mm. It gopeared dso that dose to
radiosengitive tissue in the eye remained high to preserve hedlthy tissues.

Iniid mortdity findings published in 2001 (COMS Report No. 18) showed that survival rates for
radiation therapy (1-125 brachytherapy) and enuclegtion (removal of the eye) are about the same.
The five-year surviva rate of patients who were treated with ether iadiation thergpy or eye removad
was 82 percent, consderably better than the 70 percent five-year surviva rate that had been
projected when the study was designed in 1985. Compared to immediate loss of vison when the
eye is removed, eyes treated with radiation steedily lost vison gradudly, with 63 percent having
visua acuity of 20/200 or worse by three years after treatment (COM S Report No. 16).

[.1.4.C.2. Ocular brachytherapy using bi-nuclide radioactive ophthalmic applicators

Eye plague brachytherapy with the redioactive nudlides °°Ru/*%°Rh and 1?°| has been established as
an other standard trestment modality for years. In order to optimize the spatial dose didribution, the
characteristics of both nuclides are exploited. The god is to obtain a dose sparing effect at large
disances contrary to iodine-125 plagues and give tolerable doses within the target volume and to
the sclera for which the dose shouldn’t overlapp 1200 Gy during dl the trestment.

The bi-nuclide gpplicator conssts of three dements. The design is based on a carrier calotte made
of a gold dloy with laterd shielding rings and two fixation eyes for suturing the plagque onto the
bulbus. In this caotte a °°Ru*°Rh plague BEBIG type without fixation eyes is inserted and fixed
with some dlicone. The third part is a slicone inset with 812 symmetrically arranged iodine seeds,
Amersham type 6711.

However the dosimetry of a bi-nuclide applicator is difficult because the beta radiation of °°Ru has
to pass through the slicone layer and the iodine seeds and because the iodine radiation is influenced
by the silver %°Ru plague (x-ray fluorescence effect), it has been shown that this type of applicators
offers a cond derable dose reduction at radiosengitive structures within the eye.

For tumour thicknesses comprise between 6.5 and 9 mm, a bi-nuclide plaque reaches 40-80% of the
dose depogtion of an iodine-125 plaque at the opposite point. For tumours of 6.5 mm a sclera dose
reduction of 20-30% can be observed compared to '°°Ru’°°Rh plagues. The gain of such plague
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comparing to iodine plaque is that the dose a the lens decreases much fagter for the bi-nuclide than
for iodine-125 due to the steep dose fall-off of °°Ru*®Rh. For tumours of thicknesses of 10 mm
and more, the application of bi-nudide plaques is not advantageous.

1.1.4.C.3. The protontherapy

For specific location of choroidd melanoma and for high tumour thicknesses, the protontherapy is
prefered to the brachytherapy.

i
]

?-:'
L'._":r'

Figurel- 16: Ocular nozzle and proton beam line schema of Figurel- 17: Theocular nozzle
the Nice hadronther apy platform.

The cyclotron provides 65 MeV protons. The acceerator is a fixed frequency 25 MHz isochronous
cyclotron with a peak voltage of 50 kV. Negative hydrogen ions are produced by an external source,
axidly injected and accelerated to 65 MeV. They are then extracted by a 60" 10°° g cmi 2 carbon
sripping foil and exiting protons are transported down the beam line to the trestment room. The
main components of the ocular beam line are presented in Figure I- 16 and Fgure |- 17. The
incoming proton beam is completely defocused after the achromatic focal point of the last 90°
bending magnet (M4), regarded as the source point for calculations, before resching a 5 103 -cm-
thick tantalum foil. These dements act together as a Sngle scatterer providing 12 m behind away, a
fla beam at the irradiation point. In the vacuum part, upstream from the ocular nozzle, the beam
gperture is limited to 5 cm diameter by two graphite collimators. Afterwards, decreasng the
collimator sze from 5 to 4.5 and findly 3.4 cm, only the central part of the beam is sdected. The
ocular nozzle part of the beam line is composed two brass collimators opened to a 5 cm diameter; a
kapton foil 1.3 10-2 cm thick, sparing vecuum to ar, aso closes its upsream extremity. This
empty box holds the range shifter and the Lucite propdler, which are used to adgpt the incoming
proton beam in range and modulatiion. The following pat contains two monitor chambers made of
aduminized mylar, two 45 cm brass collimators, and an exiting copper nozzle of 34 cm internd
diameter, which supportsthe find individud brass patient collimator.

In the clinicd dtuation spread out Bragg pesks (SOBP) are required to provide homogeneous
irradiation in depth, z. The corresponding depthdose curve D(z) is obtained by adding the weighted
contribution of individud (i) reduced Bragg pesk curves Di(z) achieved by the introduction of a
thickness of Lucitet,
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D(2) = a pPDi(2)
t=ns
where p represents the weighting factor of the reduced pesk i, n is the tota number of pesks needed
to achieve a defined length of SOBP t, z is the depth of irradiation, and s is the thickness step of
reducing materia equd to 8 10-2 cm.
The irradiation is preceded by the location of the tumour and the pogtionning of tantde dlips
sutured to the sclera
60 Gy are ddivered to the tumour in four fractions and four days. A security margin of 25 mm
around the tumour isfixed. The enucleation rateis about 10 % after a protontherapy trestment.

|.2. QUALITY CONTROL AND DOSE MEASUREMENTS

[.2.1. M easurements

Physca measurements of dose digtribution on ophthamic gpplicators are difficult because the dose
gradient of 1°°Ru/*°°Rh plaques is very high on a kegion of therapeutic interest which is less than 25
mm. This requires very smdl detectors that have to be postionned very precisey whith a good
determingtion of the effective point of measurement.

In the following sections, detectors for absorbed dose neasurements on beta sources are described
with a specid emphads on radiochromic films used particularly in the quality control of the source
and the plagtic scintillators use for the dose didribution measurement and calibration thanks to their
smdl design.

[.2.1.A. Absolute calibration of beta sources: the extrapolation chamber

Extrapolation chambers are consdered as the standard device for the dosmetry of beta particle
sources. The extrgpolation chamber dlows the ionization volume to be varied to a vanishingly smdl
amount. The US dandards laboratory NIST uses such a chamber as a primary standard for the
cdibration of seded beta sources [23 ]. Recently, a the NMi a primary standard was built for the
dosmetry of clinical sealed beta sources, based on the principle of the extrapolation chamber.

The extrgpolation chamber is a padld plate ionization chamber with vaiadle ar volume. The
ionization volume is determined by the distance between the pardle plates and by the effective area
of the centrad dectrode. The centra eectrode, surrounded by a guard electrode, is Stuated a the
center of one of the pardld plates. The other pardld plate is the entrance window of the ionization
chamber. The centrd and guard eectrodes are congructed from an eectricaly conductive and
water equivadent plastic resembling polystyrene, cdled D400 (Standard Imaging, Middleton, WI,
USA). The ionization current collected by the centrd electrode is messured at different plate
distances and extrgpolated to zero ar volume, in order to gpproximate the idea Bragg-Gray
conditions. The extrgpolated ionization current is a measure for the absorbed dose to air, taking into
account the geometrical conditions and the materials used to construct the extrapolation chamber.

The absorbed dose rate to water (Dw) can be determined from the ionization current measurements
usng Bragg-Gray theory.

The extrgpolation chamber requires no radiation cdibration but the area of the collecting eectrode
isamgor limitation in the absolute accuracy of the measurements.
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[.2.1.B. Radiochromicfilm (RCF)

Radiochromic film has turned into the most widdy used method for verification of the uniformity
of beta sources, it can also be used to measure dose deposited by sources in solid phantoms.
GafChromicTM (ISP Technologies Inc., Wayne, NJ, USA) is avalable in single and double layer
versons. A thin layer of dmost colorless emulsion is coated on a Polyethylene TerePhthdate (PTP)
backing, forming a sngle or double sandwich of layers. The sendtive emulson layer is between 7
and 40 pm thick, depending on the type of film. Thetotd thickness can be between 0.1-0.3 mm.

The sendtive layer turns blue upon irradiation and does not require podt-irradiation processng. The
sengtivity of most films is low, s0 that an absorbed dose of a least tens of Grays is needed. Films
can be cdibrated for absolute measurements [24 ]. The energy dependence is low in the energy
range rdevant for dinicd beta sources (100 keV - 2 MeV, [42]). A mgor limitation of the
radiochromic film is the variation in thickness of the sengdtive layer resulting in a nonuniform
response (up to 15% for MD55-2 [43]). Because of these variations, the measurement uncertainty is
estimated to be about 7.5% for the absorbed dose. For absolute measurements a delay of at least 24
hours needs to be taken into account to minimize effects of incomplete film development.
Uniformity information can be quantified by film denstometry [25].

Uniformity variations of more than ~ 10% can be detected (quditatively) by the eye. In the
literature radiochromic film measurements are described for both ophthdmic [26 ][27 ] and
intravascular [24 ]1[28 ] sources.

RCF will be used to measure dose deposted in a solid water phantom for some ophthamic
applicators.

MD55-2 radiochromic films are used for the dosimetry of °°Ru/!%Rh plagues. They support a dose
range from 3 to 100 Gy, of 278 um in thickness with two sendtive layers.

1.2.1.B.1. Radiochromic film calibrations

Because radiochromic film is tissue equivdent over a broad energy range, it was cdibrated with a
regular 6 MV photon beam of a linear acceerator. All measurements were performed at the dose
maximum of the PDD. A fit was performed according to Equation |- 2, in which D, is the absorbed
dose to water and OD is the optical dendty according to the red channel of te RGB (Red-Green
Blue) based TIF file. This channd has the strongest corrdation with darkening of the film. The OD
was caculated usng Equation |- 1. T in this equation is transmittance, expressng the ratio of the
pixd vadue a a given absorbed dose and the pixd vaue of film that was not irradiated.

OD =- log(T) Equation |- 1
D, =a+b0OD +b0OD? +b,0D® Equation I- 2

The cdibration curve is unique for each denstometer-film combination. Based on the specific shepe
of the curve a choice can be made for a 2nd or 3rd order polynomia. The uncertainty shown by the
error barsis acombination of film nortuniformity and scanner noise.

A flatbed transmisson scanner is currently used for film denstometry (EPSON Expresson 1680).
This scanner is used in 3" 16 bit mode with 12 bit colour depth. The films are scanned a 300 dpi
(pixel size 0.08 0.08 mn?).
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[.2.1.C. Thermoluminescence dosimeters(TL D)

Although mogt hospitdls make use of TLDs for dosmetry, dedicated TLDs are required for
measurements on beta sources [28 ][29 ][30 ][31 ]. The most important property of these TLDs is
ther smdl sze (as smdl as 0.1 mm thickness and 1 mm diameter for the active volume), which
makes them suitable for determining the spatia didtribution of the dose around a source. Due to
their smdl gze and water-equivdence these TLDs give only very small digortions of the radiation
fidd. The TLDs ae usudly embedded in a solid phantom. Readout is performed afterwards by
heeting the TLDs and messuring the amount of light with a photomultiplier. Cdibration is carried
out in a cinicd MeV dectron beam or with a cdibrated beta source. TLDs can dso be used for
measurements on concave ophthadmic gpplicators [32 ][33 ][34 ]. The edimated standard
uncertainty (1s) is between 8-10% depending on knowledge of precise phantom dimensons and
TLD charecterigtics[29].

1.2.1.D. Alanine pellets

Dosmetry with danine is based on the reaive and nontdestructive measurement of dable free
radicals produced by radiation [29 ][35 ]. These dosemeters are read out with an X-band Electron
Paramagnetic Resonance (EPR) spectrometer with a scan range of 0-2 mT. Advantages of the
detector are the linear response and absence of energy dependence. The detector has a diameter of
about 5 mm and a thickness of about 1 mm. These dimensons dso determine the sendtive volume
and therefore are a disadvantage of the method. Another disadvantage is the low senstivity, because
the EPR dgnd is very wesk. An esimated standard uncertainty of 57% (1s) can be expected in the
region between 10-20 Gy [29].

1.2.1.E. Scintillator

Padtic scintillators were firgt introduced for dosmetry of brachytherapy sources a the University of
Essen [36 ]. Plagtic scintillator probes have a homogeneous sendgtive volume with approximate
water equivalence in dendty and aomic compostion. Due to ther high sendtivity, scintillation
detectors can be designed with probe volumes as smal as 1 mm® or even less. Scintillation detectors
offer the great advantage that they can be read out directly. The detector is based on light being
genearated in the pladic scintillator volume. The scintillation light is detected with a photomultiplier
through an opticd fiber that have to give sufficient trangmisson of scintillaion light and the
smultaneous Cerenkov compensation. The Essen plagtic scintillator has a thickness of 0.4 mm and
a diameter of 1 mm. Messurements on ophthdmic applicators (1251 and °°Ru/*°Rh) showed a
contribution of Cherenkov light of no more than 2%.

The OptidosTM is a commercid verdgon of this sysem developed by PTW (PTW Frelburg GmbH,
Freiburg, Germany). The plastic scintillator has a detection volume of 0.8 mm® (1 mm thickness and
1 mm diameter) and an outer diameter of 52 mm, in the last years pladic scintillator sze was
reduced to 1 mm in diameter and 0.5 mm in height (BEBIG cdibration). The sysem has no blind
fiber for Cherenkov compensation. Measurements need to be accompanied by check source
measurements to correct for changes in the detector sendtivity. The estimated standard uncertainty
(1s) is 3% for rdaive dosmery with the lager plagic scintillator without Cherenkov
compensation and 7% for the smadler scintillator with Cherenkov compensation [29 ].
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|.2.1.F. Diamond

The diamond detector is based on radiosendgtive resstance of the detection materid. One of the
characteridtics of the detector is its high sengtivity. The variation of the stopping power réio to
water in the range 0.02-5 MeV s less than 2%. Diamond detectors are produced individualy and
thelr exact dimensions may vary. The detection volume is severd mm3, but the exact pogtion of the
detection volume is one of the larger contributors to the overdl estimated standard uncertainty of
10% (1s) [29 ]. Dose rates higher than 25 mGy s-1 are underestimated, because of eectron-hole
recombination [29 ]. Pre-irradiaion with 5-10 Gy is required to obtan a reiale sgnd. The
detector can be used for measurements on concave ophthamic applicators [37 ], despite the large
outer diameter (~ 7 mm according to PTW specifications) [38 ].

.2.1.G. Diode

Most semiconductor detectors are based on p-type silicon, on one sde doped with ntype materid in
order to create a pn junction or a diode. During irradiation a current is present in the depletion layer
(effective thickness of about 60 pm). There is ggnificant variation in Sopping power ratio between
slicon and water (up to 8% between 0.5 and 3.5 MeV) [2 ]. Pre-irradiation with about 5 kGy by the
manufacturer is needed for reliable response [66]. The standard uncertainty is estimated to be 5%
(1s or 2 s, Ris not quoted) [29]. With an outer diameter of 47 mm and a senditive area of 1-2mm
(specifications Scanditronix Medica AB, Uppsada, Sweden) [39 ], the detector can be used for
measurements on concave sources [8 ]|. The sengtivity of the detector decreases with time, requiring
regular recdibrations. Sengtivity decrease can be ~5% in a period of 5 years [40 ], but depends on
the intendty of use. The detector is only used for relative measurements within the daily practice of
radiotherapy.

[.2.1.H. Polymer g€l

In a few cases BANG® polymer gels (MGS Research, Guilford, CT, USA) have been used for 3D-
dosmetry of line sources or ophthamic plagues [41 ]. The technique is based on the radiaion
induced free-radicd chain polymerization of acrylic monomers. The NMR reaxation of water
protons in the gd is srongly affected by this polymerization. The proton rdaxation rate (R2) of
water protons in the polymerized gd increases linearly with absorbed dose, independent of dose
rate or radiation qudity. After irradiation, 3D dose maps can be created based on R2 maps
cdculated from MRI spin-echo images [42 ][43 ]. In a sngle measurement the full dose mep of a
source can be regigered. For a ruthenium plague an irradiation time of ~1h is needed [41 ]. The
technique is highly senstive to environmental conditions such as temperature, light and oxygen
concentration. The resolution of the MRI scanner is one of the bottlenecks of the measurement. The
introduction of a dedicated microscopic 3D opticd dendty scanner for this gpplication would
sgnificantly improve resolution and reduce environmental dependence [43].

1.2.1.1. Well typeionization chamber

The wdl-type or re-entrant ionization chamber is an ionizaion chamber with a wel-shape. In
radiotherapy it is the most frequently used method for cdibrating line sources or seeds. The
detection volume surrounds the source, resulting in a high detection efficiency compared with other
ionization chambers. Wdl-type ionization chambers can be ether open (vented) or pressurized.
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Pressurized chambers are filled with for example argon to increase the chamber sengtivity to
photons. In contrast to pressurized chambers a temperature and pressure correction needs to be
gpplied to open chambers. Well-type ionization chamber measurements do not provide spdtid
information. Usudly, measurements are performed at the sweet spot of the chamber, where the
response is & a maximum. The length of the “sweet spot” is one of the important characteristics of a
wel-type ionization chamber. The measurements ae redivdy sImple and rdiable (expanded
dandard uncertainty in the activity of 5% (2s)). The wel-type ionization chamber was origindly
designed for measuring source activity. A converson factor can be used to trandate the activity to
an absorbed dose rate in water. The dose rate a the reference point is cdculated from the
ionizations collected in the detection volume around the entire line source, under the assumption of
a pefectly uniform activity didribution throughout the source. The insert tha is used to fix the
source at the neasurement pogtion is pat of the caibration and— for beta sources — determines to a
large extent the dgna drength and whether manly beta radiation or bremsstrahlung is detected
within the ionization volume. Different detector inserts have been compared by Standard Imaging
(Middleton, WI, USA) and the University of Wisconain. It was concluded that the use of a 2 mm
acrylic insat was the optimum between sgnd drength and reproducibility. This insert blocks
cinicdly irrdevant low-energy betas and shows high reproducibility during the measurements.

[.2.2. Utilization of detectorsin clinical routine

[.2.2.A. Detectorsnot well adapted

[.2.2.A.1. Extrapolation chamber

The extrgpolation chamber is the primary standard for beta dosmetry. It is not commercidly
avallable with dectrodes smaller than 1 cm.

[.2.2.A.2. Polymer gel

The use of polymer gd is gill very uncommon within the daly practice of radiotherapy.
Dissdvanteges are the drong environmenta dependence and the offline measurements. The
avalability of read-out devices may be a bottleneck for application of polymer ges dthough
desktop optical readout devices are under devel opment.

1.22.A3. TLD

Although sendtive and reliable messurements can be made with TLDs, the processng time is an
important disadvantage of this method. Furthermore, TLDs that have been used for dosmetry of
beta sources are different in dze from the regular TLDs in radiothergpy and are not readily
avalable The TLDs only give informeation for one point; for messuring the gpatia distribution
around the source more TLDs are required.

1.2.2.A.4. Diamond detector

The required pre-irradiation and possible underestimation of the dose rate are disadvantages of this
detector. The detector is not part of the standard equipment, adthough it is (limited) commercidly
avalable. The diameter of the active volume of 2-4 mm is another limitation for these
measurements.
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1.2.2.A.5. Alanine

Few inditutes have experience with this detector. The low sengtivity, offline measurements and
limited availability are disadvantages.

1.2.2.B. Well adapted detectors

[.2.2.B.1. Wdll-type ionization chamber

The wel-type ionization chamber is widely used for the cdibration of line sources and is known for
its high reproducibility. All Guidant users are equipped with a wdl-type ionization chamber. A
disadvantage of the detector is hat an additiona measurement is required for determingtion of the
source non-uniformity.

1.2.2.B.2. Plastic scintillator

This versdile detector is suitable for measurements on high and low dose rate sources and for
drength, depth dose and uniformity measurements. It dso has a high degree of water equivaence
and a reatively smdl detector volume. It is generdly available and routindy used by Novoste for
source strength and uniformity verifications on their line sources,

[.2.2.B.3. Plane-paralléel ionization chamber

The use of this detector for strength and depth dose measurements has been described as mentioned
above. This detector is avalable in mogst radiothergpy depatments. Size and sengtivity of the
detector are factors that limit its use to high dose rates and relatively large sources such as the
planar strontium gpplicators.

[.2.2.B.4. Diode

This detector is used in many inditutes for relaive measurements of the dose digtribution of
accderator beams. Its use is dso mentioned in the literature and the detector has a rdatively high
spatia resolution. In practice, the detector is rarely used for absolute measurements.

1.2.2.B.5. Radiochromic film

Radiochromic film is widdy used for uniformity messurements on beta sources. Guidant users are
provided with film by the manufecturer. The film is easy to use, but quantitative evauation is more
elaborate, as denstometry hasto be applied.

|.2.3. Phantom char acterizations

Following the recommendations described in the AAPM Report no511 and in IAEA Technicd
Reports no.398 (TRS-398), water is defined as the reference medium, however, the water subgtitute
solid phantoms (solid phantoms) are discouraged because they have the largest discrepancies in the
determinations of absorbed dose.

Anyway the use of solid water phantoms is necessary for measurements with radiochromic films
Measurements in water are done with the plastic scintillators (BEBIG calibration) and diodes.

Table I- 5 represents different water equivaent plastics used for dosmetric gpplications. The WT1
(GAMMEX RMI, Wisconan, USA), RMI-457 (GAMMEX RMI, Wisconsn, USA), Plastic Water
(Nuclear Associate, New York, USA), Virtua Water (Med-Tech, lowa, USA), WE211 (Kyoto
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Kagaku, Kyoto, Jgpan), Polystyrene, Polymethyl Methacrylate (PMMA) and MixDP ae
commercidly available materids.

Z A WT1_ | RMI457 [Plastic Water| Virtual Watsr| WE211 | Polystyrene | PMMA
H 1 1,008 0081 | 0081 0.003 0.077 0.082 0.077 0.081
c B 12011 0572 | 0612 0628 0.687 0.663 0923 0.600
M i 14.007 0024 0024 Q010 0.023 0.022
0 0 15.088 0188 | 0.9 0.178 0.189 0.207 0.320
F El 18,958
Ma 12 24305
I 17 35457 0001 0001 0010 0001 0.004
Ca 20 A0.0TE QD23 ] 0080 Q23 0.022
Ti 22 4T 8ED
Br 35 72904

dens&ygjtm’ 1620 1.030 1.013 1.030 1.7 1.060 1. 1580

Tablel-5: Water-equivalent plastics used for dosimetric measurements.

Figure F 18, Figure F 19 represent the NIST phantoms in WT1 plagtic water used for the dosmetry
of ®Ru!%Rh ophthamic applicators using radiochromic films Figure I- 20 shows an other
phantom configuration used a the NYU Cornell Medicd Center, RM1457 plastic was used. MD55-
2 Garchromic films of 278 pm in thickness are inserted between phantom dices to test the nor+
uniformity (see section 1.3.1.c) of the source and make some dosmetric studies. An eaboration of a
phantom in virtua water is under development a Laboratoire de Physique Corpusculare in order to
perform quality control on ophthamic beta sources at Centre Jean Perrin.

Figurel- 18: NIST WT1 solid phantoms used for Figurel-19: NIST WT1 solid phantom with
depth dose measur ements. different cap heightsused for the concave

ophthalmic applicators.
Image courtesy of C. Soares, NI ST, Washington DC

Image courtesy of C. Soares, NI ST, Washington DC

’

Figurel- 20: RM 1457 solid water phantom and GAFCHROMIC MD-55 film,
I mage courtesy of Samuel Trichter, NYU Cornell Medical Center, New York

29



Chapter |. Ocular brachytherapy using *°*°Ru/*°°Rh ophthalmic applicators

| .3. Quality control of ophthalmic applicators

After the reception of ophthamic sources qudity control on sources are highly recommended in
order to check their uniformity and the dose digtribution provided. Even if the sources are delivered
with a cdibration sheet provided by the manufacturer, it has been shown in the Report 14 of the

Netherlands Commisson on Radiation Dosmetry [44 ] that differences are observed by double
checking the source strength and the non-uniformity of the sources.

|.3.1. Parametersto study

[.3.1.A. Averageradius (R50)

The average radius (R50) is defined as the mean radius of the 50% isodose contour of a dose
digribution in which 100% is given by the maximum absorbed dose. A precise description of how
thisradius can be cdculated is given in the section on source non-uniformity (see below).

1.3.1.B. Source strength

The source strength of al planar and concave sources is defined as the dose rate at (r, z) = (0,1) mm
following the recommendations of the ICRU report [45 ]. The IAEA [46 ] recommends usng the
same point but recognizes that performing measurements at these short distancesis a difficult task.
Effectivdly, the curvature of concave sources and minimum thickness of spacers limit the
posshiliies of peforming measurements a& 1 mm, even if detector dimendons ae sufficiently
smdl. The recommendation that is to determine the source strength at (10, z0) = (0,2) mm has been
followed by the BEBIG company in their measurements protocols, the reference dose rate is
messured at r=0 and z=2 mm.

1.3.1.B.1. Source strength specification by manufacturer

BEBIG introduced a new standard in 2002 based on the NIST measurement protocol. Uncertainties
of both old and new standards are specified. BEBIG is the only manufacturer that actudly specifies
activity and provides a converson factor for the absorbed dose to water. Other manufacturers
specify in areference point in water.

1.3.1.C. Sour ce non-unifor mity

The source non-uniformity for eye gpplicators, as introduced in the ICRU report, is given by
Equation I- 4:

UICRU = (Dmax' Dmin)/ Davg, 100% Equation I-3
inwhich: _ _
Ucru = source norruniformity (%), Dmac= maximum absorbed dose rate, Dmin= minimum
absorbed dose rate, Day, = average absorbed dose rate.
The report recommends that the nornruniformity should be determined at a specified depth over a
specified area of the source. Although the principle can dso be used for measurements with a larger
detector such as a diode, this concept is especidly suitable for scanned radiochromic films. The

ICRU proposes to determine the nonruniformity a z = 1 mm depth, usng 80% of Rsp. The
cdculation of the source nortuniformity is performed as follows:
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The maximum absorbed dose rate max Dumax iS determined.

The pixels with 50% of nax Dumax are determined (for films, absorbed dose values are used, instead
of doserate values).

The coordinate of the field center (x,Yc) is determined through:

_adogd x50, +x507 el dém y50; + y50;

== Y. Tc—= Equation I- 4
% Snﬂgl 2 8mzj=1 2

In which n is the number of rows and m is the number of columns with a dose rate larger than or
equdl to 50% of max Dmax . The Sgn indicates the position with respect to the source center.
The average radius Rso can be ca culated through:

Re :§2§ (0 - X507 +(y, - y50,)?) Equation'. 5
4 gk=1
inwhich g isthe total number of 50% pixes.
Findly, analogous to the concept for line sources, Equation I- 3 is goplied, in which Dumin, Dimax,
Dan are taken from the pixels with a disance smaller than 0.8Rso t0 (X,Yc). The ICRU recommends
amaximum source nortuniformity Ucry of 20%.
For concave sources the concept of non-uniformity can be gpplied in different ways:
* inaconcave surface pardld to the source surface,
* inaplane perpendicular to the source axis.
Although uniformity measurements should preferably be performed pardle to the source surface,
film measurements are only possble in a plane. In the literature, film measurements on concave
ophthalmic sources are described in [29 ].
The concept of non-uniformity proposed by the ICRU has some disadvantages:
= The nonuniformity does nat give the maximum possible deviatiion from the source strength,
but only the difference between minimum and maximum.
= The normalization is performed based on an average of the absorbed dose within the area of
interest and can therefore not be related directly to the source drength that is defined in a
point on the axis.

1.3.1.D. Sour ce asymmetry

It was decided by the NCS (Netherlands Commission on Radiation Dosimetry) in ther report 14 to
use a wider magin for the nonuniformity and to introduce an additiond parameter for evauaing
sources with respect to the asymmetry of the dose digtribution.

To quantify the asymmetry of the dose didtribution of ophthamic sources, the parameter for source
asymmetry Uasisintroduced:

UAS = mangD max (r ) - Dmin(r )] / Davg(r)%' 100% Equation I- 6

In this expresson the variation of the dose rate is caculated over a circle with a radius r. The
maximum of this variaion, with r ranging from zero to 0.8Rso, determines the vaue of the
asymmetry Uas The asymmetry is defined pardld to the source surface. For concave sources, a
film measurement in a plane may be used as an gpproximation of Uas
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1.3.2. Ophthalmic applicator s calibration performed by BEBIG

All the plague manufactured by the BEBIG company are supplied with a cdibration shet.

Until January 2002, BEBIG measured the energy dose rate with a plagtic scintillation detector with
a height and a diameter of 2 mm each usng the cdibraion of the dandardization office of the
former GDR (ASMW). This cdibrabion uses specid cdibration factors for each type of plague to
compensate for the different geometry and the effects caused by the strong gradient.

Snce the beginning of 2002, the NIST became &able to peform measurements using plagtic
sintillator. All the ophthalmic plagues have been measured with the 2 mm detector and ASMW
cdibration as wdl as with a new high resolution 0.5 mm detector (height h= 0.5mm; diameter d=
1mm) and NIST cdibration. This comparison involved changes for the dose prescription.

Since May 2002, BEBIG ddlivers the new protocols of measurements generated with the NIST
cdibrated 0.5 mm detector.

Eleven points of measurements are performed on the centrd axis of each applicator a 0.6; 1.0; 2.0;
3.0; 4.0; 50; 6.0; 7.0; 8.0; 9.0; 10.0 mm (ingtead of four points of measurement with the ASMW
protocal); interpolated data are obtained a 0.0 and 3.5 mm by fitting the measurement points with a
third order polynome

y = exp(R + Px+PX%) Equation -7

The energy dose rate digtribution over the surface of the plague is measured and displayed at more
points.

With introduction to the new NIST cdibration, the measurements uncertainty provided by BEBIG
has improved and is now only + 20%. NIST itsdlf issues an uncertainty of + 15% to their cdibration
measurements.

1.3.2.A. Dose prescription modificationswith NIST and ASMW calibrations

The two cdibraions give different energy dose rates for a large number of plague types, some of
the differences are with the ASMW measurement uncertainty (£ 30%).

Concerson factors F(typez) from the ASMW caibrated measurement to the NIST calibrated
measurement have been calculated depending on the plague type and the distance z from the inner
concave plague surface adong the central axis. The converson factors were caculated by dividing
the measurement results for the energy dose rate DR(typez) with 0.5 mm detector and NIST
cdibration with the measurement results for the energy dose rae DR(typez) with 2 mm detector
and ASMW cdlibration:

F(type, z) = DRy (type, )/ DRyguy (type, Z) Equation |- 8

where type is the plaque type and z the disance from the inner concave plaque surface dong the
centrd axis.

As a consequence, the typical doses prescribed according to the ASMW calibrated measurements
may not yied the same treatment results with the new NIST caibrated measurements results and
therefore need adjustment. The conversion of the prescribed dose D istherefore defined as.

Dus: (type, z) = Dquw (type . 2)” F (type, z) Equation |- 9
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Distance z

Type Surface (0O mm)| 2mm 3.5 mm 5 mm
CCA 11 1.39 1.54 1.54
CCB 0.87 1.01 1.11 1.21

CcCcC 0.75 0.85 0.90 092
CCD 0.90 1.00 1.14 1.31

CCX,CCY,CCZ 133 1.64 1.83 2.06
CGD 0.81 0.90 0.97 1.05
CIA 1.23 1.27 1.36 152
CiB,CiB-2 1.08 1.16 1.22 1.23
COB 0.94 1.03 1.17 1.27
cocC 0.87 1.02 1.09 1.19
COE 1.07 1.29 1.48 157

Tablel- 6: Conversion factor F(type,z) depending on plaquetype and distance z from theinner concave plaque
surface along the central axis.

It has been shown [47 ]| that measurements using radiochromic films performed on a CCX plague
found a dose disagreement of 55%-110% with manufacturer specifications, equivaent to a depth
disolacement of up to 1.5 mm. This difference is dinicdly dgnificant, snce the dose fdl-off is
about 30% per millimeter, and the thickness of tumors treated is up to 56 mm. The center of the
digribution was displaced by 3 mm from the centrd axis of the plague. The measurements aso
show a steep dose decrease a the edges of the plaque, which should be accounted for when
selecting the proper plaque diameter for trestment.

Furthermore, the measurements performed for the Report 145 of the NCS commison on the
recently calibrated sources are more congstent with the cetificate, indicating that the new BEBIG
standard is more accurate than the old standard.

|.4. TREATMENT PLANNING USING PLAQUE SIMULATOR

An exiging 3D ophthdmic plague dosmetry smulator [48 ][49 ][50 ], origindly developed for
moddling the doametry of ocular tumors usng gold plagues usng [-125 seeds, was modified to
sudy the Ru applicators and their dosmetry [51 ]. This software is digributed under the title
“Plague Smulator” by BEBIG GmbH, and runs on Apple Macintosh persond computers under
ether OS-9 or OS-X.

This trestment planning system is currently used in Centre Jean Perin for the dosmetry involved
by an ocular brachytherapy using *°°Ru/*°°Rh ophthamic applicators.

This software is able to estimate dose to water by summing a “patch source’ dose function (kernd),
derived from a combination of Monte Carlo modeling and plagtic scintillators measurements (points
of measurements pat of the BEBIG cdibration sheet) over a discrete number of overlapping
patches uniformly distributed over the active surface of the gpplicator.

|.4.1. Positioning the plaque on the eye

The pogtion of the plague during treatment is defined using a spherica projection of the eye. The
ocular dimensons, the sze of the tumor and its pogtion in the eye can be specified from CT or MRI
images (see Fgure |- 21). The pogtion of the geometricad centre of a plague during trestment is
specified by “grabbing” the image of the plague on the screen usng the mouse and “dragging” te
plague to the dedred location. Alternatively, the plague can be automaticaly centered over the
tumour.
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Figurel-21: Eyecontours, position and size determination on a CT image with Plaque Simulator.

|.4.2. Calculating and displaying the dose distribution

Transverse, saggittal or coronal planar cross-sections may be requested, as well as any plane
transecting the eye diametrically. This planar surfaces are displayed within a tranducent eye. Dose
cdculation matrices ranging from 20" 20 to 160 160 points may be sdected. Bilinear interpolation
is used to edimate isodose contours between the caculated points. Isodoses are digplayed following
a color scde. The display can be normalized to the dose at any location on the centrd axis or to the
gpex of the tumor. A table of dose vaues & 1 mm intervas on the centrd axis of the plague is
avalable.

1.4.2.A. The patch sour ce dose function

The patch source dose function is not corrdlated to the point source dose function (calculated using
Monte Carlo in Chapter 1V for monoenergetic dectrons and °°Rh polyenergetic point source) as it
represents the macroscopic behavior of asmal disk-like region of radionudlide.

This function includes an anisotropy term to account for the angular variation in scater and
atenuaion as particles traverse the 0.1 mm slver window. The near field of the plague is modded
with patches that are assmiled to smdl disk and the farfild with patch as a point.

Applicators are gpproximated using discrete number of overlapping paiches (300 to 1000)
uniformly digtributed over the active area of the gpplicator. Paiches are podtioned 0.2 mm below
the concave surface of the gpplicator in a 0.1 um thick layer, 0.1 mm below the concave sde of the
applicator. The distance between patch centersistypicaly about 0.6 mm.

The dose rate at a point P in water surrounding an applicator is estimated by summing the dose rate
delivered to that point from dl the patch sources.

The dose rate from any individuad patch source can be expressed in the same way as it is
recommended in the AAPM’s TG43 report [52 ]:

D(rf)=S(s,t)" A" g(r)" G(r)" F(r,f) Equation I- 10
where r is the distance between point p and patch s (estimation of the distance between the patch

center ¢ and the point P). f is the angle between a vector n normd to the patch and a vector from ¢
towards P. §(st) is the source strength (Bq) of paich s a time t. A is a cdibration congtant for the
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goplicator, g(r) is a radid dose function in NGy/Bg-h, G(r) is a geometry function and F(r,f) isan
anisotropy function.
We will describe each term of the Equation I- 10 and the way they are calculated.

Figurel-22: Patchesinside an ophthalmic applicator. Figurel-23: Theanglef used to calculate F(r,f) is
defined asthe angle between a vector n originating at
the effective center c of a patch and directed towards

the center of the sphereto which the applicator
conforms, and a vector from c to the dose calculation
point p. r isthe distance between c and p.

[.4.2.A.1. The source strength S

The source srength of each patch is defined as the gpparent total activity of the agpplicator (as
specified by the manufacturer) divided by the number of patches.

1.4.2.A.2. The calibration constant A
The cdlibration congtant A is an empiricaly dimensionless factor between 0.9 and 1.0 chosen to

scae the caculation of the software to match the measurement dose rates on the centrd axis of the
goplicator a 5 mm in depth.

1.4.2.A.3. The geometry factor G(r)
As described in the TG43 report, the geometry factor accounts for the variaion of reative dose due
to the spatia didribution of activity within the source, ignoring photon absorption and scattering in
the source Structure. It is defined asin Equation |- 11:

CEr (r)av'/jr-r'fy

G(rg)=~ Equation |- 11

 (F)av’

Where r (') represents the dendty of radioactivity at the point p(r')=p(x’,y’,z)) within the source
and V denotes integration over the source core. dV’ is a volume eement located a 1’ in the source.
When the distribution of the source can be approximated by a point source G(r,q) reducesto :

G(rg)= ri Eqution |- 12

where r is the distance between a cdculation point and a patch. Equation I- 12 is used a large
distance from the applicator for which each patch is consdered as a point located a c. At low
distance, near the surface of the applicator, the use of Equation I- 12 results in erroneoudy high
vaues, especidly near the concave surface. The limit between the nearfidd and the fafidd of each
gpplicator has been determined to be a distance X, equa to 1.4 to 1.8 depending of the source
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geometry for symmetric gpplicators. In the nearfied, paich sources are geometricaly treated as
gndl thin dreular disk (»1mm) with a uniform activity and a radius R, and a plane (r»0mm),
Equation |- 13 evauates this feature;

G(r) =((m(x,-r)) +1)/xn2 Equation |- 13
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Figurel- 24: Plotted equations of the geometry factor G(r) over therange 0to 8mm. The solid lineistheinverse
sguar e function (Equation I- 12) and the dashed lineisthelinear function (Equation I- 13) for the model CCB
applicator with crossover distance xn=1.65 mm and slope m=2.

Equation |- 13 best reproduces measured dosmetry.

[.4.2.A.4. Theradial dose function g(r)

As described in the TGA43 report, the radid dose function g(r) accounts for the effect of absorption
and scatter in the medium aong the transverse axis of the source, it is defined in Equation |- 14:
D(r, ) G(1, Do)

g(r) =- Equation I- 14
D(r5,d0) G(r,q0)

The radid dose function gpplies only to transverse axis, only for points with an angle of qo, which is
equa to p/2. This function defines the fdloff of dose rae dong the transverse axis due to
absorption and scattering in the medium.

For Plague Smulator trestment planning, the radid dose function g(r) is estimated from a beta point
source dose function which was cdculated usng a Monte Calo modd, results of Cross with
ACCEPT code [53 ]. This gpproximation has been done by assuming that dl of a patch’'s activity is
assgned to a point a its effective centre and o0 r is the distance between the point p and the
effective centre ¢ of each patch.

A comparison between ACCEPT results and GATE cdculations is done in Chapter IV concerning
the beta point source dose kernel dosimetry.

1.4.2.A.5. The anisotropy function F(r,j )

Following the TG43 report, the anisotropy function accounts for the anisotropy of dose distribution
around the source, including the effects of absorption and scatter in the medium. It is defined as:
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D(r q)&(r,d)

F(rg)=- Equation I- 15
D(r,qy9 G(r,q)

Equation 1- 15 describes the variation in dose as a function of polar angle reldive to the transverse
plane. F(r,) is defined as unity on the transverse plane and his vdue off the transverse plane
typically decreases as r cecreases, as g approaches 0° or 180°, as encapsulation thickness increases
and as particle energy decreases.

Typicdly, for ophthamic applicator sources, the scattering and absorption of beta particles
emanating from the source are caused by the 0.1 mm slver window.

The anisotropy function is managed by three parameters, a crossover distance xa (»2mm) which
delinestes between a neafidd and fafied, a bias parameter which governs the rae of trandtion
from neafidd to fafidd and an angular shift which is added to angle f to account for the
manufacturing differences between individud applicators and agpplicators whose sphericd radius of
curvature is greater than 12 mm. In the neafied of a patch, the anisotropy function is constrained to
reman cdose to 1.0 a dl angles The anisotropy function is normaized to a vaue of 1.0 in the
direction n which represents the minimum path through the applicator.

[.4.2.B. Dosimetric calculations with Plague Simulator_in practice

Protocol of measurements sheets provided by the manufecturer BEBIG are entered in the planning
software. The required data conssts of the nomina source activity (MBq), the cdibration date, 11
measurements at 0.6, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0 and 10.0 mm of central axis dose rate
(mGy/min) and 33 points of measurements on a concentric sphere 1.0 mm above the plague's inner
surface (those points are given in % and are normaized to the centra point).

PRl vl b sk B AIEBE Cal bwat s ks

230 10
----------- H i . T R . 1hain fiahil e Eal el Sl rre=n gy —
Figurel- 25: Central axismeasur ementsentered in the Figurel- 26: Surface measurementsentered in the
Plaque Simulator treatment planning system. Plague Smulator treatment planning system.

A scripted optimization process enables a fit to the centra axis measurements (see ). The reldive
error associated istold to be under 2% in the mgjority of the cases.
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Figurel- 27: Prescription window. The date of the Figurel- 28: | sodoses obtained with Plaque Smulator
plaqueinsertion and the date of the plagueremoval are with a CCA applicator.

fixed to obtain 400 Gy at 1 mm in depth on the central
axisusing a CCA applicator.

As an example and following the ophthdmologist’s prescription for the treetment of a medium sze
ocular melanoma, 400 Gy are delivered a 1mm in depth on the central axis. The dates of the plague
insartion and remova are defined to fit the recommendation of the pratician. Dose to the apex and
the duration of the irradiation are systematically checked.
Figure I- 27 represents a typical ocular brachytherapy prescription entered in Plague Simulator
usng a CCA applicator. The patient will have to keep the plague during 117.4 hours to be treated
with a dose of 400 Gy at 1 mm in depth on the centra axis. Dose ddivered to organs at risk such
like the macula and the optic nerve are specified by the software depending of the pogtion of the
tumour in the eye.
Two dimensond dose digributions are then available on the scleral and retind surfaces (see Figure
I- 28).

CONCLUSION

Ocular brachytherapy trestments using *°°Ru/°®Rh have proved there efficacy in the trestment of
ocular melanoma and benign tumours. The utilization of such ophthdmic plagues is however a
difficult task because of the high dose gradient ddivered on very smdl Sze tissues. That's why we
have shown in this chepter that accurate measurements and dose cdculations using trestment
planning is of great importance in such trestment if we want to benefit of the specid characteristics
of a beta emitting radioactive source.

With such prdiminary explanations and observations, we make appear the fact that determining
with high accuracy the dose didribution in a modd eye is of necessary importance. Monte Carlo
amulaions are the key issue for dose cdculations despite of ther time consumming. In order to
devdop a convivid tool intended to medicd physciss and ophthamologists for ther dinica
routine dose cdculation, we took advantage of a grid environment to pardldize Monte Carlo
cdculations on geographicaly didributed processors and store medica images with metadata on
digributed storage resources. Description of the grid entity and its usage for treatment planning
issuesis detailed in the following chapter.
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Chapter 11.Grid technologies and health related applications

Chapter I1.

Grid technologies and health related
applications

INTRODUCTION

Computers are ill used much less extensvely than they could be and it's obvious to say that the
average computing environment remains inadequate for computationdly sophisticated purposes. To
ansver computationd, large and didributed dorage, and sharing datasets needs, the grid
technologies appeared.

From a technology point of view, radiothergpy is a highly complex procedure, involving a variety
of computational operations for data gathering, processng and control. The modularity of the
treetment process and the need of large data sets from different sources and nature (physics,
mathematics, bio-gatidtics, biology, and medicine) make it a privileged candidate for hedthgrid
goplications. In an enlarged Europe sharing data, expertise and computationa resources will be a
sgnificant factor for a successful cost containment and improved access to a high overdl qudity of
care in radiothergpy. It is an ided tool for harmonising the cancer treatment as well as providing a
common base for research collaboration.

Adding the fact that Monte Carlo smulations are more and more integrated to the eaboration of
accurate trestment planning for specific agpplications, such like ocular  brachytherapy using
108Ru1%Rh ophthamic applicators, the grid could be a great dternative to reduce the computation
time involved by such caculations.

Based on the HedthGrid White paper published in 2005 [50 ], the first pat of this chepter is
dedicated to grid for hedth related applications. Issues concerning eHedth are described first; the
hedthGrid asocidtion federating a large community of researchers implied in grid improvements
for hedlth gpplications is detailed next, to finish with a description of what it has been envisaged to
use grids for radiothergpy planning.

After an overview of the grid computing projects that gppeared in Europe over the last four years,
the European DaaGrid Project (EDG) intended to develop middleware of a grid infragtructure is
described in a next part. A subparts is intended to achievements redized over the period of the
project to build the grid infrastructure.
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The third pat describes the nature of the production grid infrastructure EGEE by highlighting the
computing efficacy involved by usng the grid. A discusson on the specific needs for the
management of medica imaging and metadata on the grid with the firs achievements performed in
that domain is then done.

I1.1. GRID FOR HEALTH RELATED APPLICATIONS

I1.1.1. The challengesfor eHealth

eHedth is becoming the 3" industrid pillar of hedlthcare after phramaceuticdl and medical imaging
device indugtries. The eHedlth retailers predict a benefit of more than $22B (US) for the year 2004.

Mogt of the chalenges encounter in eHedth gpplications must be overcome in the next year and can
benefit of the grid technologies.

» Fra of dl, the Hedth relaied data require long-term and large Storage to tore patient
records comprisng images, bio-sgnds, plan text, videos, photographs or other forms of
digita data

* The medica data (images, programs, etc...) must be linked with databases with medica
information. Federated databases should then emerge between clinical centres, laboratories
and hospitals.

» Medicd information can reguire high bandwidth connections to meet minimum dday
requirements for the pratician. That implies that technologies must converge to a high
bandwidth communication networks between hedthcare centres.

= Obtain the same degree of eectronic management of patient data over hedthcare centres.
The Electronic Patient Record (EPR) enabling a coherent access to and the management of
the complete patient information should achieve an esder access to daa The
dandardization of the data recording should dso be reached in a near future to facilitate
their management and utilization by each medica actors.

= Lagt but not least, the security is the most important issue. The access to the information
must be performed only by authorized and autherticated persons and data must be encrypted
to guarantee its confidentidity and integrity. Persond data are identified to be any piece of
information in which its owner can be identified, ather directly or in combinaion with
information that is avaldble or otherwise located. Furthermore, dectronic archiving of
persond datais drictly regulated by the European and nationd laws.

Grids applied to hedth related applications must provide services or middleware components that
ded with the specific problems arisgng in the processing of biomedicd data

Although the ultimate god for eHedth in Europe would be the cregtion of a single hedth grid, i.e a
grid comprisng dl eHedth resources, naturdly including security and authorization festures to
handle subgdiarity of independent nodes of the hedthgrid, the development path will modtly likey
include a sat of specific hedth grids with perhgps rudimentary inter-grid interaction/interoperationd
cgpabilities.

The future evolution of grid technologies addresses most precisdy problems that are very
gopropriate for hedthcare. Hedth grid applications ae oriented to both the individuaized
hedthcare and the epidemiology andyss. Individudized hedthcare is improved by the efficient and
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secure combindion of immediae avalability of persond dinicd information and widespread
availability of advanced services for diagnogsic and thergpy. Epidemiology hedthgrids combine the
information from a wide population to extract the knowledge that can lead © the discovery of new
correlations between symptoms, diseases, genetic features or any other clinica data.

Facing to the growing of interest into providing grid tools for hedth related gpplications in the last
Grid projects, the Hedthgrid entity has born. In the following we will refer to the “Hedthgrid white
paper” [42 ] and to related work in the EDG [50 | and EGEE project to describe what are the
prospects and requirements to turn a grid to a hedth related grid. In the next part, we will focus
especidly on the computationd modds in medica imaging and thergpy to be deployed in a grid
environment. The Hedthgrid white paper and dl the informaion relaed to grid computing
dedicated to hedth applications can be found on the hedthgrid web ste hitp:/mww.hedthgrid.org.

[1.1.2. The HealthGrid association

Over the last four years, a community of researchers working on Grid and High Performance
Computing technologies darted discussng the bariers and opportunities that grid technologies
must face and exploit for the devdopment of hedth-reated gpplications. This interest lead to the
firg Hedthgrid conference, held in Lyon, France, on January 16th-17th, 2003, with the focus of
creating increased awareness about the posshilities and advantages linked to the deployment of grid
technologies in hedth, ultimady targeting the credtion of a Europeanvinternationd grid
infrastructure for hedlth.
The topics of this conference converged with the podtion of the eHedth divison of the European
Commisson, whose mandate from the Lisbhon Meeting was “To develop an intdligent environment
that enables ubiquitous management of citizens hedth datus, and to assst hedth professonds in
coping with some mgor chdlenges, risk management and the integration into clinical practice of
advances in hedth knowledge” In this context "Hedth" involves not only clinica procedures but
covers the whole range of information from molecular level (genetic and proteomic information)
over cdls and tissues, to the individud and findly the population level (socid hedthcare). Grid
technology offers the opportunity to create a common working backbone for dl different members
of this large "hedth family" and will hopefully lead to an increased awareness and interoperability
among disciplines.
The firdg HedthGrid conference led to the crestion of the Hedthgrid association, a non-profit
research association legdly incorporated in France but formed from the broad community of
European researchers and ingtitutions sharing expertise in hedth grids.
After the second Hedthgrid conference, held in Clermont-Ferrand on January 29th-30th, 2004, the
need for a “white paper” on the current status and prospective of hedth grids was raised. Over fifty
experts from different areas of grid technologies, eHedth applications and the medica world were
invited to contribute to the preparation of this document.
The association named Hedthgrid [43 ] and governed by the French law of July 1, 1901 and the
decree of August 16, 1901 has been founded in April 2003.
The god of the associationis

* to contribute to the Structuring of the European Research Area for hedth, by, for example,

favouring the use of grid technologies,
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» to offer active support and guidelines for the extenson of the association's members
contribution to society;

= to supply information and other services relevant to the members of the association;

* {0 encourage co-operation between the members of the associaion, notably in the cregtion
of effective networks of collaboration;

» cregte patnerships of benefit to both higher education and scientific research in the fidd of
the hedth in its broadest sense, both within Europe and in the rest of the world.

The HedthGrid s the coordinator of the SHARE project, part of the IST cal 4, FP6 2004, intended
to “Supporting and dructuring HedthGrid Activities & Research in Europe: deveoping a
roadmap’. The project will define a comprehensive and detailed European R&D roadmap, covering
both technology and policy aspects, to guide and promote beneficia EU-wide uptake of HedthGrid
technologies and applications into health research, and into hedlth care service provison.

11.1.3. Health grids: a grid scenario for radiotherapy planning (from the
HealthGrid white paper [50 ])

[1.1.3.A. Processing simulationsin aqgrid environment

Research communities in biocomputing or biomoddling and smulation have a srong need for
resources that can be provided through the grid. Compliance with medicd information sandards is
necessary for accessng large databases. There are many consolidated and emerging standards that
must be taken into account. Complex and multimedia information such as images, sgnds, videos,
elc. isclearly atarget for grid and is more sengtive to data formats.

Findly, flexibility is needed for the control of VOs a a large level. The management of resources
should be more precise and dynamic, depending on many criteria such as urgency, users
authorization or other adminigtrative policies.

Biocomputing medicd applications are one of the family of hedthgrid applications. The maturity of
genetics and biomedicd technologies brings them closer to medicine and grand-chdlenge
computing problems of biocomputing are curently being migrated to grid. Biomedicad moddling
and smulation is another important area for grid applications. For this second gpplication, we will
highlight in the following pat the issues tha have to reach to enable thergpy planning in routine
using agrid infradtructure.

[1.1.3.B. Issuesfor therapy planning

Many human body models have been developed for thergpy planning. Examples of numericd
gmulation used by hedth practitioners include  radio-surgery/radio-therapy  planning,
electromagnetic source locdisation (an inverse procedure to identify aress of disorder within the
bran based on exteend EEG/MEG measurements), recondructive maxillofacia surgery, etc.
Today, most developments are in the trangtion between research use and clinicd use. Grid can be
used to provide access to gppropriate computational services and deliver these to medicd users.
Hedthgrid would need large scde deployment gtudies to alow the evauation of a wide range of
requirements, including loca deployment aspects and practical experience with production grid use.
The mgor chalenges will be to ensure that services can be delivered into the user’s workplace in an
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gopropriate, ergonomic manner and that security, policy and legd condraints related to the use of
patient data are fulfilled.

11.1.3.B.1. A grid scenario for radiotherapy planning and treatment

Radiother apy and Genes

Presently patients are treated with standardised radiation doses. Gene profiling may enable an
individudlised adjusment of the dose s0 as to achieve tumour control in paients with a low
radiosengtivity and avoid severe Sde effects in patients with above average senstivity to radiation.
In a fird sep a grid structure should dlow research groups, each focusng on different molecular
mechanisms, to access datain the ditributed infrastructure for comparison studies.

In a next step users should be able to submit the results of predictive tests for andyss to a shared
software and expert platform for radiosenstivity grading. A smilar gpproach can be followed for
other aspects clinical decison making such as the assessment a tumour's capacity for metadtatic
soread. For rapidly metastassng tumours, systemic (chemotherapy) treatment needs to be
associated to the localy delivered radiotherapy. New tests now under development, predicting on
the bass of gene profiling which tumours are mogt likdy to metastasse, can make 60% of the
chemothergpy currently administered e.g. for breast cancer, redundant. However, it takes a highly
specidised team to interpret the results of these tests correctly. Grid-supported consultation of
libraries of gene profiles or, dternatively, tele-consulting services offer dso in these case excdlent

perspectives.

Medical images for radiotherapy treatments

Tissue dectron dendgty provided by CT scanning is ill needed to cdculate the dose delivered by
photon and eectron beams. To define the planning target volume (PTV) and organs-at-risk (OAR),
new imaging modalities based on MR-imaging, MR-spectroscopy and PET are complementary to
CT scans and become a requirement for high-precison high-dose radiotherapy. In contrast to CT
scanning, the latter imaging moddities are avalable only in reference centres for reasons of cost
and expertise.

To secure access for dl patients to optimd imaging for radiothergpy planning, the coordinating
centre could peform a grid-medialed sdection of an imaging centre, and the resulting
complementary image acquisitions could be sent back through the grid.

To reproduce the patient postioning and perform the complementary imaging in trestment-relevant
conditions, the patient-individua immobilisation devices could be physcdly sent to the imaging
centre. Alternatively, a retrogpective regidration grid service could be usaed to redign dl the images
in the relevant coordinate sysem. Many tools have been developed for computer-aided definition of
PTV and OAR including anatomica atlases that can be warped to the patient-individud anatomy. A
grid could make such tools and their upgrades in due time available to dl groups involved in PTV
and OAR definition. Nodes on the grid that provide expert help for patient-related problems in
defining PTV and OAR are needed.

Monte Carlo simulations for dose calculation

Accurecy of Monte Carlo (MC) dose computation is excellent, provided that the computing power
is aufficient to dlow for enough runs to reduce the gatigica noise. The grid is a natura dternative
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to codly pardld computers. In this way, MC dose computations could become sandard for
radiotherapy qudity assurance (QA), planning, and plan optimisstion years before individud
departments could afford a loca investment that is capable to support MC. Requirements needed
for such deployment include the exisence of a sarvice level agreement between the departments
and the grid providers by which the grid level of peformances in terms of security, Stability and
response time is guaranteed. Each delivery centre manages the commissoning of its own trestment
units and incorporates both mechanica-physicd and dosmetric parameters, including uncertainty
flags into an identity card tha is accessble through the grid. This identity card will dlow
trestment-planning providers and computation services to edtablish, refine or fit their computationa
modd of the linear accelerator. The identity card aso contains the reference data so that periodica
quaity assurance (QA) procedures could make sure that the machine performs accordingly. One
might expect that the cooperation through the grid between QA providers and ddivery centres will
sreamline the QA procedures and harmonise the identity cards over the different accelerator types.
The qudity assurance of the treatment can dso bendfit from the grid, even if it is patient specific:
once a treatment plan has been designed, some locations are sdlected to measure the dose leve in a
physica phantom that replaces the patient during the first trestment session.

In pardlel, the coordinating centre consults the grid for an independent dose computation senvice to
compute the dose in the same set of points in the phantom. The comparison of the measured dose to
the computed fractional dose is peformed automatically a the delivery centre and will be submitted
to the coordinating centre. In case of violation of tolerances, the trestment plan will be recomputed
in patient and phantom by a second dose computation service in the grid. Alternatively, the
coordinating centre may consult the grid for avirtua treatment a another ddlivery centre.

Conclusion

Those previous requirements describe what should be enable in a near future to compute and
manage radiotherapy treatments in a grid environment. The work to perform in order to achieve dl
those described aspects is gill long but, in this thess, we began to reflect and develop tools for
ocular brachythergpy treatments usng Monte Carlo. In the following parts of this chapter, we
enumerate and discuss what are the grid functionnalities enabled at this date and argue about the
grid computing efficacy and medicd data management, the two man aspects involved in
radiotherapy treatments nowadays.

|1.2. GRID COMPUTING IN EUROPE

The computationd grid can be associated by andogy to an dectric power grid. Computation is
equivdent to dectricity and transmisson and digtribution technologies could be combined to grid
capabilities. We tdk about an infrastructure because computationd grid is concerned by large-scae
pooling resources but aso by people, connections, data, etc. Different levels can be found for grid
usrs grid developers in charge of desgning and implementing the basic services, tool developers
who cregte the compilers, libraries that implement the programming models and services used by
application developers, application developers who congtruct grid enabled gpplications and
components, end users who will not write programs, but will use grid-enabled applications that
make use of grid resources and sarvices and findly sysem administrators who manage the
infragtructure on which computationa grids operate. All these features require a Sgnificant
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hardware infragtructure for interconnections and software infrastructure to monitor and control this
entity. Furthermore, grids have to develop a middleware layer cgpable of adressng applicaion
requirements coming from different scientific communities such as High Energy Physcs, Eath
Obsarvation and Biomedicad applications for which the requirements are surdy the most complex
and the most challenging for middleware developers.

[1.2.1. European and national grid projects

Since 2000, the European Commisson has been financing Grid research under the fifth research
framework program (FP5) with more than 50 million Euros, as pat of the European Union's
Information Society Technologies (IST) research [1 ]. In FP5, the focus was mainly on technology
development and application pilots. The main projects in FPS were the European Daa Grid [2 ],
GridLab [3 ], EUROGrid [4 ], CROSSGrid [5] and DATATAG [6].

In FP6, beginning in 2002 and extending to 2006, the European Union is funding Grid research with
more than 140 million Euros following a technology pushVepplication pull gpproach (i.e,
developing the underlying technologies and Grid-enadling "red-world" applications). The crucid
enabling infrastructure for the current research Grid projects is GEANT [7 ], the world's most
powerful research network which links more than 3,000 research ingtitutions across Europe.

In the firg phase, the European Union has launched severd dgnificant Grid initigtives which help
dructure the Grid infragtructures in Europe and build upon the dready established GEANT
infragtiructure, most notably EGEE (Enabling Grids for EScience) [8 | [9 ] and DEISA (operdating a
distributed/Grid terascale supercomputing facility across Europe) [10] .

In 2004, the EU has approved another 12 FP6 Grid projects, among them four mgor projects with a
focus on Grid infrastructure technologies that will create a criticd mass of expertise and resources
from across Europe:

= CoreGrid is a "network of excdlence" addressng longer term Grid research, cregting the
foundations for the next-generation Grids toward 2010 and beyond. The project brings
together exigting Grid research communities by creating virtua centers of excellence.

» NextGrid is an integrated project focusng on the underlying technologies of the Next
Generation Grid, aming to ddiver a new Grid architecture by the end of the decade. The
work addresses security and business models, taking into account requirements from sectors
such as finance and media

= Akogrimo is deveoping mobile Grid architectures and services. Building on Europes
drengths in mobile communications, the project will demondrate a vison of dynamic
virtua organizationsin pilot gpplicationsin e-health and e-learning.

= SIMDAT is an integrated project developing generic Grid technologies for indudry in the
aress of data integration, collaboration and knowledge discovery. The focus is on the use of
Grids to solve complex problems in important sectors such as aerospace, automotive,
pharmacology and meteorology.

In addition, seven smdler projects (K-WF Grid, UniGrids, HPCAU, intdiGrid, OntoGrid,
DataMining Grid and Provenance) focus on specific targets, such as knowledge extraction,
workflows, data mining, collaboration, trust and security.
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With the UK e-Science projects (investments of more than 118 million pounds) a vast variety of
Grid research, middleware, applications and industry projects born such as. DAME (Didtributed
Aircraft Maintenance Environment); GridCast (Grid for televison/radio broadcadting); RiskGrid
(for risk assessment cdculaions in financid services); GRIA (Grid Resources for Indudtrid
Applications); MyGrid (a Grid portad for Bioinformatics research); and OGSA-DAI (Grid
Resources for data access and integration).

At GGF12 [11 ] in Belin in the spring of 2004, the German Minister for Education and Research
announced a five-year, 100-million-Euro e-Science program. Germany started as early as 1996 with
the deveopment of UNICORE [12 ], a uniform access infrastructure connecting German
supercomputer and research centers. Germany is now investing a larger portion of the 100 million
Euros in the devdopment of D-Grid, a countrywide general Grid research infrastructure and Grid
savices initigive, dong with severd community Grids for community-specific middleware and
Grid-enabled gpplications that focus on specific research aress.

Other nationd and regiond Grid initiatives are the French Grid5000 project, the e-Toile projects
the Indruire project (for the Auvergne region); the Itdian GRID.IT; the DutchGrid and the 40-
million-Euro Dutch VL-e project to develop a virtud laboratory for e-Science in the Netherlands,
the Grid-lrdand MarineGrid, CosmoGrid and WebCom-G projects, the NorduGrid with its
Advanced Resource Connector (ARC) Grid middleware used by SweGrid, Estonian Grid, M-Grid
in Finland, the Danish Production Grid and others the Audrian Grid Initiative with focus on
infrastructure, middleware and applications, and its ASKALON Grid gpplication development and
computing environment; Poland's PROGRESS Grid, combining resources in Krakow, Poznan, Lodz
and other cities via its powerful PIONEER network; and the SEE-Grid for South Eastern European
Grid-enabled e-Infragtructure Development, with partners from Greece, Bulgaria, Romania, Turkey,
Hungary and Y ugodavia

Europe now has a long-term, coordinated and shared Grid R&D vison, mission, drategy, roadmap
and funding, driven by the European Commisson's IST Framework Programmes 5, 6 and 7 (the
latter will start in 2007).

[1.2.2. The European Datagrid Project (EDG)

The European Datagrid IST project [2 ] has came to completion at the end of March 2004 after a
find review by the european commisson. The man objective of the project was to develop a
middevare layer capable of addressng application requirements coming from three different
communities. High Energy Phydcs, Eath Obsarvation, and Biomedicd applications. Ealy in the
project, two communities were identified indde the biomedica applications working group: the
bioinformatics and the medica imaging communities in which GATE gpplications was implied.

The DataGrid project was organized in working groups (or Work packages) dedicated to the
middieware (5 WPs), the testbed infrastructure (2 WPs), the application communities (3 WPs) and
the project management (2 WPs).

[1.2.2.A. Organization
Grid Work scheduling (WP1):
The objectives of this WP were:
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» The optimisation of the program executing location in function of the avalability of data,
computing power and network.

» Theadlocation of resources necessary to execute programs.

= The devdopment of a common interface to access resource management systems available

onthegrid.
» Thedefinition of priorities and rights to access resources.
Data Management (WP2):

The god of this work package was to specify, develop, integrate and test tools and middieware
infrastructure  to coherently manage and share petabyte-scde information volumes in  high
throughput production qudity grid environments. The main purposes of this WP were to:

= dlow a secure access to massive amounts of datain a universal globa name space,

» move and replicate data at high speed from one geographica Ste to another,

*  manage synchronisation of remote replicas.

= Develop a generic interface to heterogeneous mass storage management systems to enable

seamless and efficient integration of distributed resources.

Information and monitoring services (WP3):
The am of this workpackage was to specify, develop, integrate and test tools and infrastructure to
enable end-user and adminigtrator access to status and error information in a Grid environment and
to provide an environment in which gpplication monitoring can be carried out.
Fabric management (WP4):
The objective of this WP was to develop tools enabling the inddlation and the automated
management of the middleware components on computing resources (clusters).
Mass Sorage management (WP5):
This WP was in charge of identify the different storage moddities used by the different scientific
communities to develop a management file system.
The Integration testbed and support WP (WP6) was in charge of testing the grid middleware.
As a fully functiond Daa Grid depend criticdly on the nature and qudity of the underlying
network. Performance (bandwidth, latency), secuity, qudity of service, and reiability are dl key
factors. Data Grid use the European (GEANT) and nationd research network infrastructures to
provide a large set of network services between the computationa and data resources that form the
Data Grid testbeds thanks to the WP7 (Network services). ThisWP isin charge of four tasks

» PFanning for provisoning of infrastructure for testbed operation

» Network and Transport Services

» Nework and Grid traffic monitoring

»  Grid Security
The last three WPs group the scientific applications. Paticle physics (LHC experiments) was
represented by the WP, the Earth Observation by the WP9 and biomedica applications, grouping
medica imaging, bioinformatics and radiothergpy planification treatments usng Monte Carlo was
represented by WP10. GATE Monte Carlo applications have been designed to be one of the
demondtration agpplication presented to the European Comisson during the find review of the EDG
project in February 2004.
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11.2.2.B. Achievements and |lessons |ear ned

The EDG project grouped more than 500 users under 12 organisations with more than 600 persons
trained to use the Grid infragtructure. One million of lines of code have been produced under 7
magor middleware releases. Six High Energy physics experiments, ten biomedica applications and
five Eath Observation inditutes joined the project as gpplications. At the end of the project the
application testbed was constituted of 20 sites representing 1000 CPUs and 6 Mass storage systems.

The early digtributed testbed was based on Globus 1 [13 ]; after having established the Certification
Authorities (see description in 11.3.1.c.1), the development of the higher grid middleware sarted
with the workload management, the data management, the Information services and the Fabric
management (see description in 11.3.1.b.2). The firg testbed was deployed in the middle of 2001 on
five dtes and the firs gpplication evauation darted in december 2001 with a fird High Energy
Physicsjob run. In September 2001, the CERN launched the LCG project [15 ].
After the first review successfully passed on March 1% 2002, the evaluation by end users reveded
the need to focus on the dability of the middleware rather than on new functiondity. An open
source license was established in June 2002 and the tutorid program darted in July of the same year
during GGF5. The second testbed was delivered at the end of 2002 (release 1.4.x) and alowed first
production tests for applications. The 2" annua review was successfully passed in February 2003
and the third testbed (release 2.x) enabling a better scdability and reliability was released a the end
of August 2003, the release 2.1 was produced at the end of November 2003. Many components of
the EDG 2.0 were deployed in the LCG-1 sarvices (during summer 2003) and the EDG 2.1 largely
influenced the LCG-2 components a the beginning of 2004. The find DataGrid review was
presented in February 2004 and successfully passed, GATE gpplications was one of the
demongtration presented to the European Comission as part of the biomedica applications.
The main assets the DataGrid project developed are:

» A large scaletestbed continuoudy available throughout the project duration

= Thedaboration of 21 Certification Authority infrastructure

* Aninnovative middieware with al the components described here after in part 11.3.1.b.2.

= A software released under OSl approved open source license that facilitates wide-spread

usage and encourages feedback.

= Application groupsthat are an integra part of the project contributing to al aspects of work.
Lessons learned are numerous, one of them is that gpplication groups need to be involved in dl
phases of the decisons. The middiewere prototypes should have been available for gpplication
testing early. The cross activities between the WPs need to be coordinated. Furthermore, it has been
highlighted that different testbeds should have been didributed: one to test bleeding edge software
and an other one for the production infrastructure. Security services need to be an integrated part
from the very beginning of the project to fit requirements of users in particularly for the biomedicd
community.
The EGEE project, intended to develop a production testbed has benefited of the gained experience
in the EDG project and dso of the developments performed in the LCG-2 middleware. The EGEE
production testbed is described in the next pat with a discusson concerning the current grid

computing efficacy.
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|1.3. THE EGEE (Enabling Grid for E-sciencE) PROJECT

[1.3.1. Presentation

The EGEE Grid will be built on the EU Research Network GEANT [7 ] and exploit Grid expertise
generated by many EU, nationd and international Grid projectsto date.

Funded by the European Commission, the EGEE project community has been divided into 12
partner federations, conssting of over 70 contractors and over 30 unfunded participants covering a
wide-range of both scientific and industrid applications.

The work being carried out in the project is organised into 11 activities. Two pilot application
domans have been sdected to guide the implementation and certify the peformance and
functiondity of the evolving infrestructure. One is the Large Hadron Collider Computing Grid
supporting physics experiments and the other is Biomedicad, where severd communities are facing
equaly daunting chalenges to cope with the flood of bioinformatics and hedlthcare data.

With funding of over 30 million euros from the European Commisson, the project is one of the
largest of its kind. EGEE is a two-year project conceived as part of a four-year programme, where
the results of the firg two years will provide the bass for assessng subsequent objectives and
funding needs.

[1.3.1.A.1. EGEE activities

EGEE is organized into eeven activities which come under three main aress.
= Neworking Activities (NA) which ae the management and coordination of dl the
commmunication aspects of the project
»  Specific Service Activities (SA) are the support, operation and management of the Grid as
well asthe provision of network resources
» Research Activities (JRA) concentrate on Grid research and devel opment

EGEE Networking activities (NA):

= Networking Activity 1 (NA1) isthe overadl management of the project.

= Neworking Activity 2 (NA2) is Information Dissemination and Outreach and includes tasks
such as running the externa webste, organisng conferences and managing the digtribution
of publications.

= Networking Activity 3 (NA3) is User Training and Induction and includes tasks such as
organising on-gte training and producing training and course materid.

= Networking Activity 4 (NA4) is Application Identification and Support and includes tasks
such as supporting pilot applications and identifying new users. GATE gpplications are part
of the NA4.

= Networking Activity 5 (NA5) is Policy and Internationad Cooperation and includes tasks
such asliaising with parties interested in the EGEE project on an internationa level.

EGEE Specific Service Activities (SA):
»  Specific Service Activity 1 (SAL) is European Grid Support, Operation and Management
and includes tasks such as grid monitoring and control and resource and user support.
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»  Specific Service Activity 2 (SA2) is Network Resource Provison and includes tasks such as
policies and service level agreements.

EGEE Joint Research activities (JRA):

» Joint Research Activity 1 (JRAL) is Middleware Re-engineering and Integration, it includes
tasks such as re-eginexing exiding middleware, integrating middleware, testing and
vaidation.

= Joint Research Activity 2 (JRA2) is Quadity Assurance, it includes tasks such as ensuring
that processes, products and operation services conform to project requirements, standards
and procedures.

» Joint Research Activity 3 (JRA3) is Security, it includes tasks such as developing security
frameworks and policies and designing security mechanisms.

»  Joint Research Activity 4 (JRA4) is Network Service Development, it includes tasks such as
developing interfaces to the network and advance reservations of network connectivity in
terms of bandwidth, duration and quality of service.

Biomed applications are part of the NA4. In the following section we will describe the gods of the
NA4 and the biomed applicationsimplied in it.

[1.3.1.A.2. The objectives of the NA4

= Support the deployment and running of many different applications from variousfidds.
At this date, twelve applications are part of the Biomed Applications. Each of them are part of
sub-groups corresponding to different categories of gpplications:

v "Rilot" gpplications will be used to tex EGEE middewae and to evduae
performances. GATE (Geant4d Applications for Tomographic Emisson), CDSS
(Clinica Decison Support System) and GPS@ (Grid Genomic Web Porta) are part
of this category.

v' "Internd" applications will come from within the project in the sense tha they
involve EGEE partners in collaboration with ingtitutes externa to the project. SMRI
3D (Magnetic Resonance Image smulator), gPTM 3D (interactive radiologica
image visudization and processng tool), xmipp Mirefine (Macromolecular 3D
gructure andyss), GridGRAMM (Molecular Docking web), GROCK ( Mass
sreenings  of molecular  interactions  web), WISDOM  (grid-enabled docking
plaform for in gllico drug discovery) and  Xmipp assign multiple CTFs
(Micrographia CTF cdculation) are part of this category.

v "Externd" applications which come from collaborations externd to the project and
will need support for deployment on EGEE. SPLATCHE (genome evolution
modeling) and the Mammogrid project whom am is to develop a European-wide
database of mammograms that will be used to invedigae a set of important
hedthcare applications as wel as the potentid of this Grid to support effective co-
working between hedthcare professionds throughout the EU.
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* Provide necessary feedback to Middleware and Operations, this particularly the case for
pilot applications.

* Produceddiverables:
All dong the 2 years of the duration of the project, report (ddiverables) have to be
presented. Concerning NA4, for which GATE and biomedica agpplications in genera are
pat, Sx deiverables must be produced: during the third month of the project, DNA4.1
(Definition of Common Application Inteface and Planning Document) eaborates the
milestones of the NA4 gpplications, during the sxth month of the project, then follows
DNA4.2 (Target Application Sector Strategy document) and for the ninth, fifteenth and
twenty fourth month of the project, DNA4.3.1-3 concerning EGEE Application Migration
Progress report are produced.

11.3.1.B. The EGEE infrastructure
11.3.1.B.1. The Grid middleware

The LCG middleware

As the EDG middleware isn't upgraded any longer since the end of the project in February 2004
(EDG 2.1.2). The firs middieware that will be used on the "production” infrastructure is the LHC
Computing grid [14 ] [15] [16 ] [17 ] LCG-2. LCG-2 has been derived from the EDG middleware
but offers afew more facilities and has better documentation.

The Large Hadron Callider (LHC), which is being congructed a the European Organization for
Paticle Physcs (CERN), will be the world's largest and most powerful particle acceerator. The
accelerator will start operation in 2007, and the experiments that will use it will generate large
amounts of data The processng of this daa will require enormous computational and storage
resources. The job of the LHC Computing Grid Project [15 ] -LCG- is to prepare the computing
infragtructure for the smulation, processng and anadlyss of LHC data for al four of the LHC
collaborations: ALICE, ATLAS, CMSand LHCB.

The LCG-1 middleware (first versgon) was based on Globus 2.2.4 and benefited of the work done in
EDG WPL concerning the Resource Broker [18 ] and the Workload Management System (WMS)
[19 ] implementation, the EDG WP2 Replica Management tools and the Glue 1.1 [24 ] information
schema The LCG modifications focus on the job managers to avoid shared filesystems problems,
MDS and BDII-LDAP, Globus gatekeeper enhancements and bug fixes to EDG and GlobusVDT
[25].

The LCG-2 rdlease was available at the beginning of 2004, LCG-2 expands the services of LCG-1,
with enough resources and functiondity for the 2004 Computing Data Chdlenge. The LCG-2
middleware provides the experience on operating and managing a globa grid service and benefits
of a development program driven by data chalenge experience: the data handling, the srenghtening
of the infrastructure and the users and entity management (VO).

The EGEE infragructure was entirely based in April 2004 on the LCG-2 middieware to migrate in
the middle of 2005 to anew onecdled gLite[26 ].
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The EGEE middleware gLite: Lightweight middleware for grid computing

The architecture of the EGEE Grid middleware is cdled gLite [26 ]. This middleware is influenced
by the requirements of Grid applications, the ongoing work in the Globa Grid Forum on the Open
Grid Services Architecture as well as previous experience from other Grid projects such as the EU
DataGrid (EDG) [2 ], the LHC Computing Grid (LCG) [15 ], AliEn [27 ], the Virtud Data Toolkit
VDT [25] (induding Globus[13 ] and Condor [28 ] and NorduGrid [29 ].

Taking advantage of the large scde data handling of the LCG-2 middleware, the gLite service is
focused on data andysis. Figure Il- 1 represents a schema of the Grid middleware evolution until
2007.

After a testing phase of the gLite prototype, the new middleware is supposed to integrate the grid in
september 2005.

This migration was decided to answer specific needs of the different scientific communities.

2004 2008 2006 2007
f 2M 4 ‘fuau Yaar 2 Year 3 Year 4
g -
Globus 2 based Web services based
VDT EDG
AllEN LCG
GlLite

Figurell- 1: Evolution of the EGEE middleware

The gLite service decompostion has been largdy influenced by the work performed in the LCG
project (the requirements and technicad assessment group on an “architectura roadmep for
digributed anadyss’ (ARDA) [30 ]). Figure II- 2 depicts the high level services, which can
thematicaly be grouped into 5 service groups. The services and machines associated to are
describedin 11.3.1.b.2.
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Figurell-2: gLiteservices
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All the sarvices should be deployed and used independently, dlowing their exploitation in different
contexts. As the gLite grid services follow a Service Oriented Architecture, the interoperability
among Grid services will be facilitated.

11.3.1.B.2. Machines and services part of the EGEE infrastructure

The User Interface

The User Interface (UI) is the gateway to the EGEE grid services. This machine hogs persona user
account and user’s certificate. From the Ul, a user can be authenticated and authorized to use the
EGEE Grid resources. This is the component that allows users to access the functiondities offered
by the Information, Workload and Data management services. It provides the Commands Line
Interface (CLI) to perform the Grid operations.

The Computing Element and Storage Element
A Computing Element (CE) is defined as a Grid baich queue and it isidentified by apair
<hogthame>:<port>/<batch queue name>. This is currently used to define different queues for jobs

of different lengths. Examples of CE names in Clermont-Ferrand Site:
clrceOl.in2p3.fr: 2119/ obrmanager -1 cgpbs-1 ong
clrce0l.in2p3.fr: 2119/ obmanager -1 cgpbs- short

A Computing Element is built usualy on a homogeneous farm of computing nodes called Worker
Nodes (WN) and a node acting as a Grid Gate (GG) or front-end to the rest of the Grid. The GG
runs a Globus gatekeeper, the Globus GRAM (Globus Resource Allocation Manager) [Ref], the
master server of a Loca Resource Management System (LRMS), together with the a loca Logging
and Bookkeeping server (see ). The types of LRMS supported are the Portable batch System (PBS),
the Load Sharing Facility (LSF) and Condor. While al WNs need only outbound connectivity, the
Gate node must be accessible from outsde the ste. The GG is responsble for accepting jobs and
dispatching them for execution to the WNs. On the WNs, dl commands and Application
Programming Interface (AP1) for performing actions on Grid resources and Grid data are available.
Each EGEE ste runs at least one CE and afarm of WNs behind it.

A Storage Element (SE) provides uniform access and services to large storage spaces. The Storage
Element may control large disk arays, mass sorage sysems (MSS) and the like. Almost EGEE
Stes provide one or more SEs. A dte can include a least a classic SE, which has a GSIFTP server
[31 ].The GSIFTP protocol offers basicdly the functionaity of FTP, i.e. used for the trandfers of
files, but enhanced to use GS security. It is respongble for secure, fast and efficient file transfer
to/from the Storage Element.

Thus, the main file access protocol in the Grid is GSIFTP [31 ], which is usad for the trandfering of
files, and which will be adways supported by any Grid storage resource. However, for the remote
access (and not only copy) of files stored in the SEs, the protocol to be used is the Remote File
Input/Output protocol (RFIO) [32].

The resources described up to now congtitute the compute and storage power of the LCG-2 Grid.
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Together with that infragtructure, additiond services are provided to locate and report on the status
of Grid resources, to access data on the Grid, and to find the most gppropriate resources to submit
user jobs. These are the Information System, the Data Management and Job Management services.

The Information System

Mogt grid sarvices will publish or consume information. The information sarvice should create the
gppearance of asingle federated database covering dl available information.

The Information System (1S provides information about the EGEE Grid resources and their status.
In EGEE, the Monitoring and Discovery Service (MDS) from Globus [33 ] has been adopted as the
provider of the Information Service. It implements the GLUE Schema usng OpenLDAP, an
opensource implementation of the Lightweight Directory Access Protocol (LDAP).

Remark: GLUE (Grid Laboratory for a Uniform Environment) Schema defines a common
conceptual data model to be used for Grid resources monitoring and discovery. The main
components of the GLUE Schema describe the attributes and value of Computing Elements, Storage
Elements and binding information for Computing and Storage Elements.

Computing and storage resources a a Ste report (via the Grid Resource Information Servers, or
GRISes) their atic and dynamic status to the Ste Grid Index Information Server (GIIS).

If for some reasons, resources are unable to publish updated information to the GlISes, it could
therefore involve a wrong information given to the end user. That's why the Berkeley Database
Information Index (BDII) is there. Each BDII contains information from the site GlISes defined by
a configuration file, which it accesses through a web interface. In this way, each dte can eadly
decide which information they desire to publish.

The user can have access to St€'s information and datus by usng command lines from the Ul or
web site.

The data management

The Data Management services are provided by the Replica Management System (RMS) of the
European DataGrid Project (EDG) [2 ] and the LCG Data Management client tools.

To have a large access to data, noway the submisson is done, the data files can be replicated to
many different Stes of the Grid. As the users don't matter to remember where the data are located,
they use logicd names for the files and the Data Management sarvices are responsble for locating
and accessing the data.

Thefilesin the Grid are referenced by different names: Grid Unique | Dentifier (GUID), Logical

File Name (LFN), Sorage URL (SURL) and Transport URL (TURL). While the GUID or LFN refer
to mader files and not replicas, and say nothing about locations, the SURLs and TURLSs give
information about where aphysicd replicais located.

In order to locate a Grid accessible file, the user will normaly use a LFN. LFNs are usually more
intuitive, humanreadable drings, snce they are dlocated by the user as GUID diases. Ther form
is Ifn:<any dies>.

The SURL is used by the RMS to find where a replica is physicaly stored, and by the SE to locate
it. Currently, the SURLs are of the form: sin:<SE hostname>/<loca string>, where <loca gring> is
used interndly by the SE to locate thefile.

The TURL gives the necessary information to retrieve a physicd replica, including hostname,
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path, protocol and port (as any conventiona URL); so that the gpplication can open and retrieveit.

The Replica Location Service (RLS) and the Replica Metadata Catalog (RMC) are the two main
sarvices part of the RMS.

The RLS mantains information about the physica location of the replicas (mapping with the
GUIDs). Locd Replica Cadogs (LRCs) which hold the information of replicas for a angle VO are
located on each SE and feed back information to the RLS.

The RMC gtores the mapping between GUIDs and the respective diases (LFNS) associated with

them, and maintains other metada information (Sizes, dates, ownerships. . . ).

The job management

The services of the Workload Management System (WMS) are responsible for the acceptance of job
submits and the dispatching of those jobs to the appropiate CE, depending on the job requirements
and the avalable resources. The user’'s interaction with the WMS is indeed limited to the
decription of the characterigtics and requirements of the request via a high-levd, user-oriented
specification language, the Job Description Language (JDL) [34 ] [35 ] and to the submisson of it
through the provided interfaces. For that purpose, the WMS must retrieve information from the
BDII, and the RLS.

Job description files (jdl files) are used to describe jobs for execution on Grid. The JDL adopted
within EGEE (it was identical for the EDG project) is based on the Classfied Advertisement
(ClassAd) language [36 ] defined by the Condor Project [28 ], which deds with the management of
digtributed computing environments, and whose centra condruct is the ClassAd, a record-like
sructure composed of a finite number of distinct attribute names mapped to expressons. A ClassAd
is a highly flexible and extensible data modd that can be used to represent arbitrary services and
condraints on their dlocation. The JOL is used to specify the desred job characterigics and
congraints, which are used by the match-making process to sdlect the resources that the job will
use. JDL fileswill be described for submissions of GATE jobs in Chapter 111.

A detailed description of the JDL syntax can befoundin [34] and [35].

The Resource Broker (RB) is the machine where the WMS services run. These services arel

» The Network Server (NS), which accepts the incoming job requests from the Ul, and
provides support for the job control functionaity. When the request from the Ul (eg. job
submission, job removal) isvdid, then it is passed to the Workload Manager.

» The Workload Manager, which is the core component of the system. Given a valid request,
it has to take the appropriate actions to satisfy it. To do so, it may need support from other
components, which are gpecific to the different request types. The decison of which
resource should be used is the outcome of a matchmaking process between the submission
requests and the avalable resources. The availability of resources for a paticular task
depends not only on the dtae of the resources, but dso on the utilisation policies that the
resource adminigrators and/or the administrator of the VO the user belongs to have put in
place.

» The Resource Broker or Match-Maker, whose duty is finding the best resource matching the
requirements of ajob (match-making process using aJJDL expression).

= The Job Adapter, which is respongble for making the find touches to the JDL expresson
for a job, before it is passed to CondorC for the actual submission. So, besides preparing the
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CondorC submission file, this module is aso responsble for creating the job wrapper script
that creates the appropriate execution environment in the CE worker node (this includes the
transfer of the input and of the output sandboxes). Then the job is passed to the Job control
Service.
= CondorC is the module responsble for performing the actud job management operations
(job submission, job removadl, etc.), issued on request of the Workload Manager.
= Job Control Service (JCS), which finally performs the actud job management operations
(job submission, removd. . .)
The Logging and Bookkeeping service (LB) is usudly run on the RB machine. The LB logs dl job
management Grid events, which can then be retrieved by users or sysem adminidrators for
monitoring or troubleshooting.
All WMS components described before interact with the LB for logging information about the jobs
they are handling and for querying information about them when needed. Moreover during the
matchmaking phase the Resource Broker interacts with the Data Management Catalogs through the
Storagelndex interface to resolve the locations of exiging file names specified in the JDL Inputdata
list, so that the submitted job would run on worker node, close to the used files.
The WMS sarvice dso interacts with VOMS (see 11.3.1.c.2) indirectly as it reads information about
VO [38 ], groups and capabilities from the user’s proxy credentids issued by VOMS to enforce user
authentication and authorizetion. The MyProxy sarvice is contacted by the Proxy Renewd
component of the WMS to renew automaticaly the credential's associated to long lived jobs.
Last but not leest the WMS interacts with the CEs for submitting jobs (this goes through CondorC)
and for recalving synchronous/asynchronous notifications about resource status and characteristics.
There could be configurations in which the WMS aso interacts with the BDII to collect information
about the whole resource pool avalable for agiven VO.

11.3.1.B.3. A typical job flow in EGEE

Figure 1l- 3 illustrates the process that is followed by a job submitted to the Grid. The steps are
defined as follow:

1) The user logs to the Ul machine and cregstes a proxy certificate that autherticates him in
every secure interaction, and has a limited lifetime. The user submits the job from the Ul to
the WMS, where the job will be executed on a computing node. The user can specify in the
job description file one or more files to be copied from te Ul to the RB node; this set of

files is cdled Input Sandbox. The event is logged in the LB and the datus of the job is
SUBMITTED.

2) The WMS, and in particular the Match-Maker component, looks for the best available CE to
execute the job. To do o, the Match-Maker interrogates the BDII to query the gatus of
computational and storage resources and the RLS to find location of data The event is
logged in the LB and the status of the job iISWAITING.
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Figurell- 3: Job flow in EGEE

The WMS Job Adapter prepares the job for submisson creating a wrapper script that is
passed, together with other parameters, to the JCS for submission to the sdected CE. The
event islogged in the LB and the gatus of the job iISREADY.

The Globus Gatekeeper on the CE receives the request and sends the Job for execution to
the Loca Resource Management System (LRMYS) (eg. PBS, LSF or Condor). The event is
logged in the LB and the gatus of the job is SCHEDULED.

The LRMS handles the job execution o the available locd farm worker nodes. User’s files
are copied from the RB to the CE where the job is executed. The event is logged in the LB
and the gatus of thejob iISRUNNING.

While the job runs, Grid files can be accessed on a (close) SE usng dther the RFIO
protocol, GSIFTP, locd access if the files are copied to the WN locd filesystem or shared
file system (eg: as, nfs, ...). In order for the job to find out which is the close SE, or what is
the result of the Maich-Maker process, a file with tis information is produced by the WMS
and shipped together with the job to the WN. This is known as the .Brokerinfo file.
Information can be retrieved from thisfile using the Brokerlnfo CLI or the AP library.

The job can produce new output data that can be uploaded to the Grid and made available
for other Grid users to use. This can be achieved using the Data Management tools described
later. Uploading a file to the Grid means copying it on a Storage Element and regigtering its
location, metadata and attribute to the RMS. At the same time, during job execution or from
the User Interface, data files can be replicated between two SEs using again the Data
Management tools.
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If the job reaches the end without errors, the output (not large data files, but just smdl output
files specified by the user in the so cdled Output Sandbox) is transferred back to the RB
node. The event islogged in the LB and the status of thejob isDONE.

7) At this point, the user can retrieve the output of hisher job from the Ul usng the WMS CLI
or API. The event islogged in the LB and the status of thejob is CLEARED.

Queries of the job status are addressed to the LB database from the Ul machine. Also, from the Ul

it is possble to query the BDII for a status of the resources. If the ste where the job is being run
fdls down, the job will be automatically resent to another CE that is analogue to the previous one,
and following the same requirements the user asked for.

In the case that this previous submissons are disabled (the user has the possihbility to re-submit his
jobs as he wants), the job will be marked as aborted. Users can get information about what
happened by smply questioning the LB service.

11.3.1.C. Requirementsfor auser to accessthearid

[1.3.1.C.1. Obtaining a certificate

The firg requirement the user mugt fulfil is to be in possesson of a vdid X.509 cetificate issued by
arecognized Certification Authority (CA). The role of a CA is to guarantee that a user is who he
clams to be and is entitled to own hisher certificate. In genera CAs are organized geographicaly
and sometimes by research inditute. Each CA follows the European Policy for Management
Authority for Grid Authentication (EU Grid PMA) [39 ]. It is a body to establish requirements and
best practices for grid identity providers to enable a common trus doman applicable to
authentication of end-entities in inter-organisationa access to distributed resourceshas its own
procedure to rel ease certificates.

11.3.1.C.2. Be part of a Virtual Organization (VO)

The second requirement for a Grid user is to belong to a Virtua Organization (VO). A VO is an
entity, which corresponds typicdly to a particular organization or group of people in the red world.
The membership of a VO grants specific privileges to the user. For example, a user belonging to the
ATLAS VO will be able to read the ATLAS files or to exploit resources reserved to the ATLAS
collaboration.

Remark:

This last specification is not suitable for the BIOMED VO because of confidentiality problems
between each application and between users of each application. This is one of the special
requirement of the BIOMED VO for the EGEE middleware gLite. Each medical data must be
anonym and the access to it should be with privileges. This point is discussed in the sub-section
concerning VOMS

It is not possble to access the Grid without being member of any VO. Every user is required to
sect highee VO when regisering and the supplied information is forwarded to the VO
adminigtration and resource prividers for validation before the registration process is compl eted.
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The biomed VO

The BIOMED VO is supported by a large number of dtes in EGEE. Table II- 1, Table II- 2 and
Tablell- 3 lig the BIOMED VO resources for computing, storage and management (RB, RLS...).
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Tablell- 1: Biomed CEsresour ces

Site name project | Country |SE name Space available
grid.bas by EGEE Bulganis | se001.grid.bas by 56.27 GB.
imbm bas.bg EG_EE Bulgaria |se0d1 mbm bas bg 1T RO GB
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psnru EGEE Russia log e, psn.ru 1T GB
enb.umm. g8 EGEE Spain bl oladre. cnb.usam,es 665 GB
dsic.upy.ex EGEE Spain aker.dsic upv.es 18.96 GB
ifea.org.es EGEE Spain ageasefeanrges 258,61 GB
irla.ss EGEE Spain sebl.intoes 56.02 GB
grid.sinicaedutw |EGEE Tabwan _ |[lcglH 3 grid. sinica. s dumw 118 TH
TOTAL HOSTE

Tablell- 2: Biomed SEsresources
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Institute project |resource type [status host name port number
CHAF EGEE RE production egee-rh-01 cnaf.infruit TiT2
CHAF EGEE REB praduction adt03. cnafinfh it T2
CHAF EGEE RE praduction grid00Ee.cnaf. infn.it Triz
IFAE EGEE RB praduction legrb02. e es TT12]
UFY EGEE RE production spersec dsic.upyv es TIT2
LFY EGEE RE production apis.dsicupy.es iz
LA&FF EGEE REB praduction lapp griddT In2p3 fr Tiid
GRMET SEE-GRID |RB praduction rib.isabella.grnet.or Tii2
CATAMIA EGEE ] production idD] 4 et ivin it Tri2
. [FE production egeerkifcacrg.es T2
LAL E=EE RE LE gnid08. falinZps fr T
EEE”"':' Uriiw, |SEE-GRID EE. praduction rbiﬂ-T.ﬁ‘rld.u-:y.a: &y TiiZ
CEf EGEE EB te st Froche 0, datagrid. ¢ ear Trid
CCAMZPI EGEE RLS praduction re-blomedinZp3 fr il

CHAF EGEE RLE test datatag?.cnaf infn it s

CCAREPD EGEE LDAF production wo-bdnme.inZp 3 DEHEG (58]}

Tablell- 3: Biomed RBs, RLS and L DAP resources

WMS are quite numerous and alow the user to have dternative.

Proxy certificates

When the user obtained the grid certificate under a . pem forma (consding of two files the
certificate file and the private key file) and is regigered in a VO, he is ale to generate a proxy
certificate to launch jobs on the grid. A proxy certificate is a delegated user credentid that
authenticates the user in every secure interaction, and has a limited lifetime. For example when the
User Interface passes a job to the Network Server, the Ul authenticates using a proxy user credentia
(a proxy certificate) whereas the NS uses its own service credentia. The same happens when the Ul
interacts with the Logging and Bookkeeping service. The Ul uses a proxy user credentid to limit
the risk of compromising the origind credentid in the hands of the user.

The command to create a proxy certificate is gri d- proxy-init, which prompts for the user
passphrase, as in the next example. By default, the proxy has a Ifetime of 12 hours. It's possible for
the user to specify adifferent lifetime.

Remark: If the job does not finish before the proxy expires, it is aborted. Thisis clearly a problem
if, for example, the user must submit a number of jobs that take a lot of time to finish: he should
create a proxy certificate with a very long lifetime, fact that would increase the security risks.

To overcome this limit, a proxy credentid repostory system is used, which dlows the user to create
and store a long-term proxy certificate on a dedicated server (Proxy Server). The WMS will then be
able to use this long-term proxy to periodicaly renew the proxy for a submitted job before it expires
and until the job ends (or the long-term proxy expires). This technique will be use by the Genius
web portd in the following section. The advanced proxy management offered by the Ul through the
renewd feature is avalable via the mypr oxy command suite. The user must know the host name

of aProxy Server (often referred to as MyProxy server).

[U] [maigne@lrgl op208 mai gne]l$ nyproxy-init —s grid0Ol.ct.infn.it
Your identity: /C=FR/ O=CNRS/ OU=LPC/ CN=Lydi a

Mai gne/ Emai | =mai gne@ | er nont . i n2p3. fr

Enter GRID pass phrase for this identity:

Creating ProXY ...t e e e e e e Done

Proxy Verify OK

Your proxy is valid until: Tue May 3 11:12:36 2005

Enter MyProxy pass phrase:

Verifying password - Enter MyProxy pass phrase:

A proxy valid for 168 hours (7.0 days) for user mnmi gne now exi sts on
gridoOl.ct.infn.it.
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The user can destroy his myproxy using the command linemy pr oxy- dest r oy.
[U] [maigne@lrgl op208 mai gne]l$ nyproxy-destroy -s grid00l.ct.infn.it

Default MyProxy credentid for user maigne was successfully removed.

Virtual Organization Membership Service (VOMS)

The Virtud Organization Membership Service (VOMS) is a new sarvice that will be used to
manage authorization information in VO scope.

VOMS is a sarvice that keeps track of the members of a VO and grants users authorization to access
the resource & VO leve, providing support for group membership, roles (eg. adminigrator,
sofware manager, sudent) and capabilities.

Those informations could be related to the file accesses on SE. This is paticularly needed for the
BIOMED users who should only have access to the medica data That's why user should be able to
decide which information wants to publish.

Each VO has its own sarver(s) containing groups membership, roles and capabilities informations
for each member. The user contects the server requesting his authorization info thet send back the
authorization info to the dient. Then the client include it in a proxy certificate.

These proxies will be sad to have VOMS extensons. The user will utilize the vons- proxy-init

command instead of the previoudy described grid-proxy-init, and a VOMS server will be contacted
to check the user's certificate and create a proxy cetificate with VOMS information included. The
VOMS certificate contains extra informations about the user and the VOs he belongs to. A practical

example of the usage of VOMS proxy is that each user will have a regtricted access to the files on

the SE depending of their VO and their priority (identity).

11.3.2. The grid computing efficacy

11.3.2.A. Workload data analysis on computing r esour ces

Clugter resources are the find step of the Grid computing for a user’s job. So, the analyss of the
cluser workload is essentid to find the best scheduling policies for the users needs. A workload
andyss of the LPC clugster part of the EGEE infrastructure have been performed by E. Medernach
and published [40 ] to characterize and modd users and groups behavior. This study enables to
understand better what are the disadvantages of the grid computing until now and to suggest the
possibility that a new architecture design should answer to the user’s needs.

For ingance the CE enqueues a job insde an appropriate batch queue chosen depending on the
maximum CPU (running) time of the job. Obvioudy, the scheduler on the CE enables execution of
jobs but has dso to maximize job throughput and to maintain a good equilibrium between users in
their usage of the clugter. In LPC gte five batch queues are configured (see Table I1- 4), each queue
has its own limit in maximum CPU time (a maximum totd time, the WAl time, is also associated to
a queue to teke into account the waiting time passed in the baich queue); if a job exceeds the
duration of the queue time limit, it is autométicaly killed. For each queue, there is dso a limit in the
number of jobs that can be run a a given time to avoid that short jobs can't be computed because of
a lot of long jobs running snce many hours. In the following Table II- 4 if a user launches 130
infinite jobs on the LPC cludgter, other users won't be able to run anything until jobs are finished. In
order to avoid such problems, ste administrators should dlocate different max jobs to be computed
in abatch queue (more jobs for short or medium queues and less for the infinite one).
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Cueue Max CPU (H:M:S) Max Wall (H:M:S) Max Jobs
Test 0:05:00 0:15:00 130
Short 0:20:00 1:30:00 130
Long 8:00:00 24:00:00 130
Day 24:00:00 36:00:00 130
Infinite 48:00:00 72:00:00 130

Tablell- 4: Queue configuration at L PC site (maximum CPU time, Wall time and running jobs)

The Running time

It has been shown in [40 ] that the maximum CPU time was an unadapted variable to describe a job
duration because t describes an upper limit for job duration to not exceed but can take any vaue
below it. It has been shown by Medernach that jobs in shorter queues vary a lot in thelr duration
compared to longer jobs. Table II- 5 shows for each queue the mean running time, its standard

deviation and coefficient of variation (CV) which is the ratio between standard deviation and the
mean.

Queue Mean Standard deviation cv
Test 3.0 3736 12
Short 149.5 12305 B.2
Long 2943.2 11881.2 4.0
Day 6634.8 25489.2 3.8
Infinite 10062.2 308245 3.0

Tablell- 5: Queue mean runningtimein secondsat L PC, corresponding Standard Deviation and Coefficient of
Variation.

The waiting time

In order that the user finds the best scheduling policies for his jobs, it has been shown in [40 ] that
the user has to launch not too short jobs compared to their waiting factor and has to send jobs not
very often in order that they dl wait together in a queue. In addition, the execution of long jobs is
delayed by the scheduler to run shorter jobs before if possble. Table I1- 6 shows the mean waiting
time per jobsfor different queues.

Queue Mean Standard deviation cV Number of jobs
Test 33335.9 148326.4 44 45760
Short 1249.7 27621.8 22.1 81963
Long 535.1 53388 99 32879
Day 466.8 8170.7 17.5 19275
Infinite 1753.9 244398 13.9 49060

Tablell- 6: Queue mean waiting timein secondsat L PC, corresponding Standar d Deviation, Coefficient of
Variation and number of jobs.

We have to notice that the more ajob is splitted the moreit will wait in totdl.

Arrival time

Concerning the job arivas per time of day a the LPC cluder, there is an activity peak around
midday, 2pm and 4pm, less jobs are submitted during night. In addition, the moments of interrariva
time for each group of users are very irregularly distributed and do not correspond to Poisson
processes, Table II- 7 shows that the Coefficient of Variaion is much higher then 1 for al the
groups and especidly for the biomed group.
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Group |Mean (seconds)| Standard deviation cvV
Biomed 2236 51945 23.22
Dteam 266.2 23854 2.3
LHCb 24746 394605 15.94
Atlas 28241 60789.4 2152
Dzero 5018.7 509966 10.16

Tablell- 7: Group interarrival timein seconds, cor responding Standard Deviation and

Cosfficient of Variation.

11.3.2.B. Job requirements

The only way to obtain the best access to resources on the EGEE grid infrastructure was to define
requirements in the JDL file describing the job's characteristics the application software teg
published on each dte of the grid where the software is ingdled and the job maximum run time
(MaxCPUTIme).

Like it was shown in 11.3.2.a, the MaxCPUTime varigble defined in the JDL file is inaccurate to
optimally schedule jobs on grid sites. A better concept has to be found to manage in a better way the
job flows on each dite. It has been proposed to look at the relative urgency of a job. The urgency
parameter should define for example the user's level. For ingance, each user responsible of the
management of an application (software managers) may be regarded as a non-prioritary user
compared to others in the case that there is an inddlation or an update of the software used. The
urgency parameter should aso be defined in collaboration with the Ste administrators to promote
some specific goplications hosting by a laboratory or to provide a qudity of service for jobs
requiring red time interaction, for example a critica medica gpplication.

The user has the posshility to know a each time the number of jobs currently running or waiting on

each ste hosting his VO thanks to the Information System.
I cg-infosites --vo bionmed ce

EE R R R S R R I R R I R R R R O R R R R I R I R R R R I

These are the related data for bioned: (in terms of CPUs)

EE IR I I Sk I R S R R S Ik I I R S R I I I I

CPU Free Tot al Runni ng Witing Conputing El enent

Jobs
168 144 0 0 0 ce0l. pi c. es: 2119/ j obrmanager - | cgpbs- bi oned
22 22 9 0 9 | cgce. psn. ru: 2119/ j obnmanager - | cgpbs- bi omed
5 4 0 0 0 ce00.inta. es: 2119/ j obmanager - | cgpbs- bi ormred
4 4 0 0 0 rhodes. ci nes. fr: 2119/ j obrmanager -t or que- bi omred
20 13 0 0 0 gridl.irb.hr:2119/j obmanager -1 cgpbs- bi oned
110 110 6 0 6 clrce0l.in2p3.fr:2119/j obnmanager - | cgpbs- day
84 37 0 0 0 clrce02.in2p3.fr:2119/j obnmanager - | cgpbs- day
1 1 0 0 0 | cgce02.ifae. es: 2119/ j obrmmanager - | cgpbs- bi oned
14 14 0 0 0 ccl cgcel i 02.1n2p3. fr: 2119/ obmanager - bgs- 1 ong
110 110 15 0 15 clrce0l.in2p3.fr:2119/j obrmanager - | cgpbs- 1 ong
110 110 4 0 4 clrce0l.in2p3.fr:2119/j obrmanager - | cgpbs-t est
84 37 0 0 0 clrce02.in2p3.fr: 2119/ obmanager -1 cgpbs-1 ong
16 16 0 0 0 mal | ar ne. cnb. uam es: 2119/ j obmanager - pbs- bi oned
50 46 2 2 0 mu6. mat ri x. sara. nl : 2119/ j obnanager - pbs- bi omred
64 64 0 0 0 ccl cgcel i 02.in2p3.fr:2119/j obmanager - bgs- short
5 5 0 0 0 ce001. i rbm bas. bg: 2119/ j obmanager - | cgpbs- bi oned
56 54 2 2 0 cel. egee. fr.cgg. com 2119/ j obrmanager - pbs- bi oned
110 110 2 0 2 clrceOl.in2p3.fr: 2119/ obmanager - | cgpbs-short
84 37 1 1 0 clrce02.in2p3.fr:2119/j obrmanager - | cgpbs- short
52 52 0 0 0 ccl cgcel i 02.in2p3. fr:2119/j obmanager - bgs- nedi um
5 5 0 0 0 ce001. gri d. bas. bg: 2119/ j obrmanager - | cgpbs- bi oned
16 16 0 0 0 gridl0.lal.in2p3.fr:2119/j obrmanager - pbs- bi oned
84 80 3 2 1 gridba2. ba.infn.it:2119/j obrmanager -1 cgpbs- I ong
20 19 1 1 0 ranses. dsi c. upv. es: 2119/ j obnanager - pbs- bi omred
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6 3 0 0 0 ce0l. grid. acad. bg: 2119/ j obrmanager - | cgpbs- bi oned
84 80 0 0 0 gridba2. ba.infn.it:2119/j obrmanager -| cgpbs-short
972 416 0 0 0 | cgceOl. gridpp.rl.ac.uk:2119/j obmanager - | cgpbs- S
20 19 0 0 0 ranses. dsi c. upv. es: 2119/ j obmanager - pbs- bi onedg
25 25 0 0 0 ce2. egee. cesga. es: 2119/ j obnmanager - | cgpbs- bi oned
110 110 9 0 9 clrce0l.in2p3.fr: 2119/ obmanager-| cgpbs-infinite
84 37 0 0 0 clrce02.in2p3.fr: 2119/ obmanager -1 cgpbs-infinite
28 28 0 0 0 egeece. i fca.org. es: 2119/ j obnmanager - | cgpbs- bi oned
244 207 4 4 0 t bn20. ni khef . nl : 2119/ j obmanager - pbs- gl ong
40 40 0 0 0 epgcel. ph. bham ac. uk: 2119/ j obrmanager - | cgpbs- short
54 45 6 6 0 gridol2.ct.infn.it:2119/j obrmanager-| cgl sf-1ong
244 207 0 0 0 t bn20. ni khef. nl : 2119/ j obmanager - pbs- gshort
64 56 0 0 0 ce01. i sabel I a. grnet. gr: 2119/ j obrmanager - pbs- short
26 25 11 0 11 celOl.grid.ucy. ac.cy: 2119/ j obmanager - | cgpbs- bi oned
40 40 0 0 0 epgcel. ph. bham ac. uk: 2119/ j obnanager - | cgpbs- bi oned
22 20 0 0 0 grido02.ca.infn.it:2119/jobrmanager-| cgpbs-grid
54 45 0 0 0 grid0l2.ct.infn.it:2119/ obmanager-I cgl sf-short
84 80 4 4 0 gridba2. ba.infn.it:2119/j obmanager-| cgpbs-infinite
972 416 1 0 0 | cgceOl. gridpp.rl.ac. uk: 2119/ j obrmanager - | cgpbs- bi oL
64 56 0 0 0 ceOl.isabell a.grnet.gr:2119/j obmanager - pbs- bi omed
22 17 1 1 0 griditceOl.na.infn.it:2119/jobmanager-| cgpbs-grid
14 11 0 0 0 node001. gri d. aut h. gr: 2119/ j obmanager - | cgpbs- bi oned
20 16 1 1 0 pcensgri dO8. pi . infn.it:2119/j obmanager-| cgpbs-grid
100 O 22 0 22 prod-ce-01. pd.infn.it:2119/j obmanager-1Icgl sf-grid
28 24 4 4 0 scai cl 0. scai . fraunhof er. de: 2119/ j obnmanager - | cgpbs-
bi omred
56 56 0 0 0 ceOl-lcg.cr.cnaf.infn.it:2119/j obmanager-| cgl sf -
bi ormred
9 9 0 0 0 t est bed001. grid.ici.ro:2119/j obnanager - | cgpbs- bi oned
54 45 3 3 0 gridO0l2.ct.infn.it:2119/] obmanager-|cglsf-infinite
8 5 1 0 1 gridit-ce-001.cnaf.infn.it: 2119/ obmanager-| cgpbs-
grid
76 69 0 0 0 zeus02. cyf-kr. edu. pl : 2119/ obrmanager - | cgpbs- bi oned
66 65 0 0 0 | cg00125. gri d. si ni ca. edu. tw. 2119/ j obnanager - | cgpbs-
bi ormred
24 18 0 0 0 mar sei | l ece0l. nrs. grid.cnrs. fr: 2119/ obmanager - pbs-
bi orred
3 2 0 0 0 node03. dat agri d. cea. fr: 2119/ j obnanager - | cgpbs- bi oned

The CPU and Free variables correspond to the total CPU and tota free CPU alocated for each ste.
It appears that those parameters are not very relevant for an optima usage of the grid resources.
Firg of dl, the information related to those variables refer to the totdity of CPU resources on each
ste and do not take into account the user’'s VO membership. Effectively, as it is shown in Table Il-
8, only a percentage of resources are alocated to each VO according to each ste adminitrator
policy. In a second time, we can see in this same table that each Ste should refer to a normdized
CPU and not only to the total number of CPUs. That's why, two dtes referring to the same number
of resources could not have the same efficacy in terms of computing flow rate capacity depending
of the type of processors used. The South West EGEE 1lesources make reference to a 2.8 GHz for
their normdization, as a consequence, for the CIEMAT-LCG2 cluser made of 40 CPUs, the
normadized CPUs are equivdent to 52.0 which implies that the mean processor efficacy is better
than a cluster made of only 2.8 GHz processors. On the contrary, the USC-LCG2 site composed of
72 processorsisin redity equivaent to 41 normaized CPU.

So, if the input job rates are higher than the capacity of the grid dtes, then, the Stes are overloaded
and the globa performances are low due to jobs waiting in order to be processed.
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Total Resowrces Harmalized CPU by VG
Morn. Ditk SFAM
Site CPU CPU" Storage |Sterage  |arlas bismed (5] dir i iflc el g ELd TEUS zh
CESGA-EGEE il L TAT Gb 1600
CIEMAT-LCEY 40 52.0 A2 25 Gb EE X AL
CHELCGE 18 4.7 653,12 b A% B0
LETS % "2 1.35 Ph 2% 0% 20% 2% 0%
|IF1'.'|!|-I.C"J‘2 i 44 25257 @b 3% 3% %
IFIC-LEG2 "r 582 1.3% Pb L] 0%
INTA-CAB T Bd 1325 b 5% 25% 25% 2Fh
LI L2 ] L 204 0Y Sk R B
pat &1 T8 29636 Gb| 20 0% o e M
LAa-LE G2 47 we 253 Th I BrS
Lg-LCE2 35 ZBE Z30Z Gh 10074
LFV-GRyC AP o] BO T4 Gh A00%
TOTAL Bz 350.3 158 Th 2T Ph 582 39.80 4708 205 29.80 100 20,88 .22 B.95 733
" Mumber of CPU narmalized to 2 reference walue of 1000 Spactint2000. equivalent te a 28GH proce ssor

Tablell- 8: EGEE South West Resour ces.

We could think about defining a computing flow rate requirement in the JDL file in addition of the
other parameters used. The site managers remain the more appropriate person to contact to dedl
needs and resource requirements for each gpplication.

An attempt to mode the job arrival rate has been proposed by E. Medernach [40 ] and we can thing
about modelling the entire job computing on each Ste to understand better the computational flow
rate on each Ste depending of the VO, the gpplications and the number of users.

In addition to a better information given to the user concerning the computing resources for ther
submissons, the Grid should alow the migration of jobs between dtes if one of them is saurated
by a vag number of jobs A locd ste flow control should maintain a non-saturation of the grid
computing resources.

For ingtance, the LCG middleware with the Resource Broker collects user requests and distribute
jobs on the grid resources, but we have to keep in mine that the matching of available resources and
the baancing in function of the job submittal requests shouldn’'t be performed over a centrdized
machine. Firg of dl, even if the Resource Broker are numerous now for each VO (it was not the
cax in the DaaGrid project for which one Resource Broker was defined), it ill remains a
bottleneck that used to shutdown if the job flows are important. Even if a job has been well finished
on a computing resource, if the Resource Broker fals, the user is incgpable of retrieving results on
the user interface machine and the job is lost. The data have to be globdly distributed as stated by
Dmitry Zotkin and Peter J. Keleher [41]:

“In a distributed system like Grid, the use of a central Grid scheduler may result in a performance
bottleneck and lead to a failure of the whole system. It is therefore appropriate to use a
decentralized scheduler architecture and distributed algorithm” .

[1.3.2.C. Managing medical datain agrid environment

11.3.2.C.1. Storage and retrieval

Hedthgrids are more closdy related to data, but hospitds ae reluctant to let information flow
outsde hospitd bounds. For a large-scale deployment of hedthgrids, and thus for opening an
atractive busness, it is important to leverage security up to a trustworthy level of confidence tha
could release a generdlized access to data from the outside (see dso below). Although data storage
remans the regponshility of the hospitd, many business opportunities can aise from data sharing
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and processng applications. Federation of databases requires computing effort and complex
structures.

All the medicd data files provided by hedthcare centres are mainly produced usng the Digitd
Image and Communication in Medicine (DICOM) sandard [44 ]. DICOM describes an image
format, a communication protocol between an image server and its clients, and other image related
capabilities. A more detailed definition of the DICOM image format is given in Chapter V.

On top of such a sandard, Picture Archiving and Communication Systems (PACS) [45 ]| are
deployed to manage data storage and data flow insde hospitals.

In addition to the image content, medicd metadata carrying additiond information on the images
(disease) of the patient are mandatory for the pratician in order to provide a diagnosis. The metadata
(image related, pathology, follow-up, etc...) are contained in the Radiologicad Information Systems
(RIS). For that purpose, no open sandards exist for the data Structure and the communication
between services.

A sygem taking into account larger data sets with the integration of an other component (such as
computation and/or storage grid resource) must be deployed by taking care of the security and
privacy requirements. To detal the interfacing of DICOM medica data, we take as example a
storage interface to DICOM medical servers which was developped during the EDG project by the
biomedica grid users from CREATIS to easly manipulate medical images from the EDG testbed.

Hospital 1 a2 I Grid Middleware
i f [

1 i
1 Encryplica 5 Dala
! rypLiva l J{

1
1 1| Manager
storage K T storage

interface interface

'
Server [ :
! | Grid
! w | ‘ulnpu:ghan 1
i 1 sarvice -
! ! Girid
: : [RE
! Metadata manager ? :I slormge
1 [GUAE e | - Tpoia] [ system
1 I s I ' )
3 T =t T !

! Header

DICOM : hlanking

Imagers

Figurell- 4: DM? inter face between medical imagersand thegrid

Figure 1I- 4 shows the Didributed Medicd Data Manager (DM2) [46 | [47 ] that has been
developped during the EDG project and now on the EGEE one. The DM2 splits raw data from
metadata part of the DICOM dices, the metadata are then stored in a relational database to esse
query on them. The raw images are stored on the grid storage resources and one or severd GUID
are asociated to virtud image files. A link between each image GUID, the composng DICOM
dices, and the associated metadata are stored in the same database.

An other tool, developed by the WP2 in the EDG project, named Spitfire [48 ], has been used to
access relational database containing information on medicd data used for GATE Monte Carlo
computations on the grid infrastructure. The entire processing of GATE Monte Carlo smulaions
won't be discussed here but in Chapter 11, we will focus now on the utilization done with this
software on medical data

The Spitfire software conggs of the Spitfire Server module, the Spitfire client libraries and a
Browsar or command line executables. It is a very thin layer on the top of a Reationd Database
Management System (by default MySQL was used) that provides a Java Database Connectivity
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driver. It's usng Web Service technology (Jakarta Tomcat) to provide connections to a few user-
definable database operations. Spitfire gives a quick an easy access to data, but it is not supposed to
be used as a full-fledged Data Management System. The access patterns have to be smple sngle or
few row lookups and inserts, updates and deletes and information on the tables. Spitfire makes use
of the Grid Authentication (X.509 certificates) and an additiona authorization.

Furthermore, management of distributed databases and data mining capabilities are important tools
for many biomedicd applications in fieds such epidemiology, drug design or even diagnoss.
Expert sysem services running on the grid must be able to interrogate large distributed databases to
extract such knowledge as may lead to the early detection of new sources of diseases, risk
populations, evolution of diseases or suitable proteins to fight against specific diseases.

11.3.2.C.2. Security and privacy

Security in grid infragtructures is currently adequate for research platforms, but it must be improved
in the future to ensure privacy of datain red hedthgrids.
In order to convince physicians and patients to use grids for their data Storage and processing needs,
many functiondities need to be provided such as:

» Rédiable authentication of users

= Securetransfer of data between grid elements

»  Secure storage of data on agrid eement

= Anonymization of medica records

= Access control for resources (data, storage space or computing power)

= Tamper-proof logging of operations performed on medicd files

» Robusiness againgt denid-of-service attacks
The grid infragtructure is ale now to answer some requirements for a biomedica usage of the
resources, we will detall below what is the status of the grid technologies.

Concerning the authentication of users: This subject is well adressed in grid environment. The use
of a public key infrastiructure (PKI) with certification authorities (CA) and X.509 certificates are
aufficient to access the grid resources. The EGEE middleware relies on Globus [13 ] and its public
key-based infrastructure [38 ] to answer those needs.

Concerning the secure transfer of data: the grid benefits of well researched area such as SSL/TLS,
IpSec or SSH and GridFTP for data transfers [49 ]. The EGEE middleware uses this last technology
but not yet the encrypted protocol included in.

Concerning the secure storage of data: Encrypted storage systems exist but fal to adhere to the
dynamic nature of grid access permissons. Mechanisms have to be daborated to share the
decryption keys between users authorized to access data. A solution has been deployed by Seitz et
a. [46 ] to provide access to decryption keys based on access permissiors.

Concerning anonymization: Falure on privacy in biomedicd persond information causes
irreparable damage, since there is no way to retrieve the dtuaion. Even if the name and address of
the paient are removed on the medica file it is Hill possble to re-identified the patient usng
secondary information. A promising approach to ded with anonymisation is described in [50 ].
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Concerning Authorization and access control: In addition to the cross-organizationd nature of grid
access pemissons, the medicd fiedd adds other inherent problems, the confidentidity and a
redtricted access to data for users pat of the same VO. Effectively, the membership of users within
those groups must be clarified to have aresiricted access to data

Concerning traceability: The grid must provide a log-keeping sysem enabling the update of
information about access requests on the medica datalocated on the storage element.

Concerning the availability of services. measures to prevent denid-of-sarvice attacks are not
specific to grid architectures. One thing to keep in mind is that the security services shouldn’t be
relied on a single centrdized service. Grid technologies can ease the access to replicated resources
and information, just requiring the user to have a permanent Internet connection.

CONCLUSION

The EDG project was a pioneer in identifying the biomedicd domain as a rdevant area of
gpplication for grid technologies. Conferences and workshops organized in the biomedical domain,
with the cregtion of international entities such as the HedthGrid association or the GGF Life
Science research group [52 ] am to federate research projects and communitiesin this field.

The EGEE project hosts a lot of biomedicd applications in which GATE is a pilot deploymernt,
benefiting of the experience gained in the EDG project.

As we described it, the functiondities of the Grid are numerous but remain often unadapted to a
usage of the grid in dinica routine in addition to the biomedica research needs.

The best usage of the grid capabilities has to be found to obtain a sufficient gan in time for the
computation of GATE trestment plannings,

In the following chepter, we will concentrate on the st up of GATE gpplications in such Grid
infrastructure and the convenient tools developed to enable an inexperienced grid user (physician,
medicd physcig...) to use the Monte Calo accuracy in medicd trestment planning. The
padldisaion of the smulations associatled to computing time teds, the data management
associged to the usage of medica images in trestment planning, the outputs anadysis and a web
portd user inteface ae one of the fieds treated. A joint submisson between two grid
infrastructures, the DEISA and EGEE projects is the next issue to test advantage of supercomputing
caculationsin medicd physcs treestment planning.
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Chapter 111.

The GATE Monte Carlo ssimulation
platform for dosimetric applications

INTRODUCTION

GATE (Geant4d Application for Tomographic Emission) is born in December 2001 thanks to a joint
effort between the Universty of Lausanne (Chrigian Mord and Danid Strd), the Universty of
Geneva (Giovani Santin) and the LPC of Clemont-Ferand (Vincent Breton and Dephine
Lazaro). Since, OpenGATE meeting occur three times per year to discuss about the validations and
the new developments of the platform. The OpenGATE collaboration published a joint paper in the
journd Physics in Medicine in Biology [1 ] in 2004 rdating dl the implementations and festures of
the platform.
At this date, three sub-working groups have been created insde the OpenGATE collaboration to
focus on specid fidds reated in paticulaly to dosmetric gpplications. the optimisation of the
code, the pardldization of smulations on cluster and/or grid environment and the customization
and vdidation of the platform for dosmetric studies. Effectively, in addition to an ease of use, a
Monte Carlo code has to offer a compromise between time consuming and precison of the
cdculaions in order to be used in clinica routine. Furthermore, the Monte Carlo code must be
vaidated for dosmetric gpplications using in paticularly dectrons in water equivaent medium and
in heterogeneous media (body and tumour volumes recondructed using CT data). As the definition
of the GATE platform has been widely described in some publications and thesis [2 ], we will
discuss in a firg part on the current functiondities and the requirements necessary to enable the use
of GATE for dosmetric gpplications. A second part is intended to current and future developments
enabling:

* an effident ussge of the code infragtructure with the implementation of variance reduction

techniques,
= theconvivid visudization of CT dataimported in the smulation,
» an extended usage of the plaform for dosmetric applications involving dose caculations
based on voxelized volumes (CT data).
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» The vdidation of the GEANT4 dectromagnetic processes implying eectrons is detalled in a
third part.

I11.1. GATE: AMONTE CARLO PLATFORM FOR DOSIMETRY

[11.1.1. Functionalities available and requirementsfor dosimetry applications

GATE (Geantd Application for Tomogrgphic Emisson) has been released for the fird time in May
2004, with the production of the first open source package of the platform. The last verson
available is 1.1.0 compatible with GEANT4 verson 6.2.p02. Verson 120 compatible with
GEANT4 verson 7.0.p01 is under test at this date. The platform is encoded in C++ langage on the
top of the GEANT4 software. The Scientific Linux 3.0 isthe operating system used.

The ease of use of the platform is endbled thanks to a scripted interface, al the encoding
functiondities of GATE have been transcripted in command lines. The user only needs to cal the
script line related to the creation of a geometry, output format chosen, etc, to create his smulation.

111.1.1.A. Geometry and Systems

[11.1.1.A.1. Existing functionalities

A lot of functiondities in the code are intended to nuclear medicine smulations, for example PET
and SPECT sygem vadidations and image processng. Creetion and definition of geometry (shape,
dimensons, materid alocated to, trandation and rotation, repesters) are very essy usng the GATE
command lines.

In addition, predefined detector geometry systems are there to facilitate the hierarchica description
of a tomograph. Each system can be described by components organized in a tree level dructure,
each component having its own specific role or ordering. As for an example of the cylindricd PET
scanner system, the geometricd volumes containing crystds are grouped in matrices, themselves
assembled in submodules and modules. At the top leve of this structure, the sectors composed of
modules are “repeated” on acylindrica surface to build up the whole device.

The man property of a system is that its geometry description is supported by specific lig-mode or
hisgogrammed (snogram or projection) data output formats. Currently there are five systems
avalable in GATE: one for SPECT, three for PET and a generic system gppropriate to mode novel
tomographic paradigms.

111.1.1.A.2. Needed functionalities

To creste specific geometry, for example an iodine brachythergpy source for wich rounded tips are
positionned on each sde of its cylinder shape, the user has to combine a cylindrical shape and two
hemisphericad tips joined to it by taking care that volumes don't overlap between each other. In the
same way, ophthamic applicators with notches are impossible to create using this technique. GATE
don't integrate yet in its functiondities boolean operations that dlow the cregtion of a new volume
by the association of two others, nor the BREPS (Boundary Represented Solids) that enables the
definition of volumes by describing their boundaries. Both topics are avalable in the GEANT4
software.

Even if the credtion of geometry is smple usng command lines, GATE has to provide facilities to
create complex geometry shapes for radiothergpy and brachytherapy experiments in order to be
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used for clinicd routine trestmentsin the case of dosmetry studies usng linear accderators or
brachythergpy sources, the current system used is the generic sysem “scane”. Five leve
components are associated to this system with no geometry fixed as it is the case for example with
cylindricaPET system for which abox is dlocated to each syssem components.

As no sysem has been specificdly created for linear accelerator nor for brachytherapy geometry
building, the user has to post-andyze information concerning interactions occuring in each medium
of interest which involves a consderable loss of time.

Because geometricd concepts are common to many different linear accelerators, we could imagine
to prefine a sysem for their hierarchicd description. We could envisage the same for iodine
brachytherapy sources and *°°Ru/**®Rh ophthamic applicators.

111.1.1.B. Voxelized sour ces and phantoms: GATE calculationsbased on CT data

The current GATE verdons enable the smulation of dosmetric studies in voxelized volumes such
like CT data. The way to transcript the medicd datato insert it in the smulation is quite smple.

Two files ae needed for the transcription of the medica data in the damulaions a binary file
(imagerraw) grouping the CT dices and a transcription file (range.dat) to assign to each voxe or, to
a range of voxes materia characteridics. In the following subparts we will tak about the medicd
images format that we have to ded with to perform Monte Carlo smulaions with voxelized media
the DICOM and Interfile formats.

111.1.1.B.1. Definition of DICOM and I nterfile formats

The DICOM standard

Medical images provided by hospitas or clinica centres are defined in the DICOM standard.
DICOM, “Digitd Imaging and Communication in Medicing’ is a norm defining communication
methods for the different medica imaging equipments. This norm has been devel oped to:
»  Promote communication of digita image information, regardless of device manufacturer
» Fadlitate the development and expanson of Picture Archiving and Communication Systems
(PACY) that can dso interface with other systems of hospital information.
»= Allow the cregtion of diagnogtic information data bases that can be interrogated by a wide
variety of devices digtributed geographicaly.

DICOM has been emitted by the American College of Radiology (ACR), American College of
Cardiology (ACC), American Society of Echocardiography (ASE), European Society of Cardiology
(ESC), and American Society of Nuclear Cardiology (ASNC) in asociation with the NEMA
(Nationd Electricd Manufecturers Associdion) in 1984, and it was origindly cdled the
ACR/NEMA dgandard. This norm is currently updated by those two comittees with the hep of
international experts like the Jgpaneese Industry Association for Radiation Appaaus (JRA) in
Japan, and the Committé Européen de Normdlisation (CEN TC 251) under the name MEDICOM in
Europe. ACR is responsible for technicd and medical indructions, whereas the role of the NEMA
is dedicated to publications and legd issues to avoid infractions againgt anti-trust laws.
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The firsd verson of DICOM norm was introduced to the RSNA (Radiologicd Society of North
America) in 1985 under the name ACR-NEMA 300-1985 (also called ACR-NEMA Version 1.0);
the officid verson was availablein 1993.

In addition to the interoperability of medicd equipments and data transfer improvements, the
DICOM norm enable to obtan medicd image and information concerning the patiet, data
acquidition, date, examination, etc.. in the same format.

DICOM is used for image management, network image transfer, network printing and media
interchange/archiving. The networking support is based on the TCPIP (Transmisson control
Protocol/Internet protocol). DICOM is an object oriented standard.

The god here is not to define entirdy the DICOM sandard, the reader can find full documents
describing the DICOM gtandard status [4 ]. We will highlight the main characteridics of DICOM
dandard and the encoding of pixels data to extract the Houndidd units information for our
amulations.

Network Image Transfer provides the capability for two devices to communicate by sending objects
such as images or radiothergpy plans, querying remote devices, and retrieving these objects.
Network transfer is currently the most common connectivity feature supported by DICOM
products. Since 1993, al the images types can be transferred (CT, MRI, PET, SPECT....) but dso
other files like CT angiography, X-ray intra ord for dentistery, radiothergpy porta imaging, €tc.

Figure 1lI- 1 shows the principle of network used in radiology and care units with a cluger
archiving. Modern MRIs, X-rays, ultrasounds, and CT and PET scans are stored and moved as
digita images. Studies can be huge. Typicd MRIs contain 10 files of 20 to 30 megabytes (MB)
eech. Therefore, DICOM images are important and must traverse the hedthcare network
dependably and consstently.

CT. MR, NM, US. CT, MR, MM, US,
Digitizer, CR, Digital X-ray Digitizer, CR. Digital X-ray
f_.--'-._\ X —— -
¢ W i - \
i Irmaging | i Irmaging 'I
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Figurelll- 1: Network imagetransfer with the DICOM standard

In DICOM, each entity becomes an information object and its attributes correspond to data
elements, as described by the information-object definition.

DICOM names the object (for example, the ultrasound multiframe object) and uses the attributes or
data elements that describe the object. The attributes that are used frequently together to describe a
given type of object have been collected in modules for the sake of convenience. The DICOM
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information object answers the question, “What is it that | want to communicate?’. Figure IlI- 2
shows the different type of information that can be communicate patient information, study
information, series information and Image informeation.

Patient —
information Patient Patient's nams
Patient's 1D
Patient's birth date
Study Patlent’s sex
infarmation T ——r
Reffering physiclan’s nams
MBccession number
i Studly instance UID

Plane Brlus Piwal
‘module  madule  module  module

Figurelll- 2: Image I nformation Object Definition

Service classes are made up of message sarvice dements. These are of two types composte
sarvices (store, find, get, move, cancel, and echo) and normaized services (those that let the system
know that a file was created or that a value is to be set). There are dso two service roles in DICOM,
since a device can use a service class or provide it (or both, as an archive does).

The sarvice class, answers the question, “What do | want to do with the information? This can
apply to a function to be performed, such as sending an image to an archive, or notification about
events that occur, such as the archive' s acknowledgment of the receipt of that image.

All DICOM Applications are implemented through Service Class functiondity. For example, an
Application sends or receives images through Storage Service Class. It may dso print images
through the Print Service Class. All Service Classes are specified by the Standard as a group of SOP
(Service Object Pair) Classes. SOP is the combination of an Information Object Definition (I0D)
and aDICOM Message Service Element (DIMSE).
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A DICOM image is made of data corresponding to pixels in the image (usudly those data are

Group of S0P Classes

Application area

Werifleation

Corresponds to Ve rificatien Service Class, All DICOM applications must
suppot this funcien. i is antomatically enabled in SCP (Service Class
Prowidess) writien with mageTrapspot MD.

Storage

Imchuides all S0P fion Stonage Senvice Clags, except those elated 1o
Stavicouned Reposting, Steved Print and Radiation Theapy, &lso allows
fo poad ad write DICOM image files, Usad o hoild applications thet
SAIppOn the simple Wansport of IMCOM filss fram aiie nepaak pods 1o
anotlie

QueryiRetrieve (QIR)

Carrgsponds to the (uery'Retrigve Sarvice Class, Used to boild
applications that allew the wsar to search through calloctisns of DICOM
files ama then retrieve one or mare of the mages

Siudy Content Metification

Comesponds 10 the Snuly Content Netification Service Class, Ancillary
to the Study Management Sendce Class. Used o natify existence,
confents amd sonrce loeation of the images of & Sty 1t can verity

whether all the images in a study are present. i can also designate that

a now sty is availabla. This study is retrievable by OR Sarvice Class.

Patient Management

cerresponids i+ the Fatiem Managemant Sardcs Class, Beals with the
eraatinm and ﬂacllng of o patient and patient visi information. Uslike
Storane and (R that are cemterad on iimage iformation, Padent
Management Service Class is focused on ADT |Admissdon. Discharge
and Trasstar] functiisns selating 1s KIS RIS,

Study Management

Conesponds 1o the Study Managemen Service Class. Deals with
crestion and tracking of imaging shedies. Unlike Sterane and OR tha
ae centered on image isfsrmation, Stody Management Senvice Class

is foousel on studies. & Swdy is defined as one or more Serivs of
images: Seiies. in hwn, is a group of images that are created on sne

mndlality. & Sdy descrihes a single procedure that has been
pertommed s sae of moie msdalities.

Results Management

Cerresponds i+ the Feosults Management Servics Class, Faaks with the
eraeatian and wacking of semilis and asociated diagnosdic
Timaijirarationg, like Staraae anil 00F ™6 aie canmaiad on ingadge
imfermation, Fosnle Managomant Sarvics Class i fociasd on
information relatead fo Bictatien, ramsciiption, approeal aial
atmeidimein sl tesils for one o more stinlies,

Print Management

Includes Print Mamagement and Gueeue Managemont Serdoe classes,
Used to implamant applications that print COM images an maedical
aulpul devices (paper o1 film). &lso see Stored Prinl.

Sterage Commitrment

Conesponds te he Storage Commitmsn Serviice Class, Deals with the
gafebeeping of image and velated infermation, Oiler image sioage
Sendice Clastes like ilumge aivll R el and 1eceive illlé-’t‘!- winlann
axplicitly giving o1 taking vespensibiity for images Thea caminitmant to
atanans it defimed hy poamstens liks durstian of starangs, ishisvs
capabiling, storage capacity, et SCU (Service Class Wesil and SCP
deternuiine Pash and Pull Models stoiage commilivent paramaieis

Ancillary ts the Stonage Service dass.

Worklist/Structured Reportin

Comesponds to Basic Worklist Managament Serdice Class, and aks
Ineludas Structurad Reporting Storage S0P classes. Daaks with
genaralized Buerias slmblar to dhese of O'R Sendce Class. 18 s usad 1o
implamant werkBow managamen applications iaihar 1o managa shaily
watkdlaw thrangh varisms pinces of dinguostic aquipmant or thranugh
the ravdialogists' diagnosticians whao will inferpret the studies). The
Madaling Waoirklisi 508 Oass conmmenicates Schedulad Proceduns
Staps o an bimsiging meodaling.

Media Storage

Correspomds fo the Media Starage Serdce Class. [eals with storage of
Images and related Infermation (o6 removalile media ke MOD and CD
Fi and maimtains tha ICOMOR styuchre . Tha information stored on
vamvalble madism can ba read into anether sierage devica or a
primter. The Application serves one or more of the follewing rolas: Fils
Sat Creater, Fila Set Reader and File Set Updatar.

Radiation Therapy

Incliidles S0P clagses relared 10 Radiation Thesapy, Vsed with the
Inages, sirectires, plang, ate, ot are spaciile fo Radiation Tharapy
Traament and Treasmaat Flamiing, 0's implamsigation is simila te

Starags Servics ¢l

Stored Print

Incldlas S0P clasxos rolated to Storad Print aml Hadoopy hnags
storage sl printing. The SCP iprinter] is responsible for retrieving all
the print parameters and Bnages.

Tablelll- 1: Service Object Pair classes

located at the end of the file), they are preceded by technica and demographic data.

Informeation is organised in a sequentid form, each dementary information is made of three data

fidds

» The firg field is coded under 8 bytes, and represents a tag listed in the DICOM dictionnary,
it indicates the type of information following.

» The second fidd of 8 bytes indicates the length of the information contained in the third
fidd.
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» The third fidd is of varigble length, and is determined by the previous field corresponding to
the information identified by the firs field.
The organisdtion of the data flow is detailed in Table I11- 2, Figure I1l- 3 shows a red data flow that
can beread in aDICOM file.
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Tablelll- 2: Organisation of DICOM flow
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Figurelll- 3: Real data flow that can beread in a
DICOM file

The Interfile format

The DICOM format is not compatible with GATE smuléaions. To enter CT data in our Smulations
the DICOM images have to be converted into Interfile formats. The converson is redized using the
commercid software Pixies[5].

Interfile is a file format for the exchange of nuclear medicine image data. It has been created firg to
satisfy the needs of the European COST B2 Project for the transfer of images of qudity control
phantoms, and incorporates the AAPM (American Association of Physcigts in Medicine) Report
No. 10, and has been subsequently used for clinical work.

It specifies a file format composed of ascii "key-vaue' pars and a data dictionary of keys. The
binary image data may be contained in the same file as the "adminidraive informaion”, or in a
separae file pointed to by a "name of data file' key. Image data may be binary integers, |IEEE
floating point vaues, or ascii and the byte order is specified by a key "imagedata byte order”. The
order of keys is defined by the Interfile syntax which is more sophigicated than a smple lig of
keys, dlowing for groups, conditionals and loops to dictate the order of key-vaue pairs.

Conformance to the Interfile standard is informaly described in terms of image data types, pixd
types, multiple windows, specid Interfile features including curves, and redriction to various
maximum recommended limits

Interfile is specificdly not a communication protocol and drictly deds with offline files There are
efforts to extend Interfile to include moddities other than nuclear medicine, as well as to keep
ACR/NEMA and Interfile data dictionaries in some kind of harmony.

81



Chapter 111. The GATE Monte Carlo simulation platform for dosimetric applications

Figurelll- 4 shows asample of Interfile 3.3 key-vaue pairs decribing the binary image data.

TINTERFILE :=

iraging modality := mmcred
loriginating system :=
'version of keys := 3.3

conversion progran := Pixies developer
program anthor := Aptery=
progran version := 1.0%pre

IGENERAL DATR :=

!data starting block := 0

Inane of data file := iwage.raw
Ipatient ad :=

Istady id :=
:Gm.:Lf gﬂ.ﬂE DATR :=

5 e ta := amLe

!mal mber of mg'es 1= 38
Viragedata byte order := BIGENDIAN
rrber of energy windows := 1
Yenergy window [1] :=

INDYNAMIC STUDY (General) :=

Imuber of frame groups := 1
IDynamic Study (each frame group) :=
YHrame group number := 1

Imatrix saize [1] := 512

"watrix saze [2] := 512

Ymwber format := wnsigoed integer
trmber of images := 38
!scaling factor (mm/pixel) [1]:= 0.625
'scaling factor (mm/pixel) [2]:= 0.625
Islice thickness {pixels):= 1.25

!mmber of bytes per pixel := 2

Immber of images this frame group := 38
lirage duration (sec) :=

maximm pixel count in group := 4095.0
!END OF INTERFILE :=

Figurelll- 4: Interfile 3.3 key-value pair sdescribing a binary image data.

The more rdevant fidds that appear in this file (i.e. that are more rdevant for GATE smulations)

are:

The name of the data file (imageraw), in this case, the description file and the binary image
are dissociated.

The number of images (CT dices) converted are mentioned

The image data byte order BIGENDIAN or LITTLEENDIAN is specified (see remark
below).

The matrix 9ze in the two dimengons are mentioned in number of pixds

The number format in each pixd is described (Sgned or unsigned integer..)

The scaling factors represent the Size of the pixdsin X and Y dimensions

The dice thickness has aso to be mentioned

All these fidds are read by the GateTolnterfile classesin the GATE source code.

Image data can be encoded in different bytes during the acquidtion on CT scan (16 bytes is
generdly the encoding used for the DICOM data). The adjectives big endian and little endian refer
to which bytes are mogt Sgnificant in multi-byte dataimages.

To understand better what we want to say by naming a byte order by little endian or big endian, we
will write in binary mode the decimd vaue 12. We can convert it in two different ways like it is
shownin Figurelll- 5.
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Big Endian Little Endian
Hﬁﬂ- L3B Liﬂ- HSB
Binary 1 1 0 0 Columns| Binary 0 0 1 1 Columns
| v 1 | — 1
21 2 2t 2
2% 4 2t 4
2% B 29 8

Figurelll- 5: Bytesencoding for Littleand Big Endian modalities.

For the Big Endian encoding the column 8 represents the Mogt Significant Bit (MSB), the column 1
represents the Least Signifiant Bit (LSB).
As example, we will compare a Little Endian and a Big Endian byte order.
» Inthe case of aLittle Endian byte order:
If we consider this 16-hit binary value read from aDICOM file asis: 11111111 00000000
(first byte) (second byte)
this would tempt us the vaue to be 65280 (that's the decimd equivaent of the binary
number). But it's not he correct vaue should be interpreted as second byte first and then the
first byte; 000000 11111111, the decima vaue would be 255. Little Endian is the default
Transfer Syntax.
= Inthe case of aBig Endian byte order:
Oppodite of Little Endian. Mogt Significant Byte is  on the left and the Least Sgnificant byte
ison theright. The Decimal equivalent of 11111111 00000000 is therefore 65280.

Transcription of DICOM CT data into Interfile format

As an example, images taken at CHU of Clermont are in DICOM3 Little Endian, the number of bits
alocated is 16, the number of bits stored is 16 and the highest bit is 15.

The DICOM format provides a great flexibility regarding the organization and the structure of the
pixel data; every pixd is made of one or more @imples, each one of them is described by a number
of bits (the “Bits Stored”) and is packed in a cdl that can use and even grester number of bits (the
“Bits Allocated”) dlowing the user to indude overlay data within each sample or smply pad each
sample in amultiple of 8 bits

The way to save the pixels can vary a lot depending of the manufacturer and the users. The common
way to store pixels value is not to compress data, for example one pixel of 12 bits is saved in a word
of 16 bits. Figure IlI- 6 shows some examples of alocation and storage of data in the DICOMS3
standard.
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Figurelll- 6: Allocation and storage of data in pixelsin DICOM 3 standard

We can see that we have to ded with the complexity of dl possble combinatiions of dlocated,
dored and high bits. The trandation of DICOM format in raw format enable to not include any
information except the “cleaned” and “padded” pixd data.

By making this converson:

The data others than pixels are not stored

Samples made of more than 8 bits are sored ("padded”) in a word (2 bytes) otherwise in a
byte, s0 that each sample starts at the beginning of aword (respectively a byte).

The dructure of every sample is "deaned’, s0 that the least dgnificant bit darts a bit O
(High Bit = Bits Stored - 1).

Unused bits are set to 0 (unused bits are found according to the vaue of Bits Stored and Bits
Allocated). Overlay dataare lost.

The binary syntax may be chosen (Little or BigEndian) when samples are stored in a word
(2 bytes).

The raw converson peforms faster when the pixel cdl and the pixel sample have the same
Szeand isamultiple of 8 bits.

Houndfied units dlocated to pixel in the DICOM3 format are defined in the range —1024 to +3071
(4096 vaues), the water has the value 0 and the air has the vaue —1000. To this range of Hounsfield
units is associated arange of vaues coming from 16 bits or 8 bits encoded images.

In the case of medicd images teken a the CHU of Clermont-Ferrand, 16 bits are dlocated to the
pixels with 16 bits stored, that means the image is composed of 21° (65536) different values.

To underdand better how is done the reading of Intefile image in GATE, an example of an
insertion of amedica imagein GATE smulaionsis defined below:
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fCreatiosn of a replicaMatrix

Sgate/scanner/daughters/insert repl icaMatrix
fgate/scanner/daughters /name replicaMatriz
fgate/replicaMatrin/geometry/insertReader interfile
fgate/replicaMatrik/interfileReader /insertTranslator rancge
fgate/replicaMatrix/interfilefeader /rangeTranal ator /readTable range. dat
fgate/replicaMatrin/interfileReader /readfile image

The image can be issued from a single DICOM CT dice or from the association of multiple dices to
obtain avoxdized matrix representing a part of the body of a patient.

Fire, the user has to create a replicaMatrix (see 24
definition in 111.1.1.b.2), then he has to define a 75 304 War-350-120
reader describing the type of data used, in our Gt i
o . . 572 1001 Mak-532-33
cae we will dways use an intefile reader (the 1002 1032 Mae-22-7
. . 1023 1042 MakB=-18
image can aso be entered as ASCII data instead 1043 1104 Mat15-80
1115 1144 BO-120
of Intefile); findly the user specifies that he 1145 122¢ Mar120-200
. . . . 1225 1324 Mat200=300
trandates the binary image using ranges defined e e
2 524 Mat -
in the file range.dat, see besde an example of 1525 1624 Mat500-600
. ) . 1625 1724 MatsQ0-T00
range.dat file that read a binary image encoded 1725 1824 MarT00-800
. . 2 . . 1825 1524 MakB00-300
in 12 bits, 2? different vaues defined the voxes 1925 2024 Mak300-1000
E0E5 Z184 MatlQOO-1100
CT numbers. To each range of hits is associated 2125 2224 Matl100-1200
) i . i i 2225 2324 MaclZ00=-1300
a materid (for which the compostion is defined 2325 2424 Mat1300-1400
2425 2524 Maktld0d=1500
in the GateMateridsdb file). On the firs ling, RERG A0S M AR0G-3000
the number of rangesis defined. Figurelll- 7:Filerange.dat defining the transcription

of binary number rangesinto materials.

111.1.1.B.2. Needed functionalities

By dlowing amulations on voxelized phantoms (i.e on CT data), GATE smulations can be used to
quantify dose deposited in heterogeneous media such as a human body. To enable the user creeting
eadly paamees of his gamulation, a visudization of the medicd data (the voxdized volumes)
should be available. But, for the versons of the GATE platform used for this work (versons 1.0.2
to 1.2.0), the voxdized images are integrated in the code using the replication of volumes. The use
of this method involves frequent dynamic memory dlocations due to the fact that each voxd is
crested as a dngle volume (Gat eBoxCr eat or). Figure Ill- 8 shows the different C++ classes
implied in the cregtion of a ReplicaMatrix (name given to the matrix created after the replication of
the voxels) and Figure 111- 9 shows the dassesimplied in the visudisation of such matrix.
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Figurelll- 8: Schema of the classes implied in the Figurelll- 9:Schema of the classesimplied in the
creation of aReplicaMatrix visualisation of the ReplicaM atrix

The cregtion of voxeized phantoms and sources from ASCII or Interfile files by associating D each
voxd of the image a box is thus very time consuming. Therefore, we implemented a visudization
tool (see description in 111.1.2.b) to enable the user to postion radioactive sources or beams in
function of the voxeized phantom, to rotate and trandae eesly voxeized volume in the smulation
usng the mouse, to colour the gray scded voxdized images in function of the transcription of
Houndfield units into tissue parameters (dendty and atomic weights), this feature is very interesting
to visudize different part of the anatomy of the patient (bone, muscles, tumora tissues).

As explaned before, GATE enables the definition of voxelized sources indde human body CT deta,
this feature is paticulaly interesting for dogmetric sudies in nuclear medicine for which the
radioactive source isinjected in the patient body.

For seded radioactive sources inserted in the patient body such like iodine-125 sources introduced
in the progtat or ophthamic applicators positioned on the eye, the voxdization of the source is a
hard task because of the shape of the sources (rounded shape comparing to squared shape of the
voxds) and because of thar smdl dze (0.8 mm in diameter for an iodine-125 cylindrica source
comparing to 0.6 to 1 mm for the voxel sze). For these kind of sources, it is necessary to develop
functionditiesin the GATE platform to insert them as part of avoxelized phantom.

Furthermore, the particle trangport in voxelized phantoms or sources defined using replication
matrices is dowed down because each voxd is identified as a unique volume. The tracking of
paticles is difficult (podtion of the particle in a voxd, cdculaion of the distance between voxe
boudary and particle interaction, etc..) and the dynamic assgnment of materid dengty is very long
as each voxd is an individud entity. To overcome those difficulties, new deveopments in GATE
are focussed on parameterised volumes [6 ] to optimize the use of the platform for dosmetric
sudiesin human body. Parameterised volumes are described in 111.1.2.c.

111.1.1.C. Source and detector movements, sour ce decay

[11.1.1.C.1. Existing functionalities

One of the didinctive features of GATE is the management of time-dependent phenomena. To
introduce a source into a GATE smulation, the user needs firs to define the properties of the
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activity digribution, then the geometry and specify the start and stop times of the acquistion (which
are equivaent to the start and stop times in a red experiment). GATE can modd complex activity
digributions. For each new event, the source manager randomly decides, based on tota source
activities, how the source decays. The Geant4 “Genera Particle Source” is used to shoot particles of
agiven typeto agiven direction with agiven kinetic.

A source is defined by its name, its activity, its type (ion, podtron, dectron, ganma), its energy
(type and amount), its distribution of emisson (defined with angular span), its shape (point, beam,
plane, surface, volume) for surface and volume the type of geometry can be defined (Circle,
annulus, dlipsoid, sguare, cylinder, ...), its placement in the experiment building and its
confinement which alows the emisson of particles from complex geometry and when the source is
in movement during the smulation.

By choosing to emitt an ion, the Radioactive Decay Module (RDM) pat of the GEANT4 software
is used. It enables to smulate the entire radioactive decay of an ion but dows down the smulation.
That's why the generation of postrons or eectrons particle can be smulated by pre-defining and
soring the emission spectra of most often used radioactive sources. fluorine-18, oxygen15, carbon-
11 for PET acquistions or rhodium-106 for ocular brachytherapy (see Chapter 1). Those sources
decay meanwhile the time start and the time stop defined by the user.

So, concerning source definitions, nothing is needed in addition, the current implementations alow
an acceptable definition of source decay meanwhile the experiment.

111.2.1.D. Information on interactionsin media and output data

[11.1.1.D.1. Existing functionalities

In order to record interactions within regions of the experiment, portions of the scanner geometry
are dedgnated as sendtive detectors. GATE only stores hits for those olumes that have a sengtive
detector atached. Two types of sendtive detectors are defined in GATE: the crystd sendtive
detector (crystdSD) is used to generae hits from interactions that occur indgde the detector portions
of the scanner. The phantom sendtive detector ( phantomSD) is used to detect and count the
Compton and Rayleigh interactions occurring within the scanner’s fidd-of-view (FOV). In addition
to other information concerning hits, for dosmetry dudies, the crystdSD is used to recover
information concerning the energy depodted a esch interaction with their spatia pogtion in the
media (edep, posX, posY, poZ) in order to caculae the dose in volumes of interest. Those output
data are available under ASCII and ROOT formats.

111.1.1.D.2. Needed functionalities

Dose caculations in volumes of interest should be available as a direct ASCIlI or ROOT output
data As explaned before, for the moment, the user is required to analyze information concerning
interaction by implementing his own progran to obtan dose cadculaions. In  homogeneous
phantoms, the user should be able to locate where the dose has to be caculated, for example smal
cylinders on the centra axis of a “water eye’ or dose on the transverse and on the longitudind plane
of a water cisern, and obtain as a fina output, directly from the smulaion the cdculated dose in
Gray a each point of interest.
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[11.1.2. Platform improvementsfor dosimetric applications

In the following parts are discussed the fird improvements currently performed to improve GATE
functiondities for dosmetric applications. In a firsd pat is described the variance reduction
technique added to the code to speed up Monte Carlo calculations. In a second part, our
visudization tool for voxelized data is detaled to finish with the implementation of parameterised
volumes described in athird part.

111.1.2.A. Variancereduction techniquesimplementation in GATE

Severd techniques are used to speed up the smulation, they are known as variance reduction
techniques and, are inspired on the fact that only few particles are gppropriate for data analysis. For
example, in SPECT applications few photons are actudly appropriate to form projection data. It is
the same in radiotherapy for which interactions of particles occuring in some pats of the linear
accderator are usdess to smulate for the dosmetric andyss.

Some variance reduction techniques have been incorporated recently in the GEANT4 code the
geometricd  importance sampling (that combined the geometrica pliting and the Russan
Roulette) and the weight roulette. The technique that is incorporated into GATE is the geometricd
importance sampling. The group of research Medicd Image and Signd Processng (MEDISIP) part
of the Universty of Ghent is in charge of the implementation of variance reduction for SPECT
gpplications, their work presented at the EMBS conference in 2004 [3 ] is described below.

[11.1.2.A.1. The geometrical importance sampling

The idea is to avoid the smulation of photons that do not contribute to the physcd quantified
output. For example, many particles are tracked in van by GATE because hdfway the materid (in
our case the human body), they lose ther energy due to attenuation effects and are unable to
contribute to projection data. In the same way, the tracking of photons traveling in the wrong
direction with no chance of reaching detector seems dso to be futile.

Firg, to dlow a higher chance of survivd to photons in an atenuating medium, particle splitting a
cetan intervas in the geometry of the experiment is achieved. Then, to keep atenuation physcaly
modeed, one needs to divide the weight of those photons by a splitting factor.

Secondly, to avoid the tracking of photons that will never reach the detector, the Russan Roulette is
used. Photons are submitted there to a game of chance where they can be deleted or increase their
weight.

I L I I
W05 T3
—_— AND OR -—
w W
| | <<
WH s
() Splitting (b) Bnssian Roulerte

Figurelll- 10: Principle of geometrical importance sampling: the cellson the left have half importancethecdlls
on theright. Figure(a): thetrack is splitted in two tracks with half theweight. Figure (b): Thetrack iseither
deleted or itsweight isdoubled after surviving Russian Roulette.
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Figure 111- 10 shows the smple case of two cdls, where the cdlls on the left have imprtance vadue
while those on the right have importancevaduel,=2 " |;.

Figure 111- 11 shows the principle for a smple water phantom and a single SPECT detector head.
The importance map geometry is defined by a st of concentric cylinder segments, with each
cylinder doubling the importance vaue of the previous (inner) cylinder. The innermost cylinder has
an importance vaue ;=1 and contains a point source, while the last two outer cylinders have equd
importance. No gsalitting will occur in the collimator or crystd, as the outer cylinder covers the
SPECT detector head.

Importance map divided

/ Into cells

Point souwrce in
cylinder centre

Water filled /

culinder

L

Single detector with
parallel hala callimatar

Figurelll- 11: Simpleimportance map configuration for awater phantom and a single SPECT detector head.

[11.1.2.A.2. Pulse height tallies

Pulse heaght tdlies ae commonly used in medicd imaging. These tdlies correspond to the
frequency of detected pulses in didinct energy bins, covering a rdevant energy spectrum. Since
each pulse is the combination of different detector hits the taly bin is not known until the end of an
event hisory. In an andog smulation (without variance reduction) this poses no problems as each
detected hit can be stored and the pulse can be cdculated a the end of each event. Geometrical
importance sampling combined with russan roulette however introduces branches into the paticle
higory, which results in a much more complicated pulse cdculation. Smply adding dl hits in a
detector crystal would lead to a completely wrong energy spectrum.

Figure 111- 12 shows a single photon event that encounter a collimator and makes a collison. We
can observe backscatter of splitted track and track cut by the Russian Roulette.

For the specid case of SPECT smulations (without using variance reduction), each detected hit in
the crysd is stored and the pulse is caculated a the end of each event. But, when we used
geometrica  importance sampling with Russan Roulette, new branches are introduced in the
particle higory which results in a much more complicated pulse caculation. Smply adding dl hits
in the detector crystal would lead to a completely wrong energy spectrum.

That's why a new track history has been developed in GATE by keeping a log of dl tracks and their
weights generated by GEANT4. At the same time, a track history tree is built by adding tracks
where necessary to accommodate splitting and Russian Roulette.
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Figurelll- 12: Visualization of the collision of a photon with the collimator and the backscatter particles created.

In Figure IlI- 13 track one represents the origina photon. It may be subjected to Compton
interactions and & some point it is split up by geometrical importance sanpling. It should be noted
that only one new track ¢ is generated by this process. Tracks ; and & have now hdf the weight of
the origind track t;. Track § is later split up as a result of a photodectric effect. The rest of the
diagram follows the same principles. In order to retain physicaly meaningful pulses, one needs to
extract dl the physicaly possble passes and assign a weight to them. Each geometrica importance
split introduces a new possble path. Figure 1l1- 14 and Figure 1lI- 15 show the posshbilities for the
diagram of Figure I1l- 13. Each path is assgned a weight according to the deconvolution approach.
Starting a the “leaf nodes’ of the tree, we work our way up and follow each of the paths in Figure
[1l- 14 and Figure I11- 15. Whenever a geometricd importance split is encountered, we multiply the
weight of the path by the splitting ratio 1/n, with n the umber of tracks splitted into. Results for the
five paths are shown in Tablel11- 3.
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Figurelll- 13: Simple particle history with branching: “v” indicatesa geometrical importance split while“p”
indicatesa physical split. All tracks are numbered according the numbering rulesin GEANT4
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Figurelll- 14: Two physically possible branchesfrom Figurelll- 15: Three physically possible branches
theright side of Figurelll- 13. from theleft sideof Figurelll-13.

It is now possble to group crysd hits together by smply looking up if they belong to the same
"physcd” pah and thus form an actua pulse. In this case it could be that only paths 1, 2 and 4
result in actud pulses, but not paths 3 and 5 in Table Il1- 3 if there are crystd hits tied to paths 1, 2
and 4, but not to paths 3 and 5. Note that the sum of weights of dl paths in a track higory tree
equas 1, thus the total weight is conserved. A track can increase its weight by surviving Russan
Roulette. In this case it could be scattered towards a region of higher importance and be subjected to
geometrica importance splitting. Figure 6 shows how this is dedt with. The track history adds the
same track § with its new weight 1 - as it is doubled by Russan Roulette - as a physicd branch.
This "new” track acts as a parent for the tracks produced by the splitting which follows in this case
and represents in fact the same physica track § but with a doubled weight. By adding the track in
the higtory tree in this way, we make sure that a parent track § with the appropriate weight can be
located for any subsequent tracks.

Path | Tracks Weight

11,149, &, 9 22 11 0.5« 0.5 =025

t12 t10. 8. 9. 1211 | 0.5 0.5 =0.25

3 £3.13.11.£1 05+05%0.5=0.125 |
| o th t4. 81, 41,11 05 +05=0.95

o i 05+05«05=10125

b =

Tablelll- 3: Thefive pathswith their respective weight. The sum of weights: 0.25+0.25+0.125=1.

111.1.2.B. Visualisation of medical imagesin 3 dimensions
The solution was found to create an externd module to enable the visudisation of medicd images
described as Interfile format. The C++ langage has been chosen for the module encoding, the
OpenGL has been usad for the visudisation pat and the display management. This module is
compatible with a Linux system (Xlib library).
Theinput data necessary for the visudisation are:

- afile describing the image (info.visu);

- the binary image (imagerraw);

- an ASCII transcription file (range.dat)
Figure I11- 16 represents an example of “info.visu” file to describe the medica data to be visudised.
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# File Info.visu: Description of the medical data

fichierRAW image.raw
fichierRange range.dat
fichierSortieRAN image res.raw
fichierobjets objets.mac
fichierSortieObjets objets res.mac
numCoup<= 40

numPixelX 512

numPixely 512

sizePixelX 0.625

sizePixel¥ 0.625

sizePixelZ 0.5

Figurelll- 16: File“info.visu” describing the medical data: name of theimage,transcription file, number of
voxelsand their dimensions

All the parameters described in this file are mandatory to visudise the medicd data to use in GATE
smulions.
»  ThefichielRAW parameter defines the binary image (CT dices) to use.
» ThefichierRange parameter defines the transcription of the ranges of voxds.
= The fichirSortieRAW parameter defines the reaulting binary image, dfter the user
modifications.
» The fichierObjets parameter is a file describing the geometries to insert near or indde the
voxdized medical dices.
»  ThefichierSortieObjets parameter is the file created after modifications of the user.
» The numCoupe parameter is for describing the number of dices pat of the medicd binary
imege
» The numPixdX, numPixdY paameters describe the number of pixels in the X and Y
dimensonsin the binary file
» The gzePixdX, dzePixdY, dzePixdZ parameters define the voxd dimensons in the binary
file
The module is composed of two parts:
= A didogue screen describing dl the functiondities available zoom, trandation of the dices,
rotation of the dices, coordinate axes, moving on the different dices, adding of a dice,
remove of adice, regidration, creation and insertion of volumes.
» A visudisation screen that shows the voxelized dicesto the user.

Figurelll- 17 represents a screenshot of the C++ module.

Thanks to this visudization tool, we are able to quantify the range of voxes for which we have
defined a tissue associated to. Effectively the particularity of the viewer is to enable the coloring of
voxes following some range vdues The file tablevisu dlows the user to fix colours to visudize
voxds ranges by describing them with a Red Green Blue (RGB) encoding.
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Figurelll- 17: Screenshot of the C++ module enabling the visualisation of medical data. On theleft part, the
dialogue screen enable the user to manage theimage. On theright part the creen of visualisation
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Tablelll- 4: Filetable.visu. Thecolor Red (255 0 0) Figurelll- 18: Range of materials between 19 and 80
has been assigned to the material Mat19-80 (for H visualized in red color by the Linux viewer.

Hounsfield number between 19 and 80 H)
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[11.1.2.C. The parameterised volumesin GATE simulations

[11.1.2.C.1. Particle transport in Geant4

Severd levels occur in the particle transport @ run (initidization, termination, and overdl control of
running a pre-defined number of higtories), event (Smulaion of one higtory), track (an intermediate
level between event and step), step( advancing one step).

The unit of particle propagation is step, i.e, relocation of the particle from the current podtion to the
next pogtion. The G4SeppingManager class is responsble for the management of the particle
trangport. The GetPhysicallnteractionLength (GPIL) functions of al registered processes for the
current type of particle in transport are invoked, and the travelling distance by every process is
cdculated (for G4Transportation) or sampled (for physics processes). The process with the
minimum gep length will be sdected to be the one to condran the step sze next, the
AlongSepDolt method of dl continuous and continuous-discrete process with the minimum step
length and the processes whose PostStepDolt method will be executed no matter their step length
will be invoked. The dates of the particle (spatiad postion, energy, direction, spin, traveling
time,etc) are updated during and at the end of each step.

The step dze is criticd for computationd efficiency. Due to the continuous energy loss, the dep
size should be smdl so tha the difference of the cross sections a the beginning and a the end of the
gep is smal enough. On the other hand, the step Sze cannot be too smdl in order not to increase
the computing time too much.

I11.1.2.C.2. Parameterised volume

In GATE (GEANT4) the best volume type for hosing up to tens of millions of CT voxes is a
parameterised volume. Parameterised Volumes are repeated volumes in the case in which the
multiple copies of a volume can be different in Sze, solid type, or materid. Therefore for CT voxds
defined in a parameterised volume, the dimensons and materids can dl be different (even if the
dimensons of the voxds ae the same in CT images, the materia dlocation can be different for
each voxd). A great advantage of parameterised volume is the high efficiency in memory usage.
Effectivdy, in the case of ReplicaMatrix, each rectangular voxe is defined as a sngle volume (an
object of G4Box), therefore the totd memory is much larger snce we have to save information
concerning the mother volume, the name of the voxe's and assign materia density and composition.

For a paraneterised volume, dthough the volume is functiondly divided into a certan number of
daughter volumes (eg, CT voxes), there is dways only one volume object exigent a any given
time. This volume is used to represent dl the daughter volumes by dynamicdly changing its
properties of volume type, dimengons, location, and materia.

Each time when a paticle encounters the boundary of the current volume, the properties of this
volume will be refreshed to reflect those of the next daughter volume the particle will enter. The
memory saving with parameterised volume for CT dataiis tremendous.

To define a parameterised volume, the optimized direction X, Y, Z or dl three directions have to be
chosen to group the voxds in order to improve the trangport efficiency. During optimization, the
said span of each daughter volume dong the desgnated optimization direction in the
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parameterised volume is determined. The parameterised volume is then diced with a thickness of
one hdf of the minimum span. Each daughter volume (CT voxes) in a parameterised volume is
given an exclusve index number (copy number) as the identifier, and this number is gored in the
corresponding dice vectors. When a particle reaches the parameterised volume from outside, this
copy number dored in the dice vector will be examined to find the daughter volume the particle
will go into. In the case of the paticle is dready in the parameterized volume, when a paticle
arives a the boundary of a voxd, a new voxd is searched from the vector of the current dice or
one of its neighboring dices.

When a particle goes from one voxe to another, we have to search the voxd where the partide will
enter in. To improve the search mechanism of the voxd without modiying the Geant4 code, is to
use one parameterised volume for one CT dice. The sdlected optimization axis should be pardld to
the CT dice. For the case of 512 °~ 512 voxels per dice, the maximum number of voxels searched
each timeis 1024.

I11.2. VALIDATION OF GEANT4 ELECTROMAGNETIC PHYSICSFOR
ELECTRONS

[11.2.1. Interactions of electrons

Any energy loss process mugt caculate the continuous and discrete energy loss in a materid. Below
a given energy threshold the energy loss is continuous and above it the energy loss is smulated by
the explicit production of secondary particles. Hard ionisation events generate secondary eectrons
and hard bremsstrahlung collisons generate secondary photons. The energy loss of the primary and
the phase date of the secondary particles is generated by sampling from the appropriate probability
dengty functions decribing the processes.
Two processes play an important role in eectron interactions with matter:

» [ndadtic collisons of dectrons with atomic dectrons: the Mdller cross section

» Indadicinteraction of dectronswith nucdle: Bremsstrahlung

LHI.2.LA. Inelasticinteraction with atomic electrons: ionization process

When an dectron gets indde a medium, interactions with atomic eectrons occur. Each of this
interaction involves an energy loss Q that can take the value O to the cinetic energy of the dectron
t. An incident dectron is subjected to a lot of interactions before being stopped. This dowing down
is caracterised by the linear energy trandfer which is the mean energy trandferred to the medium
(dE) by the eectron per unit of length.

The Bethe-Bloch formula, caracterisng the energy loss per length unit, must be modified in order to
take into account the low dectron mass involving that the mass of the incident particle (dectron) is
equal to the mass of the target particle (atomic eéectron) and the fact that the dectrons aren't
diginguishable.

e 0 0
é ¢ + u
Ed NZ , 2’6" & ct?t +2) + |
_g‘j_E = 4p = z zgng ( .).2++F(t)-ig Equation I11- 1
OX gy (4P€p)° MU~z ¢o® 1l 0. Z3
§ & Emcs 5 d
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L. (& +1)In2
with F¢)=1- b?+28
t +2°

t :the cinetic energy of the eectron,

me: Masse of an dectron,
b=u/c,

Cx isacorrection parameter that depends of energy and of the atomic number Z,
I: mean ionisation potentid. This quantity is difficult to cdculate as it groups the globd aomic
properties (excitation levels and rdative differentid cross sections of those excitations). It has been
measured for different materids and parameterised in function of Z.
112+7/Z eV Z2<13
Z=i 110 Equation 111- 2
19.76+58.8Z2 " eV Z313

111.2.1.B. Inelastic interaction of electronswith nuclei: Bremsstrahlung

The interaction of a fast dectron impiging on a neutra aom involves the curving of the trgectory
of the dectron under the coulombian force effect; the energy trandfered is practicaly nul. The
electron submitted to this acceleration radiates energy by the production of a photon with an energy
E deducted from the kinetic energy of the electron.

The radidive energy lossis given by

lEo | NEZ(Z+De'% =26 40
Edxg  137/mc® & mc 3

Equation I11- 3

Bombarding eectrons can dso gect eectrons from the inner shells of the atoms of the meta target,
and the quick filling of those vacancies by eectrons dropping down from higher levels gives rise to
sharply defined characterigtic x-rays.

The energy loss by indadtic collisons is the mgor process involves in water a the energies used in
brachytherapy trestments using dectrons. The Bremssrahlung process is predominant at high
energy and for high Z media (gpproximatively 100 MeV in water and 10 MeV in lead).

111.2.1.C. Electron stopping power s and ranges

* The maximum range, Ry, is the thickness of absorber a which the recorded transmisson
reduces to an undetecteble levd. To measure, it is therefore a rather arbitrary quantity
depending on the threshold sengtivity of the detector. Usudly it will be larger than the
extrapolated range.

» The extrgpolated range Re, IS determined by extrapolation of the linear portion of the
transmisson curve to the abscissa. For low-energy eectrons, because of the occurrence of
large energy trandfers and angular deviations, Rex is the quantity which, on the avalable
experimenta evidence, most closdy corresponds to the theoreticdl Rcspa range in the
continuous dowing down approximation (CSDA). The continuous dowing down
approximation (CSDA) range represents the path length that an eectron would traverse
when dowing down from its origind energy E to a dop, if its rate of energy loss dong the
track were equa to the mean rate of energy loss.
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» The median range, Ry, is the thickness of absorber a which the transmitted fraction is

reduced to 50%.
Ki netic Col |'i sion Radi ative Total D. Effect
Ener gy Stp. Pow. Stp. Pow. Stp. Pow. Paramneter
; MeV MeV cn2/ g MeV cn2/g MeV cnR/ g
— &
4y 1. 000E- 02 2. 256E+01 3. 898E-03 2. 256E+01 0. 000E+00
5. 000E- 02 6. 603E+00 4. 031E-03 6.607E+00 0. O00E+00
1. 000E-01 4. 115E+00 4.228E-03 4. 119E+00 0. 000E+00
5. 000E-01 2.034E+00 7.257E-03 2.041E+00 0. 000E+00
1. 000E+00 1.849E+00 1.280E-02 1.862E+00 2.428E-01
1. 500E+00 1.822E+00 1.942E-02 1.841E+00 5.437E-01
2. 000E+00 1.824E+00 2. 678E-02 1.850E+00 8.218E-01
2. 500E+00 1.834E+00 3.468E-02 1.868E+00 1. 069E+00
3. 000E+00 1.846E+00 4.299E-02 1.889E+00 1.288E+00
- 3. 500E+00 1.858E+00 5.164E-02 1.910E+00 1.484E+00
x 4. 000E+00 1.870E+00 6.058E-02 1.931E+00 1.660E+00
4. 500E+00 1.882E+00 6.976E-02 1.951E+00 1.821E+00
Figurelll- 19: Range definition 5. 000E+00 1.892E+00 7.917E-02 1.971E+00 1.967E+00

Figurelll- 20: ESTAR: Stopping Powersand Range Tables
for Electrons

The stopping power of metter for penetrating charged particles is a quantity of centrd dgnificance
in dl physcs experiments involving accderated particles and in numerous gpplications such as
radiation diagnogtics and therapy, materids anayss and modification, etc.

The dopping power is conventiondly defined as the mean energy loss per travelled pathlength, -
dE/dx , the average being taken over a large number of trgectories sampling both the penetrated
materid and the beam.

The database ESTAR [7 ] cdculates stopping-power and range tables for eectrons according to
methods described in ICRU Reports 37 [8 ] (see FHagure 1l1- 20). Stopping-power and range tables
can be cdculated for eectronsin any user-pecified materid.

[11.2.2. Geant4 electromagnetic physics packages

The GEANT4 dctromagnetic packages handle the eectromagnetic interactions of leptons, photons,
hadrons and ions. In particular they include multiple scattering, ionization, bremssirahlung, postron
annihilation, photodlectric  effect, Compton and Raylegh scattering, gamma conversion,
synchrotron, trangtion radiation, Cerenkov effect, refraction, reflection, absorbtion, scintillation,
fluorescence, Auger effect, Paticle induced X-ray Emisson (PIXE). Three dectromagnetic
packages are availablein GEANT4:

»  Standard Package for which the physical processes of GEANT3 have been used hit are not
reliably modelled below 1 keV for ionization and bremsstrahlung processes.

» Low Energy Package, based on the Livermore Data libraries [9 ][10 ][11 ][12 ]Jwhich
extends the reliable coverage of dectromagnetic interactions down to 250 eV (and can be
used up to approximatively 100 GeV).

= Low energy Package, based on Penelope andytica approach [13][14].

97



Chapter 111. The GATE Monte Carlo simulation platform for dosimetric applications

[11.2.2.A. The Standard package

The standard package [15 ] provides a variety of modes based on an andyticd agpproach to
describe the interactions of dectrons, postrons, photons and charged hadrons in the enrgy range
between 1 keV and 100 TeV. The models assume hat the atomic dectrons are quas-free (i.e, ther
binding energy is neglected except for photoedectric effect) while the atomic nudeus is fixed (i.e,
the recoil momentum is negelected).

[11.2.2.A.1. Theionization processin the standard package

The G4donisation class provides the continuous and discrete energy losses of eectrons and
positrons due to ionization in amaterid

GEANT4 uses the Mdller differential cross section, Sy, to treat indagtic collisons of dectrons with
atomic dectrons (e-e-) above a given threshold energy.

The Mdller cross section, which was derived for collisons with free dectrons at rest, is given by

pr’z 'g(g'l)za@_ 6,1 1 29-1 nl-XliJ

S(Z,ET,)= é X+ I G Equation 111- 4
( ) b*(g-1) g ¢’ & 7 x 1-x ¢ X § e
with
g = E/mc?
b?=1- (Vg?)

x=T,, I(E- mc?)
The direction of the gected eectron is generated with respect to the direction of the incident
paticle. The azimuthd angle f is generated isotropicaly and the polar angle g is cdculated from
energy-momentum consarvation. This information is used to caculate the energy and momentum of
both the scattered incident particle and the gected dectron, and to transform them to the globd
coordinate system.

[11.2.2.A.2. The bremsstrahlung process in the standard package

The G4eBremsstrahlung class provides the energy loss of eectrons and podtrons due to the
radiation of photons in the fiedld of a nucleus. Above a given threshold energy the energy loss is
smulated by the explicit production of photons. Beow the threshold the emisson of soft photons is
trested as a continuous energy loss. The parameterisation of the energy loss and the total cross
section isgiven in the GEANT4 Physics Reference Manud [16 ].

[11.2.2.B. The L ow Energy package: evaluated data driven approach

The Low Energy package extends the range of accuracy of eectromagnetic interactions down to
lower energy than the Standard package. The Low Energy package exploits evauated data libraries
(EPDL97 [9 ], EEDL [10 ], EADL [11 ]) that provide data for the calculation of the cross-sections
and the sampling of the find dae for the modding of photon and dectron interactions with matter.
The current implementation of low energy eectron and photon processes can be used down to 250
ev.

For now, GATE involves the use of the sandard and low energy eectromagnetic packages for the
photon processes and the standard eectromagnetic package only for the processes implying
electrons. It adopts different models depending on the energy range and the particle charge. In the
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high energy domain (> 2 MeV) the Bethe-Bloch formula, while in the low energy one (< 1 keV for
protons) the free dectron mode ae applied regpectively. In the intermediate energy range
parameterized models based on experimentad data from Ziegler [17 ] and ICRU reviews are
implemented; corrections due to the molecular structure of materids and the effect of the nuclear
stopping power are taken into account.

[11.2.2.B.1. Theionization processin the Low Energy package

The sampling method is based on energy spectra of ddta rays contained in the EEDL, and the
process is treated as a humber d discrete interactions. The energy spectrum data are available as a
function of sub-shell. Subsequent fluorescence is treated.

The class GALowEnergylonisation caculates the continuous energy loss due to eectron ionisation
and smulates d-ray production by dectrons. The d-eectron production threshold for a given
materid, T, is used to separate the continuous and the discrete parts of the process. The energy loss
of an dectron with the incident energy, T, is expressed via the sum over dl aomic shdls, s, and the
integra over the energy, t, of d-electrons.

The d-electron production cross-section is a complimentary function:

% \Tmaxﬁdt('?
s(T)= a (;3 (T)%— Equation 111- 5
E Qg™

where Tna=0.5T is the maximum energy transfered to a d-eectron, s«T) is the total cross-section
for the shell, s, a a given incidert kinetic energy, T, and 0.1 eV is the low energy limit of the EEDL
data.

The probability of emisson of a d-dectron with kinetic energy, t, from a sub-shdl, s, of hinding
energy, Bs, as the result of the interaction of an incoming dectron with kinetic energy, T, is
described by:

ds _P(J WithX=ﬂ Equation 111- 6
Gt 2 T+B quation I11-

where the parameter x is vaied from x .. =(0.1eV +B,)/(T +B,)to 0.5. The function, P(x), is
parameterised differently in 3 regions of x: from xmin t0 X1 the linear interpolaion with linear scade
of 4 points is used; from X; to Xy the linear interpolation with logarithmic scde of 16 points is used,
from x, to 0.5 the following interpolation is gpplied:

x? gei_g +A*(0.5- x)/ x Equation 111- 7

P(x)=1- gx+(1- g)x*+

where A is afit coefficient, g is expressed via the gammafactor of the incoming eectron:
g=(29-1)/g? Equation 111- 8

For the high energy case (x >> 1) the formula of P(x) is transformed to the Mdller dectron-eectron
scatering formula

The vaue of the coefficient, A, for each dement is obtained as a result of the fit on the gpectrum
from the EEDL data for those energies which are available in the database. The values of x; and X
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are chosen for each aomic shel according to the spectrum of  d-dectrons in this shell. Note that x;
corresponds to the maximum of the spectrum, if the maximum does not coincide with Xqin. The
dependence of dl 24 parameters on the incident energy, T, is evaduated from a logarithmic
interpolation.

The sampling of the find dtate proceeds in three steps. Firg a shdl is randomly sdected, then the
energy of the d-dectron is sampled, findly the angle of emisson of the scattered dectron and of the
d-ray is determined by energy-momentum consarvation taken into account eectron motion on the
atomic orbit.

The interaction leaves the aom in an excited date The deexcitetion of the atom is sSmulated.
Sampling of the excitations is carried out for both the continuous and the discrete parts of the
process.

111.2.2.B.2. The Bremsstrahlung process in the Low Energy package

The cdass GALowEnergyBremsstrahlung caculates the continuous energy loss due to low energy
ganma emisson and Smulates the gamma production by dectrons The gamma production
threshold for a given materid w. used to separate the continuous and the discrete parts of the
process. The energy loss of an eectron with the incident energy T re expressed via the integrand
over energy of the gammeas.

The angular digtribution of the emitted photons with respect to the incident electron can be sampled
according to three dternative generators described below. The direction of the outcoming eectron
is determined from the energy-momentum baance. These generators are currently implemented in
GAModifiedTsal, G4Generator2BS and GAGenerator2BN classes.

111.2.2.C. Thel ow Energy package: analytic approach

The physics modes developed for the Pendope Smulation Toolkit (PENetration and Energy Loss
of Podtrons and Electrons) [13 ] have been implemented in GEANT4 as an dternative and
independent set of processes in the Low Energy Package. The modds, specifically developed for
Monte Carlo smulaion, are based on an approach which combines numerica databases with
andytica cross section modes for the different interaction mechanisms. In particular, they include
low-energy and aomic effects (eg. Doppler broadening, shell effects) and can be applied to
energies from afew hundred eV to about 1 GeV [14].

The (APenel opel oni sati on class caculates the continuous energy loss due to eectron and
postron ionisation and smulaes the d-ray production by eectrons and positrons. The dectron
production threshold Tc for a given materid is used to separate the continuous and the discrete parts
of the process.

The smulation of indagtic collisons of dectrons and postrons is peformed on the bass of a
Generdized Oscillation Srrength (GOS) modd [18 ]. It is assumed that GOS splits into
contributions from the different atomic eectron shells.

The total cross section s (E) for the indadic collison of dectrons of energy is cdculated
andyticdly. It can be split into contributions from distant longitudind, digant transverse and close
interactions,
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+5 Equation I11-9

S_(E):Sdisl-l_s " do

dist

111.2.2.D. Specification of the GEANT4 physic processesin GATE

In GATE, the physical processes specified for electrons and positrons transport are hard coded in
the software and can not be dtered. User can define the photon processes list (photo-electric effect,
Compton scattering, Rayleigh effect and gamma converson); and for each process, the user can
sdect the specific energy modd (dandard dectromagnetic physics, low energy dectromagnetic
physics or do not smulate the interaction). For dectrons and podtrons, the sandard
electromagnetic package is used.

Charged particles are tracked to the end of their range. A cut alows the user to suppress particles
whose range would be less than a user defined vaue that we name the range cut. As a consequence,
there is no tracking cuts but only production thresholds. For photons the absorption length defines
the cut. GATE dlows the choice of three types of cut: the cut concerning secondary eectrons
(setElectronCut), the cut concerning the ddta rays (setDetaRayCut) and cut for X-rays
(setXRayCuit).

The cuts concerning delta rays and X-rays production are adways applied usng the low-energy
electromagnetic package.

[11.2.3. Multiple scattering implementation in GEANT4

In GEANT4, the dectron dep adgorithm is moddled in the multiple scattering process. A brief
discusson follows concerning the implementation of the process and the corrected parameters
concerning the angular distribution between 5.2.p02, 6.2.p02 and 7.0.p01 GEANT4 versons and
the different dosmetric studies obtained as a consequence of these modifications.

Multiple Scattering (MSC) sSmulation dgorithms can be dasdfied as ether "detaled” or
"condensed”. In the detalled dgorithms dl the collisonginteractions experienced by the particle
are smulated. This smulation can be conddered as exact; it gives the same reaults as the solution of
the transport equation. However, it can be used only if the number of collisons is not too large, a
condition fulfilled only for specid geometries (such as thin foils), or low enough kingtic energies.
For larger kinetic energies the average number of collisons is very large and the detailed smulation
becomes very inefficient. In al condensed history Monte Carlo programs, the effect of the large
number of dadic interactions which occur over a given pahlength is moddled by means of a
multiple scattering theory; the globd effects of the collisons are smulated a the end of a track
segment.

The globd effects generdly computed in these codes are the net displacement, energy loss, and
change of direction of the charged particle.

Mogt paticle physcs smulaion codes use the multiple scatering theories of Moliere [18 ],
Goudsmit and Saunderson [20 ] and Lewis [19 ]. The theories of Moaliere and Goudsmit-
Saunderson, which are exact if the cross section remains congtant over a step, describe the angular
deflection of dectrons after travdling a given pathlength. The Lewis theory computes the moments
of the gpatid digribution as well. None of these MSC theories gives the probability distribution of
the gpatid displacement. Therefore each of the MSC sSmulaion codes incorporates its own
dgorithm to determine the spatid displacement of the charged particle after a given sep. These
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dgorithms are not exact, and are respongble for most of the uncertainties in the MSC codes.
Therefore the amulation results can depend on the vaue of the step length and generdly one has to
sdect the value of the step length carefully.

A new class of MSC dmulation, the "mixed" dmulaion dgorithms gopeared in the literature
recently. The mixed dgorithm smulates the "hard" collisons one by one and uses a MSC theory to
treat the effects of the "soft" collisons a the end of a given sep. Such dgorithms can prevent the
number of steps from becoming too large and aso reduce the dependence on the step length.

As it was dated before, for the mgority of photon and eectron interaction processes, there are three
implementations available Standard, Low-energy and Pendope. The charged particle multiple
scattering process is an exception in which dternative models are not available,

The MSC modd used in GEANT4 beongs to the class of condensed smulations, class Il. The
model is based on Lewis MSC theory and uses modd functions to determine the angular and
spatid didributions after a step. The functions have been chosen in such a way as to give the same
moments of the (angular and spatid) digributions as the Lewis theory. This theory is gpplicable for
al scattering angles, and it dlows eectron step szesto be arbitrarily small.

[11.2.3.A. Theangular distribution

The angular didribution is gpproximatdy Gaussian for smdl scattering angles in both versons, but
the width of the digtribution has been changed between the versons, the Highland formula has been
corrected for the centra part of the digribution. There are differences in the tail of the digtribution
aswell.

111.2.3.A.1. Thetail of the distribution

GEANT4 version 5.2.p02

In the Geant4 verson 5.2.p02, the angular digtribution u=cosqis sampled according to a modd
function g(u). The functiond form of the function is

gu) = p[qgl(u)+(1- q)gg(u)] +(1- p)g,(u) Equation 111- 10

where O£ p,q£1, g ae smple functions of u=cosy (normdized in ul [- 1,1]). These functions
have been chosen as

g,uy=C e  -1fu £ufl
1
u=C,—— -1£fufuy £l
g2( ) 2 (1_ u)c 0
g;(u) =C, -1£ufl

where a>0, ¢c>0 and @ are moddl parameters, G normdization constants. For smdl scattering angle
g, au(u) is close to the Gaussian exp(-q°/2q.) with qZ =1/a, while g(u) has a Rutherford-like tail
for large q, if cisnot far from 2.

GEANTA4 version 6.2.p02
In the 6.2.p02 verson, the g2(u) function asthe form
9,(1) =C, — = with b>0

b- u)°
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It involves amodification in the Rutherford-like tall for large g.

GEANT4 version 7.0.p01
Nothing has been modified in this verson concerning the tail of the distribution.

[11.2.3.A.2. The width of the angular distribution: correction of the Highland formula

GEANT4 version 5.2.p02

In the 52p02 verson, the orignd Highland-Lynch-Dahl formula is used and give the
parameterisation of the central part of the distribution as

_13.6MeVv
Jo = 3lfcpe z,/x/ X, (1+0.038Inx/ X,) Equation I11- 11

where o is the width of the gpproximate Gaussian projected angle distribution, p, bc and z are the
momentum, velocity and charge number of the incident particle, and x/XO0 is the thickness of the
scattering medium in radiation lengths.

GEANT4 version 6.2.p02

In this verson, for eectrons and pogtrons, the width given by the Highland formula was bigger
than the vaue observed by Hanson (with 10% of differences a smdl angles). Therefore, a modified
correction term was introduced:

The origind correction term el+0038|n7uhas been replaced by a tem of the form

ou
gu
X X & X
el+q|n—+02 an—_ Ufor x/Xo <1.
& X X
g 0 e oﬂH

The congtants ¢1 and c2 were chosen in such a way that the Hanson data is reproduced in the
smulation.

GEANTA4 version 7.0.p01
The width of the central part of the distribution has been modified, the modified formulafor qo is

,0.555

13.6MeV agx o)

Equation I11- 12
% = bcp 8X0g

This formula gives much smdler sep dependence in the angular didribution and describes the
available dectron scattering data better than the Highland form.

111.2.3.B. The path lenath correction PLC

In every eectron step, a path length correction (PLC) is performed to caculate the energy loss
dong the step. The PLC refers to the transformation between the eectron geometrica path length
and the true path length.

The geometricd path length is defined as the draight-line distance of the step and the true path
length takes into account the path curvature and o, is longer than the geometricd path length. After
the dectron is transported dong its initid geometricd path, the code samples the mean laterd
displacement and the scattering angle.
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The mean laterd displacement accounts for the laterd deflection of the dectron adong the step,
wheress the scattering angle determines the direction vector of the next step.

These two quantities are not correlated in the GEANT4 mode!.

To prevent the step to cross a boundary, a safety radius that corresponds to the distance to the
closest boundary, from dl directions is compared to the laterdl displacement. If the safety radius is
smdler, the dectron is relocated |aterdly to a distance equa to the sefety.

The PLC is not corrdated to the scattering angle, and the laterd displacement is switched off when
the electron stops at the interface.

[11.2.4. The step control and boundary crossing parametersin GEANT4

The particle sep length is determined by the volume boundaries, thresholds for secondary particle
production and the location of the discrete interaction dte. For eectrons, the production threshold is
specified in terms of range which is then internally converted to energy for every materid.

The following lines represent the standard output generated by a GEANT4 execution. Production
cuts have been fixed to 10 pum for eectrons, 1 mm for podtrons and 1 um for photons. The
converson of range in energy is given for the materids used in the amulation, here therés Air,

Water and Silver materids.
========= Tabl e of regi st er ed C()upl @S ========—=—=—=—=—=—=—=—=—=—=—=—===========

Index : O used in the geonetry : Yes recal cul ati on needed : No
Material : Ar
Range cuts : gamma 1 mum e- 10 mum e+ 1 mm

Energy thresholds : gamm 990 eV e- 990 eV e+ 990 eV
Regi on(s) which use this couple :
Def aul t Regi onFor TheWor | d

Index : 1 used in the geonetry : Yes recal cul ati on needed : No
Material : Water
Range cuts : gamma 1 mum e- 10 mum e+ 1 mm

Energy thresholds : ganma 990 eV  e- 6.44974 keV e+ 338. 695 keV
Regi on(s) which use this couple :
Def aul t Regi onFor TheWr | d

I ndex : 2 used in the geonetry : Yes recal cul ati on needed : No
Material : Silver
Range cuts : gamma 1 mum e- 10 mum e+ 1 mm

Energy thresholds : ganma 990 eV e- 61.9458 keV e+ 1.37814 MeV
Regi on(s) which use this couple :
Def aul t Regi onFor TheWor | d

All particles crested in the smulation are tracked down to zero kinetic energy. The user is able to
fix Sep sze congraints using three parameters:

The Maximum step Size can be specified for any given volume thanks to the G4UserLimits class.

A dgep function with the arguments dRoverRange and findRange. The dRoverRange variadle refers
to the fractiond range reduction, which is the maximum fraction of the stopping range tha an
electron can travel in astep. The step Sze decreases gradudly until it is smdler then findRange.

The Step control near interfaces is determined by fr. When an eéectron crosses an interface, the step
Size is reduced such that it stops a the boundary first. As it gets trangported away from a boundary
into a new volume, the step length sis controlled by a parameter known asfr,
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s=f, max{r,I}

where r is the particle range and | is the transgport mean free path that determines the mean particle
scattering properties. The fr parameter is 0.2 by default, and can be changed to any vaue between O
and 1. The maximum number of steps per boundary crossing, n, restricted by this gpproach is

i log[( f, +0.001)/f, ] ol

n=intj
0 log(1.001)

[11.2.5. Evaluations and comparisons of stopping power and CSDA range for
electrons

The behavior of dectromagnetic modes for dectrons in water was studied and compared to the
reference data of ICRU. In fact, GEANT4 (verson 6.2.p02) data were compared with ESTAR [7 ]
database that generates stopping powers and CSDA ranges for dectrons which are the same as
those tabulated in ICRU report 37 [8 ].

Electrons are generated with a chosen energy from the center of a box, filled with liquid water. The
multiple scattering and the energy loss fluctuations are not active, in agreement with the stopping
power and CSDA range definitions.

Comparisons between reference data and Geant4 smulations obtained by means of the specific
electromagnetic Packages have been performed by means of a Goodness-of-Fit Statistical Toolkit
[21 ], specidised in the compaison of data didributions. Among the ones avalable in the
Goodness-of-Fit Statistical Toolkit, the Chi-squared test was sdlected, as this is the only Goodness-
of-Ft dgorithm incduding data uncertainties in the computation of the test datistics. The Goodness-
of-Fit Statigtical Toolkit returned the computed Chi-squared vadue together with the number of
degrees of freedom and the p-vaue of the comparison.

The p-vaue represents the probability that the

test datistics has a vaue at least as extreme as

that observed, assuming tha the null hypothesis ' %‘_"E’ LA R ™ :@'
is true. Obvioudy p-vdues higher then the '

confidence leve a = 0.05 set a priori led to the
acceptance of the null hypothesis, dating the
equivalence between reference data and Geant4
smuldions.

The vadidation test exhibited that dl the three --..:'F
Geat4 physcs modds ae in  excelent i o .
agreement with the NIST reference data; the test B e R
has not pointed out any paticular difference

among the three approaches. Figurelll- 21: Goodness-of-Fit test results concer ning
the éectron stopping power plotted asa function of
the atomic number Z of the selected elements
(Standard: black diamonds, Low Energy EPDL : black
squar es, Low Energy Pendlope approach: empty
circles). All the p-values obtained are higher than the
confidencelevel set (a =0.05).

Eleciron Stopping Power Tesl

pevalue

[
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[11.2.6. Beta ray point source dose distributions

111.2.6.A. Introduction

Radid digributions of dose around isotropic point sources of eectrons or beta emitters in an infinite
water medium, or dose-point-kernels are the bass of many dosmetry problems for medicd
gpplications. This caculation is the bass for caculate doses from extended source digtributions in
homogeneous media or for averaging doses over finite volumes. In ocular brachythergpy, dose
deposited from 106-Ru ophthamic gpplicators of a given shgpe and of a given dimenson can be
derived from the calculation of dose point kernels.

Andyticd methods fal to account for the 3D nature of radiation trangport and dl reevant energy
deposition processes. Monte Carlo smulations of dose point kernds is the only practicd method for
caculation that can consider dl interactions of importance for the transport of secondary particles.

111.2.6.B. Monte Carlo calculation details

In Monte Carlo smulations, the dose around a point source is obtained by scoring the energy
deposited in thin concentric spherica shells around the source per particle decay. Dose estimation
techniques have been developed for photons, the linear track length kerma estimator of Williamson
[22 ] that estimates the kerma by scoring tracks crossing a volume is widdy used now, but there are
no dternatives for eectrons.

In Monte Carlo cdculations, the energy scored in a sphericd shdl delimited by the radii R and R
divided by the shell mass is taken as the dose a some effective radius of the shdl R<Re<R». The
effective radius Res is actudly the distance of a hypothetical zero thickness scoring shell from the
source that would yield the same result as the finite thickness scoring shdl ddimited by R and R
used in the cdculations.

The energy deposited in sphericad shells has been scored to obtain dose point kernels in water for 50
keV, 100 keV, 200 keV, 1IMeV and 4 MeV monoenergetic electron point sources and for 106-Rh
beta sources. To mode the beta sources we generated eectrons following the spectrum from the
ICRU Report 56 [23].

A cut-off of 2 keV have been chosen for the smulations.

The dose digribution is converted into a dimensonless quantity as suggested by Cross [24 ] to
become a dowly varying quantity with energy, making interpolation in energy more accurae with
relatively wide energy intervals. This dimensionless quantity is defined as

j(r /12, E)=4pr r’D(r,E)./E Equation I11- 13

with r being the radid distance to the middle of the sphericd shels re the nomind CSDA range
(see Table 1lI- 5 for the vaues of the CSDA range for the different dectron energies, vaues have
been taken from the NIST web database ESTAR [7 ]), r the dengity of the medium, and D(r,E) the
dose per incident particle a distance r. The quantity defined in Equetion 111-13 represents the
fraction of emitted energy that is deposited in a spherica shell of scded radiusr/rg to r/rg + d(r/rg).
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E(MeY) relglem’)
005 | 4.320E 03
040 | 1.431E 92
050  1.756E 41
100 | 4367E .1
150 | JO7SE M
200 | 9.786E M
3.00 1.514E +00
400 | 203TE+00

Tablelll- 5: Electron CSDA ranges, rE, in water

for electronswith initial energiesE.

A sphericd water phantom of 400 mm in diameter contains 22 spherica shells each of thickness of
0.05 re. This sdlection was made for comparison with the results by Cross who used this thickness.

111.2.6.B.1. Uncertainties evaluation

Uncertainties associated to Monte Carlo results have been cdculated by doing a quadrature sum of
the gtatigtica uncertainty and the total cross sections uncertainty.

The results presented are affected by a totd Monte Carlo uncertainties % siot cdculated as the
quadrature sum of the statistical uncertainty %s , and the cross section uncertainty %s c s

Equation 111- 14
%stot:J/osj+%s§_S quation

Statistical uncertainties don’'t overlapp 0.016%, 0.02%, 0.013%, 0.01%, 0.09% and 0.08%
respectively for 50 keV, 100 keV, 1 MeV, 2 MeV, 3MeV and 4 MeV dectron dose point kernels.
Stopping powers implying eectrons (ionisation, ...) obtained with the standard energy package of
Geant4 verson 6.2.p02, have been compared to the ESTAR database given by NIST [7 ] for an
energy spectrum going from 1 keV to 10 MeV. The relaive deviation between NIST and Geant4
vauesis below 5% between 1 keV and 10 MeV.

As no evauation concerning eectron cross sections have been performed between the GEANT4
electromagnetic standard package and the NIST database, the tota cross section uncertanty
concerning electrons %s . is evaluated to be 5%. It results that the uncertainties alocated to dose
point kernels don’t overlapp 5% for al distances.

[11.2.6.C. Results

[11.2.6.C.1. Monoenergetic beta point source dose kernels

Figure 1ll- 22 to Figure Ill- 27 incdlude comparison of the dimensonless quantity j(r/rE,E) obtained
using the GEANT4 versons 5.2.p02, 6.2.p02 and 7.0.p01 (standard electromagnetic package) with
severa caculations reported in the literature for 50 keV, 100 keV, 1 MeV, 2 MeV, 3 MeV and 4
MeV monoenergetic dectron sources. The curves caculated by Simpkin & Mackie with EGSA [25
], by Cross et a. [24 ] with the 2.1 1988 verson of ITSACCEPT code, a derivative of ETRAN, by
Schaart (work specidly performed for this comparison and not published) with the MCNP4c ©de
and by Mainegraet d. [26 ] with EGSNrc are shown.

Since 1973, a number of improvements have been made in the ETRAN code. In particular, eectron
stopping powers [27 ][28 1[29 ] and bremsstrahlung cross sections [30 ][31 ][32 ][33 ] were revised
and an eror in the LandawBlunck-Liessgang [34 ] didtribution of energy losses was corrected [35
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1[36 1[32 ][33 ]. Udng these improvements Berger and Sdtzer recdculated the kernds for
monoenergetic eectrons in 1990. In addition the EGS4 code which has been extensvely used for
electron beam cdculations [37 ][38 ][39 ] was used by Simpkin and Mackie [40 ] who have
published point source dose kernels for monoenergetic eectrons and for eight beta-ray emitters.

For the GATE caculaions the energy deposited in each of the sphericd shells was scored. Fgure
[1l- 28 to Fgure IlI- 37 show the relative errors caculated between the GEANT4 versons and
between GEANT versons and MCNP4c code. A farly good agreement can be found between
EGS and EGSNRc cdculations. While MCNP4c and ETRAN are in well agreement and differe
from the results obtained with EGS codes. ACCEPT results are in disagreement with those codes.

After comparisons of the three GEANT4 versons, it gppears that the verson 6.2.p02 is in far better
agreement with MCNPAc results than the other GEANT4 verson with discrepancies less than 10%

until 1 MeV and near 1% at higher energy.

1.80

1.40

«e-- GATE_G4.5.2
— — GATE_G4.6.2

g

0.40 1 — GATE_G4.7.0
+ Mainegra (EGSnrc. ECUT=1 keV, 2004) 7
o Simpkin & Mackie (EGS4-PRESTA, 1990}
U.I‘.D ............ T ¢l¢$‘5 iAE¢EFT1 1992’ = e e TR P
|« Schaar (MENP4c-TallyF4, 2005
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Figurelll- 22: Comparison of GATE_G4 versions calculated dose point kernelsfor 50 keV electronswith

EGSnrc (Mainegra), EGS4 (Smpkin and Mackie), ACCEPT (Cross) and MCNP4c.
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Figurelll- 23: Comparison of GATE_G4 versions calculated dose point kernelsfor 100 keV electronswith
EGSnrc (Mainegra), EGS4 (Smpkin and Mackie), ACCEPT (Cross) and MCNP4c.

Differences between ACCEPT and other Monte Carlo codes at the origin is explained by the fact
that Cross et d. used an unrestricted collison-stopping power at this point arguing that the mean
energy depodted per source eectron in a shdl of thickness dr is Spcolldr, where Spcoll is a
restricted collison-stopping power that relects the fact that knock-on eectrons (ddta rays) have not
yet built up to equilibrium with the source dectrons. The rdative dose contribution from
backscattered eectrons becomes negligible as r gpproaches zero. The unrestricted collision stopping
power is expressed by the following Equetion 111- 15:

: aaEQ .1
0, E)=c—= £ i -
j(0,E) Cixg, E Equation I11- 15

A cubic interpolation on a linear scale was used to join this point smoothly to the @culated values
at r/re3 0.125. stopping powers and ranges were taken from Berger and Sdltzer (1982).
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Figurelll- 24: Comparison of GATE_G4 versions calculated dose point kernelsfor 1 MeV electronswith
EGSnrc (Mainegra), EGS4 (Simpkin and Mackie), ACCEPT (Cross) and MCNP4c

The largest differences occur near the maxima of the digtributions (r/rE=0.625), where they amount
to 6%, 2% and 2.3% for 4 MeV dectrons respectively between GEANT4 version 5.2.p02, verson
6.2.p02 and 7.0.p01 and MCNP4c. Near the end of the ranges differences are larger between the

code (see Fgure IlI- 28 to Figure Ill- 37). The 6.2.p02 is the verson for which less differences are
observed with MCNPAc calculations.
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Figurelll-25: Comparison of GATE_G4 versions calculated dose point kernelsfor 2 MeV electronswith EGS4
(Smpkin and Mackie), ACCEPT (Cross), ETRAN (Seltzer) and MCNP4c
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Figurelll- 26: Comparison of GATE_G4 versions calculated dose point kernelsfor 3MeV electronswith EGS4
(Smpkin and Mackie), ETRAN (Seltzer) and MCNP4c
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Figurelll- 27: Comparison of GATE_G4 versions calculated dose point kernelsfor 4 M eV electronswith
ACCEPT (Cross), ETRAN (Sdtzer) and MCNP4c
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Figurelll- 28: Relative errorscalculated between
GEANT4 versionsfor 100 keV eectron dose point

Figurelll- 29: Relativeerrorscalculated between
GEANT4 versionsand M CNP4c (Schaart) for 100 keV
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Figurelll- 30: Relative errorscalculated between
GEANT4 versionsfor 1 MeV eectron dose point

Figurelll- 31: Relativeerrorscalculated between
GEANT4 versonsand MCNP4c (Schaart) for 1 MeV

kernel electron dose point kernel
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Figurelll- 32: Relative errorscalculated between
GEANT4 versionsfor 2 MeV eectron dose point
kernel

Figurelll- 33: Relativeerrorscalculated between
GEANT4 versionsand M CNPA4c (Schaart) for 2 MeV
electron dose point kernel
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Figurelll- 34: Relative errorscalculated between Figurelll- 35: Relative errorscalculated between
GEANT4 versionsfor 3 MeV eectron dose point GEANTA4 versonsand M CNPA4c (Schaart) for 3MeV
kernel electron dose point kernel
100 = - — — - JR— — 00 :
- 5, 52Ga0.7| L + GiaF-mcHPae| I
n G 8, 264,70 e * VSR -MCHPEE }
: | 4 AT PG| T
i i ch " H
= . ! * '] + : : ' t
E H [ P '.. E
Bl > ;
;E E LR ]
i
[ ] ]
o | - — it
082 DAZF R2ES OLEEE  DA2EF  RGIZE rEI.IF!'!: 0.riE Di2E ®BIS  LI2E 1.125[ Lo DA% 0725 02325 0435 O5IS 0625 0725 D825 0825 1025 1428
Figurelll- 36: Reativeerrorscalculated between Figurelll- 37: Relativeerrorscalculated between
GEANT4 versionsfor 4 MeV eectron dose point GEANT4 versionsand MCNP4c (Schaart) for 4 MeV
kernel electron dose point ker nel

The large discrepancies obtained with the different GEANT4 versons, less than 10% before
rlre=0.625 and a relative eror that could approach 100% at large distances from the source
(r/re»0.825), involved a precise study of the differences occuring in the GEANT eectromagnetic
physics implementation since verson 5.2.p02 to version 7.0.p01.

In order to remove doubts that we had concerning our GATE smulations, we reproduced in a firs
time, the andyss of a 4 MeV dectron dose point kernd with a GEANT4 program (caculations
performed by Michd Maire, pat of the GEANT4 collaboration). Caculations were performed
using acut vaue of 1 keV inwater for eectrons.

Results observed were the same as with the GATE cdculations except a a distance near 0 for
which j(r/re,E) is about 0.85 ingtead of 0.65 with GATE caculations and MCNP4c. This difference
is explained by the fact that GEANT4 results have been reproduced using a cut vaue of 1 keV in

water for electrons.
The current GEANT4 version (7.1.p01) gives the same results as the 7.0.p01.
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Figurelll- 38: Comparisons of the GEANT4 ver sions concer ning calculations of a4 MeV dose point kernels

& 4 Mav

Wlatar

using GEANT4 programs.

Comparison of the Standard and Low Enerqy packages

In order

to highlight differences between the Standard Electromagnetic package and the Low
energy one, we reproduce the smulation of a 4 MeV eectron dose point kernels usng the GEANT4
verson 52p02. This compaison will dlow to define if the differences obtained between GATE
smulations and other Monte Carlo is reated to the implementation of the ionization process in

GEANTA4.

Results show discrepancies between the two packages but results obtained with the Low Energy
package isn't in better agreement with other Monte Carlo caculaions (neither with MCNPAc nor
with ETRAN and ACCEPT codes). The shape of the curves is the same between the two packages

with a displacement to longer distances for the Low Energy processes.
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Figurelll- 39: Comparison of the GEANT4 electromagnetic packageson 4 MeV electron dose point kernels.

As the Low Energy package doesn't give results in better agreement with the other Monte Carlo
cdculations, we try to find how the geometry boundaries and cuts could influence results.

Influence of cuts and geometry boundaries

We reproduced dose point kernds caculaions by comparing results obtained using a large volume
of water (in this configuration, the dose deposted is cdculated in virtud sphericd shdls in a ROOT
program) and usng sphericd shdls modeled in the smulation for the recovering of hits. For both
comparisons we fix different energy cuts on eectrons. 2 keV, 6 keV and 10 keV in water.

By congdering a large volume of water we remarked that the cut vaues have a non negligesble
influence on the dose deposted (see Figure IlI- 40). On the contrary, by choosing to mode the
sphericd shdls in the smulation, the changes occuring on the cut vaues have no influence on dose
deposited (see Figurellll- 41).

Results obtained with a cut vadue of 2 keV in a large volume of water give comparable results to
those obtained by moddling sphericd shellsin the smulation.

With low cut vaues, the user is sure to reproduce the maximum of eectron interactions occuring in
a medium and obtain more precise results By plitting the medium in thin parts (such like the
sphericd shells), the step length is adapted to the boundaries in the smulation. The sep of the
particle will be stopped a the boundary, an energy loss is dlocated to this step in the volume, then a
new step is created and the tracking of the particle continue.
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Figurelll- 40: Influence of the cut valueon 4 M eV electron dose point kernels calculated in a lar ge volume of
water.
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Figurelll- 41: Influence of the cut value on 4 MeV electron dose point kernels calculated in spherical shells.

By the way, this behavior of the code can't explan the discrepancies obtained with other Monte
Carlo cdculations and between the GEANT4 versons.

By andysng the dectromagnetic physics processes, we remak that the multiple scattering
implementation was the only process common to al the GEANT4 package Differences in the
implementation of the MSC aong the GEANT4 verson could explain discrepancies in the results.

Influence of the angular distribution implementation for the different GEANT4 versions on electron
MSC

In order to test the differences occuring in the MSC implementation (the angular distribution)
between the GEANT4 verson 6.2p02 and 7.0p01, we ran the fifth example concerning
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electromagnetic processes (TestEmS). We sudied the transmission of dectrons through a thin layer
of water. The layer made of water is located a 1.273 cm from the monoenergetic electron source in
a world filled with ar. The energy of dectrons is 4 MeV. One million of eectrons have been
generated. We plotted the space angle of transmitted electrons at the exit of the water layer and the
projected angle on the y and z direction of the same scattering angle. The cut-off vaue in range for
electronsis 0.0043 mm, equivdent to 1 keV in ar and 2 keV in water medium.

[ vizner fi0penGLSredl

Figurelll- 42: OpenGL view of the setup and particlessimulated to study the Multiple Scattering in GEANTA4.
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Figurelll- 43: Angular distributionsof 4 MeV

electronstransmitted through awater foil of 1.02 mm.

Comparisons between 6.2.p02 and 7.0.p01 versions.
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Figurelll- 44: Angular distributionsof 4 MeV
electronstransmitted through awater foil of 1.02 mm
represented with alogarithmic scale. Comparisons
between 6.2.p02 and 7.0.p01 versions.
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Figurelll- 45: Projected angle on they direction of 4 Figurelll- 46: Projected angle on they direction of 4
MeV dectrons transmitted through a water foil of 1.02 MeV electronstransmitted through awater foil of 1.02
mm. Comparisons between 6.2.p02 and 7.0.p01 mm represented with alogarithmic scale.
versions. Comparisons between 6.2.p02 and 7.0.p01 versions.

Didribution is roughly Gaussan in shape and centered a zero. The spread in scattering angles is
sgnificantly wider for the 7.0.p01 verson than for the 6.2.p02 verson whereas the pesk is higher
for the 6.2p02 verson. To quantify better the differences between the two versons we fitted with a
standard Gaussian curve (see Equation 111- 16), the projected angles.

®  gx-pdo
f(X)=p, eng- 05 ¢ B2 + Equation I11- 16
e P g5

A difference of 10.8% on the FWHM has been found between the two fits.

Enengy transmhted from 4 MeV o-after water 1.02 mm foll In alr
x10° .
1600 —G4.7 f
B —G4.6 ]

1400

1200[

1000

so0[- f ]

o N

i | ;

j i

3 31 32 33 34 35 38 37 3B 38 4
Transmitted energy (MeV)

Figurelll- 47: Transmitted energy spectrum of 4 MeV eectronsthrough a 1.02mm water foil. Comparisons
between 6.2.p02 and 7.0.p01 versions.
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Figure 1lI- 47 presents a comparison between 6.2.p02 and 7.0.p01 versions concerning the energy
soectrum of trangmitted dectrons a the exit of the thin water foil. As it can be shown, no
differences have been found between the two versions.

111.2.6.C.2. Beta dose point kernels for °®Rh polyenergetic source

We have cdculated the dose point kernel for the 106Rh beta source, usng spectrum from ICRU
Report 56 [23 ]. This gpectrum has been moddled in the amulation like it was explained in Chapter
I. The dose rate per unit activity times the distance squared is plotted in order to be compared with
Cross et d. caculations (ACCEPT version 2.1 and verson 3.0 have been compared). The results by
Cross et d. show dgnificant discrepancies near the origin for the 2.1 verson where they use the
unrestricted collison stopping power approximation (Equation 111- 15) to estimate the dose & the
origin. A good agreement between the different GEANT4 code versonsis found.

100 - :
co. - GATE_G4.52 |
20 {= = GATE_G4.6.2
—  GATE G470 [

= Cross [ACCEPT_2.1, 1892) |
: Eross (ACCEPT 3. 2004} |

RZJ(R)
&

Q.0 0.1 0.z 03 0.4 05 0.6 o7 0.8 0.9 1,0 1.1 1.2 1.3
distance R (em)

Figurelll- 48: Doseratein water per distance squared from a*°®Rh beta spectrum as calculated with the
GATE_G4 versonsand compared with ACCEPT (Cross).

At distances between 0.016 and 1.1 cm, GEANT4 verson vaues agree within 2% or better. The
magor discrepancy occur at low radia distance with ACCEPT _3 results.

Differences between GEANT4 versons have dso been modelled by plotting j(r/re,E) (see Fgure
[11- 49). Relative errors don't overlapp 2% and 5% respectivelly between 5.2.p02 and 6.2.p02 and
6.2p02 and 7.0.p01 versons. These results make appear far less discrepancies between the
GEANT4 versions with the 106Rh point source than with monoenergetic point source.
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Figurelll- 49: Comparison of GATE_G4 versions calculated dose point kernelsfor 1°Rh point sour ce.
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Figurelll- 50: Relative errors calculated between GEANT4 versionsfor °Rh dose point kernel.

Influence of the angular distribution implementation for the different GEANT4 versions on electron
MSC

In the same manner as for the monoenergetic dose point kernels, we tested the differences occuring
in the MSC implementation (the angular distribution) between the GEANT4 verson 6.2p02 and
7.0.p01 for polyenergetic sources. We kept the same geometry configuration as for monoenergetic
electrons, but this time the source is composed of a didribution in dectron energy, the energy
spectrum was assumed to be Gaussan with a mean energy of 2.0 MeV and a Sgma equal to 1.27
MeV that is equivdent to a FWHM equd to 3.0 MeV. One million of eectrons have been
generated. We plotted the space angle of transmitted electrons at the exit of the water layer and the
projected angle on the y and z direction of the same scattering angle. The cut-off vadue in range for
electronsis 0.0043 mm, equivaent to 1 keV inar and 2 keV in water medium.
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Figurelll-51: Angular distributions of electrons Figurelll-52: Angular distributions of electrons
emitted following a Gaussian spectrum transmitted emitted following a Gaussian spectrum transmitted
through a water foail of 1.02mm. Comparisons through awater foil of 1.02 mm on. Comparisons
between 6.2.p02 and 7.0.p01 versions. between 6.2.p02 and 7.0.p01 versionson a logarithmic
scale.
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Figurelll- 53: Projected angle on they and z direction Figurelll-54: Projected angleon they and z direction
of electronsemitted following a Gaussian spectrum of electrons emitted following a Gaussian spectrum
transmitted through a water foil of 1.02 mm. transmitted through awater foil of 1.02mm.
Comparisons between 6.2.p02 and 7.0.p01 versions Comparisons between 6.2.p02 and 7.0.p01 ver sionson

alogarithmic scale.

We can note differences between versgons for the angular deviation at the exit of the water foil. The
energy spectrum of eectrons tranamitted after the foil has dso been plotted (see Figure 1l1- 55). We
can remark higher differences between the versions than for monoenergetic dectrons.
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Figurelll- 55: Transmitted energy spectrum of electrons emitted following a Gaussian through a 1.02mm water
foil. Comparisons between 6.2.p02 and 7.0.p01 versions.

CONCLUSION

After the large usage of the GATE plaform for SPECT and PET applications, it is now being
customized to face the problematics encountered for dosmetric sudies. The possbility offered by
the platform to read and convert CT images for the caculation of dose deposited in reconstructed
tissues, make it very atractive for treetment planning with red patient data.

In addition, the implementation of the variance reduction technique coupled with the splitting of the
amulation on duger and/or grid environments would give grest assets to the platform for a soon
optimized usage in dinicd gpplications.

However, new developments need to be implemented in the code to face the requirements of
dosmetry applications, such like geometry and system facilities, output data directly defining the
dose deposited in tissues.

Furthermore, GATE cdculations based on the GEANT4 physics have proved to give reiable results
for amulaions implying photons. As dectrons are the find particles implied in the dose deposited
a the millimeter scde (voxel sze) and as beta sources and radiations are dso particulaly used in
radiotherapy trestments, it has been of high importance to vdidate the GEANT physcs for such
particles.

Differences occuring between GEANT4 versons for the smulaion of eectron dose point kernels
have been explained by changes occuring in the Multiple Scattering implementation between the
versons. As the 6.2.p02 verson gives more reliable results with other Monte Carlo codes and as the
smulaion of Rh106 dose point kernd don't make gppear large differences between the GEANT4
versons, the choice have been made to use the 6.2.p02 version for the smulation of °°Ru%°Rh
ophthamic applicators dosmetry in water medium presented in Chapter 1V. It is expected that the
Multiple Scattering encoding will change completdy in the GEANT4 verson 8 to fit results obtain
with EGSnrc code in particularly for dosmetric applications.
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Chapter V.

1%Ru/**Rh ocular brachytherapy
treatment planning using GATE.
Preliminary studiesusing CT images.

INTRODUCTION

The integration of point kernds is used in some hospitals and laboratories for caculaing dose in the
eye and elsawhere. In Centre Jean Perrin the andytic software Plaqgue Simulator (verson 5.3.2) uses
a cruder method that condsts into summing over some hundreds of individud point sources to
estimate the dose rates in amodd led eye.

The god is to quantify how accurately eye gpplicator doses can be caculated by different methods
usng Monte Carlo, integration of point kernds or andytic caculations. We compare in a fird part
our GATE Monte Carlo results usng the GEANT4 verson 6.2p02 with measurements and the
previous cited three caculation methods. Doses are cdculated in water on the centrd axis and on
the median plan of the beta emitter ophthamic gpplicators.

After a vdiddion in agueous media, the ambition is to use GATE Monte Calo plaform on
voxdlized images described by CT dices. In order to perform such treatment planning with GATE,
in a second part, we study the impact of the trandation of CT numbers on tissue parameters (dendty
and atomic composition of human tissues) on the dose deposited by photon and eectron beams.

Soft and bone tissues described by a gray scde in CT dices are identified to be well trandated by
colouring the corresponded Hounsfidld units in voxels udng the tool in Chepter 1IV. Then, the
influence of the trandation of tissue parameters a the dose deposited by eectron and photon beams
isstudied.
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1V.1. **Ru/**Rh OCULAR BRACHYTHERAPY TREATMENT PLANNING
USING GATE

IV.1.1. Theoretical calculation of the beta point sour ce dose function for
%Ru/*Rh eye applicators, comparisons

The beta point kernels for radionuclides can be obtained from theoretical caculations. Loevinger [1
] proposed in 1956, a function describing the b emisson of radionuclides based on the data
avalable at that time. Two types of measurement can be performed. Fire, the measurements can be
peformed using extrgpolation chambers on extended plane sources, an homogeneous medium and
dimensions of the beta plane source larger than the diameter of the chamber have been chosen for a
reliable measurement. A second method is to measure the dose distribution around a point source of
a b-emitting radionuclide in ar (isodoses in ar are sufficiently extended to dlow the usage of large
Sze detectors). The ar must be free and the scattering produced by objects must be negligible
Then, dose digributions in tissue are derived from dose digtributions in ar by agpplying corrections
concerning the differences in medium composdtion and dengty [2 ][3].

From these types of measurements, the beta point source dose function can be derived using
mathematics. By taking into account more recent experimental data (those of Cross in 1967) [4 ],
and the theoretica studies of Berger [3 ][5 ], a new function has been established.

IV.1.1.A. Thefunction of L oevinger

IV.1.1.A.1. Definition
The function proposed by Loevinger is the following:

Jx) = ;

(r ux)

: cgl rux gl rﬂou+ rux” exp(1-r ux)l’J Equation V-1
T € v ?S

with[ ]° 0 for rux 2 c

where

J(x) is the absorbed dose rate at a distance x (in cm) from the point source (in Gy MBgtht)

U is an apparent absorption coefficient (in cn? g%)

r isthe density of the homogeneous medium (in g cm®)

c is a dimengonless parameter, which gives the vaue of the fra term inside the curly bracket at X
=0and dso thevauer ux a which this term becomes and remains zero,

B is a normaisng condant, evauated by the requirement that the totd energy absorbed in avery
large sphere must just be the energy emitted.

2 e E'b

% =4.60" 10 > 3 a Equation IV/-2
GyMBq h (gcm'?’) (szg'l) I\/IeV

with a"*=3c- (¢- 1e
To match accurately the Berger and Cross data, the following expression has been proposed by
Vynckier and Wambersie [6 ]:
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B 1 é& rux r ux éu , rux fou
JX) = jcal- —ex aEi——:Hux exp(l-rux)- ruxex ai————;’

[]°0 forruxsc

J(x)°0 forrux3 f

A new dimensionless parameter f has been introduced with amodified expresson of a:
at=3c- (c*- De+(3+ fexp(l- f)- 4exp(l- f/2)

with

The vaues of the different parameters corresponding to the 1°°- Rh radionudlide are the following;

c=0.939, f=5.26, u=3.62 cm2/g for a mean beta energy of 1.41 MeV. The water dendty is used for
r.

The dose rates ingde the eye are cdculated by integrating the beta point source function over the
plague. We reproduced the work of Hokkanen et a. [7 ] by usng the software MATHEMATICA
for the applicators CCA, CCB, CCX and CCZ (the published work of Hokkanen was done only for
the CCB plague).

The dose rate can be expressed as.

D(Xl,O, z) =0 Yr?sing drdq d Equation 1V -4

Following the Figure IV- 1, the spherica coordinates is a the centre of curvature of the plaque.
Point r is on the plague and the dose rate is measured at r1, with | =|rq-r|.

We used a congtant r in the calculations, gl [O’qmax] , Where gmax determines the size of the plague,
andj T [0,2p]. The dose rates have been calculated for the plane y;=0.

The plague was assumed to be sphericdly symmetric and conssts of radioactive meateriad only. For
practical eye applicators, we have to keep in mind that homogeneity is spoiled by the meta source
window and the meta backscatterer. This can result in eroneous moddlisation of dose
digtributions.

Comparisons concerning depth dose on the centrd axis and isodoses are presented in sections
IV.1.2bandIV.1.2.cC.

FigurelV- 1:Thecoordinate system used in the calculations.
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IV.1.2. Monte Carlo calculations of ocular brachytherapy treatments using
%Ru/*®Rh ophthalmic applicators, comparisons

IV.1.2.A. GATE Monte Carlo calculation details

Physics concerning eectron dose point kernels have been dudied in the previous chapter. The
GEANT4 versons fal to give homogeneous results for monoenergetic dectrons but show that the
6.2.p02 verdgon is in better agreement with MCNP4c cdculations. By taking into account that
caculations concerning 1°°Rh point kernels show less discrepancies between GEANT4 versions, the
6.2.p02 version of GEANT4 was chosen to smulate dose distributions for ophthalmic applicators.

IV.1.2.A.1. Description

GATE cdculdtions are based on the 1.1.0 verson of the platform that is compatible with the
GEANT4 verson 6.2.p02. The cut vaue on eectrons has been chosen to be of 2 keV in water.
Ophthdmic gpplicators in dlver and radioactive source layer have been modeled in the smulaion
usng the angles g and j which describe respectively the angle from the centrd axis to the
gpplicator and the angle from the x axis (see Figure IV- 2 and Table IV- 1).

&

"~ applicator in silver radioactive layer_
Applicators| @ (deg) @ {deg) 8 (deg) ¥ (deg)
CCA 34 8331 360 31,9146 360
CCB 50,1914 360 47,1909 360
CCX 24,1608 360 22,2905 360
CCZ 23 8376 360 21,0638 360

Figure|v_ 2: Coordinatesygen'] used in TablelV-1: q andj anglesdeflnlng theophthalmlc plaques

GATE calculations.

The radioactive source has been modelled to be of 0.2 mm in thickness and emitting the '°°Rh beta
spectrum described in Chapter |.

Hits representing the deposited energy are collecting in a large volume of water (gohere of 30 cm in
diameter).

The dose deposited on the centra axis of the applicators are collected in smdl cylinders of 1 mm in
dianeter and 0.5 mm in heght to reproduce the same dimensons of the plastic scintillator used for
the calibration measurements performed by BEBIG on the plagues.

The dose deposited in the 3 dimensions to obtain isodoses are calculated in small voxds of 1 mm?.

In this section, dose didributions caculated by Monte Carlo codes (ACCEPT, GATE, ...),
theoreticd caculations usng the modified Loevinger function, andytic software (Plaque Simulator
verson 532) and messurements (plastic scintillator cdibrations and other measurement results
published by Soareset d. [8 ]) are compared with each other.

The depth dose variation on the centrd axis of the applicator is particularly studied because this
quantity is one of the mogt often measured and is of practical importance since the source axis is
usudly podtioned to intersect the region of most clinicad interest. Isodoses on the median plan are
dso presented and have been compared to Plague Simulator cdculations and theoretical
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cdculations following the modified Loevinger function. A specid comparison with  ACCEPT
results are obtained for the CCB plaque.

1V.1.2.A.2. Uncertainties evaluation

Uncertainties associated to Monte Carlo results have been caculated by doing a quadrature sum of
the gatistical uncertainty and the tota cross sections uncertainty. In order to take into account
discrepancies between the GEANT4 physics (concerning Multiple Scattering  implementation)
obtained in Chapter IV for dose point kernels, we compared the GEANT4 versons for dose
deposted for an ophthamic plague and dlocated the larger mean relative difference obtained
between the GEANT4 versons to the cross section uncertainty term %sSgs. Uncertainties
concerning the geometry of the applicators haven't been taken into account nor the source energy
gpectrum as explained in the update version of the AAPM Task Group No.43 Report 4-5[9].

The results presented are affected by a total Monte Carlo uncertainties % s caculated as the
qQuadrature sum of the datiicd uncertainty, the cross section uncertainty and GEANT4
uncertainty.

%S :\/%s pz+ s é_s+(VOS é4 Equation IV-5

» Statigtica uncertainties don't overlapp 0.40%, 0.53%, 0.34% and 0.33% respectively for
CCA, CCB, CCX and CCZ applicators.
* The total cross section uncertainty concerning electrons %s . is evaluated to be 5% (same
explanation as in Chapter 1V).
= The GEANT4 uncertainty is evauaed by the mean reative differences cdculated between
versgons of the code for the smulation of the dose deposited by a CCB applicator on the
central axis of a vrtud eye until 1.2 cm in depth. We lead to a maxima mean difference of
2.3% between 6.2.p02 and 7.0.p01 version.
It implies that the total uncertainty on results don't overlapp 5.5% for CCA, CCB, CCX and CCZ
goplicatorsin the following parts.

1V.1.2.B. Dosedigribution on the central axis

1V.1.2.B.1. Influence of the cut value on electrons

The choice of the cut value dlocated to particles is evauated by the user in order to find a
compromise between the time of the smulation and the precison required. In the case of the dose
deposited by ophthamic applicators, we performed some tests to see the impact of the cuts on the

dose deposited at the scae of an eye dimension (24 mm in diameter).

Figure IV- 3 represents the impact of different cut values on eectrons emitted from a CCA
applicator. The more the cut vaue is high, the more we can see fluctuations on the dose deposited.
Figure IV- 4 focuses on the dose deposited between 0 and 2 mm in depth. For the shortest cut value
(0.01 mm in range), the dose deposted is well smulated by a congtant decreasing dong the two
firg millimeters.
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FigurelV- 3: Impact of the cut in range on therelative depth dose on the central axis of a CCA applicator,
normalized at 100% at 1 mm.
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FigurelV-4: Impact of the cut in range on therelative depth dose on the central axis of a CCA applicator,
normalized at 100% at 1 mm. Zoom between 0 and 2 mm in depth.
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IV.1.2.B.2. Evaluation of the impact of gamma rays on the dose deposited

As the 1°°R!°°Ru source emitts dso gamma rays (see Chapter | for the description of the source),
we made appear the differences observed on the dose deposited on the centra axis of a CCA
aoplicator by amulating or not the three principle gammarays.

1000 -
| & GATE (GEANT4 version 5.2 p02) e-

|+ GATE (GEANT4 version 5.2.p02) e-+ gamima rays

100 - :"'#..A. R

10 TS A U gL i KRR o S

Relative dose (%)

=

0.1

oo 1,0 20 30 40 50 o 70 &80 490 100 11,0 120 130 14,0
epth (mm)

FigurelV-5: Impact of the smulation of the 3 principle gamma rayson the depth dose distribution of a CCA
applicator.
Reaults are presented in Figure IV- 5 on a logarithmic scade to show the impact of gammas a high
distances for which the relative dose is beow 1%. Differences observed don't overlapp 0.2% at 12
mm. As the dose deposited indde the eye is not affected by the smulation of gamma rays, in the
following studies, we consider that the '°°RV'°°Ru sources emitt only betas following the ICRU
spectrum encoded (see Chapter 1).

1V.1.2.B.3. Comparisons and results

GATE using the GEANT4 verson 6.2.p02 has been compared to:

= andytic integration of point kernd using the Hokkanen method [7 ],

» the andytic software Plagque Smulator (verson 5.3.2) used in the Centre Jean Perrin of
Clermont-Ferrand to planify the dose depodted for routine clinica treatments of ocular
tumours, and

» Padic scntillator measurements for the calibration of the gpplicators (BEBIG cdibration),
uncertainty allocated to those measurements are evauated to be + 20%.

Figure IV- 6, Figure IV- 7, Figure IV- 10 and Figure IV- 11 show the comparisons respectively for
the CCA, CCB, CCX and CCZ applicators. Results are normalized a 100 % at 2 mm in depth on
the centra axis of the applicator.

Differences between GATE cdculations and integration of point kernels, Plague Smulator and
measurements have been caculated. Table IV- 2, Table IV- 3, Table IV- 4 and Table IV- 5
represent the ratios of normalized doses on the centrd axis from the previous described methods to
GATE, respectively for CCA, CCB, CCX and CCZ applicators.
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The numerical integration of the expresson of Vynckier and Wamberse cdculated using the
Hokkanen et d. [7 ] method, is in wel agreement with GATE cdculations, except a larger distance
(31 cm for CCA and CCB, 20.9 cm for CCX and 20.7 CCZ) for which differences overlap 10%.
The differences between the two cdculated data sets arise from the fact that the source
encgpaulation is not teken into account in the numericd integration compaing to GATE
cdculations

Cross e d. have shown that the comparisons between a bare concave source smulated with
ACCEPT 3.0 and a numericd integration of point kernd differ less than by smulaing the dlver
encgpsulation of the applicators. At 6 mm in depth, 2% of difference is observed between a bare
concave source and integration against 30% for an encapsulated concave source.

Measurements with plastic scintillator provide lower dose vaues than GATE cdculations on the
centrd axis but are in agreement within the 20% errors associated to those measurements.

Pague Smulator cdculations give results in very good agreement with GATE except a distances
higher than 1.0 cm for which differences remain important.

For digances equa or smaler than 0.1 cm, GATE cdculaions are in bad agreement with other
methods. For the comparison with measurements GATE reaults dill remain indde reldive error
bars dlocated to measurements and differ by 10% with the integration and Plague Smulator.

160 | — Hokkanen (Analytic calc.. 1997)
| « Plague Simulator {(version 5.3.2)

& Measurements jplastic scintillater) |
| « GATE (GEANT4 versien 8.2p02)

—
[l
=

Relative dose (%)
==
=

50 1
e e R e Bl
0 . — %_‘"“’—-—h —o

00 01 02 03 04 05 06 07 08 09 10 11 12 13 14

Depth (cm)

FigurelV- 6:Comparison of calculated and measured relative doses on the axis of a CCA applicator in water. All
the doses ar e normalized to the axial value at a depth of 2 mm.
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FigurelV-7: Comparison of calculated and measured relative doses on the axis of a CCB applicator in water.
All thedosesare normalized to the axial value at a depth of 2 mm.

As the CCB gpplicator has been widdy smulated usng Monte Carlo codes and has dso benefited
of accurate measurements of the dose deposited by Soares et d., we compare our smulations with
those added results. Figure 1V- 8 represents the comparisons of GATE cdculations with other
Monte Carlo codes, usng EGH (Splid) [10 ], ACCEPT3.0 (Cross) [10 ], MCNP4B (Mourtada) [10
], GEANT3 (Teccini a a.) [11 ] and the code of Davelaar et d. [12 ] . In four of these the doses
were cdculated in water. The cdculations of Taccini e d. were foo PMMA plagic and their
distribution has been scaled to water using the scaling factor h=0.949 and specific gravity 1.19.

Figure IV- 8 shows a lack of agreement between the codes that can be due to the fact that the ways
in which the concave agpplicaiors has been defined by the users are Sgnificantly different. Average
messurements of Soares et d. fit wel the ACCEPT 3.0 results and GATE cdculations agree with
ACCEPT 3.0 cdculations within 2% out to depth of 1 cm. Mgor differences between GATE and
ACCEPT 3.0 caculations are found a low distance from the CCB applicator, they can lead to 18%
at 0.05cmindepthand 7 % at 0.1 cm.

Figure 1V- 9 shows specificaly the comparison between the average measured vaues of Soares et
a. [8 ] that have been fitted by the following function and the GATE results that have been fitted
using the same method:

[D(z,1,) I D(z,, 1,)] =exp(a, +bz+c. 2 +d, 7 +e 2" + £.2°) Equation IV- 6

with a=0.108 949 658, bs=-0.054 575 73, c=-0.063 052 45, ds=0.008 861 022 3, es=-0.000 785 280
71, £=2.589 042 3 ~ 10°° for Soares et d. (results of the fit are multiplied by 100) and a=4.88219,
be=-0.286467, cs=0.0133814, ds=-0.00293989, e~0.000119082, f=-3.348 ~ 10° for GATE
cdculations

The fit function provide us a comparison a 0.0 mm in depth for which Monte Carlo caculaions as
measurements are very difficult to obtain. At 0.0 mm, difference is of 20% between the two fitted
vaues. Between 1 and 12.0 mm differences don't overlap 5.7%.
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FigurelV- 8: Comparison of GATE calculationswith other Monte Carlo codes and measur ements concer ning
relative doses on the axis of a CCB applicator in water. All the doses are normalized to the axial value at a depth
of 1 mm.
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FigurelV-9: Comparisonsof fitted GATE resultswith average measured valuesin water (Soareset al.)
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FigurelV-10: Comparison of calculated and measured relative doses on the axis of a CCX applicator in water.
All thedosesare normalized to the axial value at a depth of 2 mm.
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FigurelV-11: Comparison of calculated and measured relative doses on the axis of a CCZ applicator in water.
All thedosesare normalized to the axial value at a depth of 2 mm.
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Distance (¢m) | HokkaneniGATE| Plaq.SimulGATE | Meas IGATE Distance (¢m) | HokkanenIGATE | Plaq.SImMUJIGATE | Meas /GATE
0.1 1,102 0,907 0992 01 1,112 0,807 0,996
0.2 1.000 1,000 1,000 0.2 1,000 1,000 1,000
0.3 04878 1,005 1.021 0.3 0,956 1009 0991
0.4 0,959 1,000 1,003 0.4 0,936 1,029 0,979
05 0,948 0,989 0982 0.5 0,887 0,996 0,944
06 0953 0,986 04570 0.6 0,889 1,000 0,954
0.7 0962 0,979 0,946 o7 0.904 1011 0.941
0.8 1,022 1,010 0,954 0.8 0.870 1,057 0.961
0.9 1,086 1,071 0926 0.9 1,036 1,089 0,958
1.0 1,226 1,113 0,981 1.0 1,088 1,086 0,941
1.1 1,459 1,216 1.1 1,314 1,213
1.2 1,749 1,133 12 1,508 1,165
TablelV- 2: Ratios of normalized doses on the central TablelV- 3: Ratios of normalized doses on the central
axisof a CCA plaque. axisof a CCB plaque.
Distance (em) | Hokkanen/GATE | Plag.SImUJGATE |Meas./GATE Distance (cm)| Hokkanen/GATE | Plag Simu /GATE | Meas IGATE
0.1 1,077 0,974 0,977 01 1066 0.980 0,983
02 1,000 1,000 1,000 02 1,000 1,000 1,000
03 1,003 1,001 1,001 03 1016 1018 0,993
04 1,000 1,000 0,959 0.4 1,030 1,040 0,973
05 1.010 1012 0,938 05 1,057 1,071 0,971
08 1,011 1,010 0,895 06 1,067 1082 0,951
07 1,062 1,049 0,885 07 1,106 1,119 0,924
08 1,101 1076 0874 08 1,151 1142 0,621
09 1,187 1131 0,853 08 1265 1224 0,028
10 1,333 1,224 0,862 10 1416 1.381 0985
11 1,488 1,238 11 1654 1.430
1.2 1,991 1,436 12 2012 1477
TablelV- 4: Ratios of normalized doses on the central TablelV- 5: Ratios of normalized doses on the central
axisof a CCX plaque. axisof a CCZ plaque.

V.1.2.C. | sodoses on the median plan

GATE results have been compared to Hokkanen's integration of the anaytica point kernds and to
the Plague Smulator tables. Figure 1V- 12, Fgure IV- 15, Fgure IV- 19 and Fgure IV- 22 show
the caculated results obtained with GATE. Doses are normalized to 100% a 1 mm in depth on the
centra axis of the plagues.

Differences between GATE caculations and andyticd integration from Hokkanen method in water
have been cdculated. Table IV- 6, Table IV- 8, Table IV- 10, Table IV- 12 show respectively ratios
of normdized doses from GATE to integration of point kernels from Hokkanen method for CCA,
CCB, CCX and CCZ applicators. Figure IV- 13, Figure IV- 16, Figure IV- 20 and Figure IV- 23
show the isodose curves from GATE and point kerndl integration calculations.

Table IV- 7, Table IV- 9, Table IV- 11 and Table IV- 13show respectively ratios of normdized
doses from GATE to Plague Smulator for CCA, CCB, CCX and CCZ applicators. Figure IV- 14,
Fgure IV- 17, Figure IV- 21 and Figure IV- 24 show the isodose curves from GATE and Plague
Smulaor caculations

Figure V- 18 represents a comparison between GATE and ACCEPT 3.0 [10 ] Monte Carlo code
for a gpecid CCB plague of 21 mm in active diameter and 12.1 mm of curvature radius instead of
the slandard sze (18.6 mm in active diameter and 12 mm for the curvature radius).

We don't present compaisons with messurements for the two-dimensond didtributions.
Effectivey, radiochromic film measurements are the only data avalable a this dae for two-
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dimensond dose didribution evauation. The measurement uncertainty is estimaed to be about
7.5% for the absorbed dose due to the variations occuring in the thickness of the senditive emulson
coating and therefore is not accurate enough for reliable comparisons.
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FigurelV- 12: Reativedosesin water for a CCA applicator calculated using GATE.

Radius [mmj| el 1.0 20 340 4.0 5.0 a0 T.0 8.0 .0 100 1.0 120
Diepth [riin

13 1,000 4,585 bosz 0502 0,584

20 1,085 1088 1078 1045 0,878 GE53 0,492

hifi] 1,128 1.128 1,041 1061 0,574 0 B5T 584 0261

in 1048 1436 1M 1060 OSB3 OB 0822 041 0287

50 1,158 1,138 1122 1065 0,843 QB 511 0ATS 0,365 4275

&0 1,168 1,151 1112 1027 0,541 i) 0857 05 D426 32T 0284

70 1948 1422 1070 1006 0BOT 0TS0 0673 0548 0481 039 0288

803 1,068 1,060 1.006 0965 0878 LUK B E5E os57a 0454 374 0300 0243

ad 1,007 1,013 027 0264 0,764 0,858 @Y 0ETS 0443 0 3ag 0380 0221

102 0,901 4,676 861 0,742 0,764 0,666 0577 0457 D412 4313 324 o247

114 0,783 0,746 0,758 0561 0,645 0,554 0 395 0458 0385 380 21 0318

124 0,863 0,698 0,597 0,581 0,564 0,562 453 0477 0,389 0. 282 0,343 0268 0,368

TablelV- 6: Ratio of dosesfrom GATE to analytical point kernelsfrom Hokkanen method for a CCA
applicator.
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Distance along z

Diztance along x

FigurelV- 13: Comparison of isodose contoursfor dosesin water from a CCA applicator between GATE
calculations (dashed curves) and theor etical calculations based on the Hokkanen study (solid curves). Doses have
been normalized to 100% at 1mm.

Radius {mm) 0.0 20 4.0 6.0 8.0 10.0 12.0
Depth (mm)
1.0 1,000 1,042 0,980
20 0,901 0,908 0,942 1,055
30 0,902 0,900 0894 0858
4.0 0,906 0915 0889 0,802 0.686
5.0 0,914 0,920 0878 0778 0.7
6.0 0,919 0,920 0875 0,756 0,677 0571
7.0 0,929 0,898 0847 0,748 0,645 0583
80 0,889 0,865 0828 [l | 0615 0,560
9.0 0876 0,845 0774 0675 0,590 0612
10.0 0817 0810 0,767 0649 0,550 0,554
11.0 0,783 0,763 0681 0580 0,628 0587
12.0 0,842 0,622 0,610 0,547 0,551 0,600 0,834

TablelV-7: Ratio of dosesfrom GATE to Plaque Smulator calculationsfor a CCA applicator.
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FigurelV- 14: Comparison of isodose contoursfor dosesin water from a CCA applicator between GATE
calculations (dashed curves) and Plaque Simulator analytic calculations (solid curves). Doses have been
normalized to 100% at 1mm.
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FigurelV- 15: Reativedosesin water for a CCB applicator calculated using GATE.

Fadlus {mim) a0 14 e 10 40 50 5] TQ 8.0 0 104 114 120
Dz ety { mimi)

10 1.000 Lk ] 0,556 0307 080T

20 1107 1110 1102 1078 1093 066 058

30 1154 1172 1,144 1138 1,118 1078 1.00F 0871

40 1218 1226 1990 1478 1435 1092 104D 0846 07dd

5.0 1255 1.268 1,22 1118 1,149 101 0.587 0,585 0868 0,308

4.0 1272 1270 1,248 1,238 1,189 1081 1,988 0814 0538 0438 287

T 1254 1238 1.23% 1.18F 1127 1024 D527 a8z Q51% 0BT 333

a0 1218 1.208 1,186 1128 1078 1008 0, Sl L] ai1% 0 464 B3T3 G304

40 1184 1134 104 148 1008 0856 0848 07T 0528 053 B35 0300

104 1ozt 82 0,595 0285 0,263 CAaTZ JiR-wip 0,687 o483 OAES [r/ 353 288

110 bads 4831 0,556 0363 bada orTE 4,7 Lifh ] 0,558 0530 L F G 282

1240 0,740 O.EST 0,832 0,740 0,737 a8 0,666 {1,584 048z 0463 423 0324 0324

TablelV- 8: Ratio of dosesfrom GATE to analytical point kernelsfrom Hokkanen method for a CCB
applicator.
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FigurelV-16: Comparison of isodose contoursfor dosesin water from a CCB applicator between GATE
calculations (dashed curves) and theor etical calculations based on the Hokkanen study (solid curves). Doses have
been normalized to 100% at 1mm.

Radius {mm) 0.0 290 4.0 6.0 8.0 10.0 120
Depth {mm)

1.0 1,000 1,045 0,955

240 0,902 0913 0,245 1,030

3.0 0,899 0885 0,909 0,953

4.0 0,904 0,896 0,903 0907 1,104

5.0 0911 0,903 0,903 0888 0,843

6.0 0922 0821 0,919 0,861 0777 0,604

7.0 0,915 0823 0,897 0,841 0,731 0,659

8.0 0,911 0,904 0,873 0824 0,707 0,650

9.0 0,895 0,869 0,839 0,784 0,704 0,622

10.0 0,839 0826 0,834 0,784 0,705 0,583

11.0 0,747 0837 0,763 0,755 0,640 0,599

12.0 0,781 0,759 0,689 0,680 0,573 0,612 0,654

TablelV-9: Ratio of dosesfrom GATE to Plaque Smulator calculationsfor a CCB applicator.
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FigurelV- 17: Comparison of isodose contoursfor dosesin water from a CCB applicator between GATE
calculations (dashed curves) and Plaque Simulator analytic calculations (solid curves). Doses have been
normalized to 100% at 1mm.
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FigurelV- 18: Comparison of isodose contoursfor dosesin water from a CCB applicator between GATE
calculations (dashed curves) and ACCEPT 3.0 calculationsfrom Crosset al. (solid curves). Doses have been
normalized to 100% at 1Imm.
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FigurelV-19: Relative dosesin water for a CCX applicator calculated using GATE.
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Radius {mm) 0.0 1.0 2.0 3.0 40 5.0 6.0 70 8.0 2.0 10.0 11.0 12.0
Depth (mm)

10 1,000 0,985 0,952 0,869 0,487

20 1,074 1,059 1,032 0,941 0,716 0374 0218

3.0 1,070 1,061 0,995 0,901 0,736 0528 0.368 0,290

40 1,068 1,063 1,001 0,886 0,741 0588 0463 0,370 0,287

50 1,068 1,087 0,987 0,902 0,763 0646 0526 0443 0,343 0,281

8.0 1,057 1,044 09717 0,889 0,776 0668 0,589 0,480 0,398 0,340 0,278

70 1,025 1,018 0968 0,895 0,784 0ET6 0584 0,490 0414 0,349 0,312

80 0,985 0975 0,899 0,855 0,769 0673 0568 0507 0408 0,324 0,271 0,211

40 0,925 0,907 0,861 0,801 0,698 0g22 0514 0460 0402 0,349 0,294 0,229

100 0821 0,793 0,759 0,714 0,689 0,595 0519 0416 0,329 0,347 0,299 0,269

11.0 0,712 0,651 0,696 0618 0619 0,563 0447 0401 0,346 0,272 0,327 0,396

120 0,695 0,659 0,590 0,565 0,523 0515 0410 0413 0.401 0,347 0,538 0,610 0,591

TablelV- 10: Ratio of dosesfrom GATE to analytical point kernelsfrom Hokkanen method for a CCX

applicator.
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FigurelV-20: Comparison of isodose contour sfor dosesin water from a CCX applicator between GATE
calculations (dashed curves) and theor etical calculations based on the Hokkanen study (solid curves). Doses have
been nor malized to 100% at Imm.

Radius (mm) 0.0 20 4.0 6.0 8.0 10.0 120
Depth {mm)
1.0 1,000 0,973 0,686
20 0972 0,961 0,825 0,549
3.0 0,970 0,939 0,807 0,631
4.0 0,966 0,942 0,798 0,540 0,555
5.0 0,964 0,923 0,793 0,650 0,557
6.0 0,957 0910 0,787 0,648 0,559 0517
7.0 0,930 0,903 0,787 0,652 0,545 0,527
8.0 0913 0,850 0,775 0628 0,520 0,426
9.0 0,879 0,834 0,718 0,575 0,507 0,447
100 0,809 0,769 0,736 0,593 047 0,448
110 0,759 0,752 0,687 0,518 0,442 0,478
120 0,747 0,651 0,576 0,469 0,500 0,746 0,927

TablelV- 11: Ratio of dosesfrom GATE to Plaque Simulator calculationsfor a CCX applicator.
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FigurelV-21: Comparison of isodose contoursfor dosesin water from a CCX applicator between GATE
calculations (dashed curves) and Plaque Simulator analytic calculations (solid curves). Doses have been
normalized to 100% at Imm.
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FigurelV-22: Reativedosesin water for a CCZ applicator calculated using GATE.
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Radius {mm) 0.0 1.0 20 3.0 4.0 5.0 6.0 7.0 8.0 9.0 100 1.0 120
Depth (mm)

10 1,000 0,984 0,846 0,848 0,420

20 1,061 1,028 1,004 0,884 0622 0,309 0,187

3.0 1,045 1025 0,954 0.842 0,657 0,460 0,323 0,254

4.0 1,025 1,008 0,943 0.821 0674 0,524 0,408 0,325 0,253

5.0 1,011 0.997 0,926 0.835 0,698 0,578 0,485 0,381 0,295 0,242

6.0 0,993 0976 0913 0,825 0,712 0,606 0,500 0419 0,346 0,286 0,238

70 0,060 0,946 0,905 0813 0,715 0,606 0,519 0433 0,383 0,291 0,249

8.0 0,822 0911 0832 0,782 0,705 0,604 0,506 0427 0,358 0,269 0.216 0,169

9.0 0.856 0842 0,804 0.725 0,667 0,562 0,466 0,405 0,350 0323 0251 0,196

10.0 0.769 0727 0,718 0,661 0,638 0,553 0,454 0377 0,294 0,325 0,263 0,208

11.0 0,648 0610 0,640 0,666 0,549 0,461 0,409 0322 0275 0,223 0,262 0,273

12.0 0,656 0,566 0,547 0,618 0,468 0,449 0,326 0,362 0411 0,238 0,371 0,636 0,620

TablelV- 12: Ratio of dosesfrom GATE to analytical point kernels from Hokkanen method for a CCZ
applicator.

Distance along z

20

o

"|
]

= 25 0 s
Distance along x
FigurelV- 23: Comparison of isodose contoursfor dosesin water from a CCZ applicator between GATE
calculations (dashed curves) and theor etical calculations based on the Hokkanen study (solid curves). Doses have
been normalized to 100% at 1mm.

Radius (mm)| 00 20 40 6.0 8.0 10.0 12.0
Depth (mm)

10 1000 0955 0564

20 0575 0948 0724 0461

3.0 0857 0807 0725 0558

40 0033 0892 0727 0564 0483

50 0918 0860 0726 0576 0483

6.0 0,901 0852 0722 0579 0491 0,443

70 0873 0845 0716 0578 0477 0425

80 0855 0787 0709 0557 0454 0342

90 0813 0778 0885 0518 0440 0382

10.0 0725 0726 0680 0516 03T 0,392

11.0 0889 0691 0808 0472 0349 0,368

12.0 089 0603 0514 0369 0506 0507 0951

TablelV- 13: Ratio of dosesfrom GATE to Plaque Simulator for a CCZ applicator.
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FigurelV-24: Comparison of isodose contoursfor dosesin water from a CCZ applicator directly against the
“eye’ between GATE calculations (dashed curves) and Plaque Simulator analytic calculations (solid curves).
Doses have been normalized to 100% at 1mm.

The theoreticd integration of point kernels obtained with the Hokkanen method is in far bad
agreement with GATE caculations, especidly far off the central axis, near eye boundary.

The shape of the Plaque Smulator isodoses is in better agreement with GATE cdculations.

To congder better the differences between results from GATE with point kerne integration and
Pague Simulator calculations on an ocular treestment, we compare in Table IV- 14 the doses at 2
mm and 4 mm off the centrd axis & 3 mm in depth, which represent typicdly the gpproximate
distance from an ophthamic gpplicator of the centre of a 6 mm in thickness medium sze ocular
meanoma

We @n remark that point dose kernels is in better agreement with GATE close to the centra axis (2
mm off) than Plague Smulator, except for the CCX plague. But for distances larger from the centra
axis point kernd integration fal to give reiable results comparing to our Monte Carlo calculétions,
especidly for samdl plagues CCX and CCZ. A difference on the dose depodted higher than 2 %
leed to vey different treatments, for dl the plagues, Plague Simulator and point kernes
overestimate dose didributions comparing to GATE. In concluson, the time duration of ocular
brachytherapy would be longer by using GATE instead of the Plaque Simulator trestment planning.

| CCA CCB ccX [o¥.d

point kernel Plague point kernel Plague |pointkemel| Plague |pointkernel| Plague
integration | Simulator integration | Simulator | integration | Simulator | integration | Simulator

2 mm off 9.1% 10.0% 14.4% 9.5% 0.5% 6.1% 4,6% 9.3%

4 mm off 2.1% 9.6% 11.8% 1% 26.4% 10.3% 34.3% 27 5%

TablelV- 14: Comparisons of relative differences between GATE with Plaque Simulator and point kernel
integration at 2 mm and 4 mm off the central axisand 3 mm in depth.

1V.1.2.D. Conclusion

The agreement between Monte Carlo calculations of dose digributions and those calculated by
integration of point kernds is not good for an encapsulated applicator, especidly in the median plan
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of the gpplicators and at large distance from the centrd axis, as shown in Table IV- 6, Table IV- 8,
Table1V- 10, Table V- 12 and Figure IV- 13, Figure IV- 16, Figure IV- 20, Figure V- 23.

It s;ems dso quite difficult to add in the numericad integration inhomogeneties involved by the
slver window of the plaques. It has been shown by Cross et d. that a layer of slver of 0.1 mm thick
hasn't the same effect on beta radiation than a layer of water of 1.34 mm in particularly because of
the betas tranamitted by the Ag window have a sgnificantly harder spectrum than those transmitted
by water windows of various dendty and thicknesses. The angular didribution of the betas
transmitted remains virtuadly the same. That's why we can't expect better results from integration of
point kernds than those presented here by adding a virtua layer of 1.34 mm thick to teke into
acocount attenuation of the Slver window.

Despite the lack of messurements for the two-dimensiond dose distributions, we can conclude that
ACCEPT 3.0 and GATE agree with one another within 8% out to depth of 1 cm. Vaues caculated
by GATE agree with measurements within the experimenta errors (<5.7%), out to a depth of 12
mm. At shorter distances measured values are lower than those ca culated.

Pague Smulator fit better the GATE cdculations (within 10% out to depth of 0.6 cm) but dill
remain different by consdering two-dimensiona dose distributions.

|V.2. DOSIMETRIC STUDY FOR ELECTRONSIN TISSUE

IV.2.1. Correlation between CT numbers and tissue parameter s needed for
GATE simulations of clinical dose distributions

1V.2.1.A. Introduction

If we want to peform Monte Calo dudies in tissue inhomogeneties, we have to extract
information concerning atomic compostion and dendty from Houndfiddd numbers pat of the CT
dices Those quantitetive information is needed in GATE Monte Carlo smulation to describe the
phantom properties, e.g the human body.
The imaging in a computed tomography (CT) scanner is done by measuring projected transmisson
profiles of x-rays penerating a patient from different directions. By means of a recongruction
method, the projection values can be trandformed into a series of cross-sectionad images of the
patient. Typicd energies emitted during CT irradiation is between 50-100 keV, for these energies
the three different physica processes occuring in the human body are:

-The photoelectric absorption s "

-The coherent scattering (Rayleigh process s

-The incoherent scattering (Compton process s

coh)
icoh)

In order to enable dosmetric caculaions on human phantoms described by CT dices, we decided
to reproduce the work of Schneider et a. [13 ], this work presents a method for a stoechiometric
cdibration of the CT number with the mass dendgty and the dementa weights In our case this
method was applied to a CT scanner of the type General Electric LightSpeed 16 Pro used in the
CHU of Clemont-Ferand particularly for radiothergpy treatment planning. Measurements on the
CT scanner part of the PET camera have aso been performed.
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1V.2.1.B. X-ray attenuation coefficient and CT numbers
The linear atenuation coefficient n(Et) of a tissue a pogtion t dong the projection line with length
sis defined by the following equation:

mE) =r NAé ?is , (E)g Equation IV-5
i=1e (4]

with r (g.cm®) the mass density, Na(mol™) the Avogadro constant (6.022045 © 10%%), | the dement
index, w; the dementa weight, s; (barn/atom) the total cross section s;P"+s®"+s;'®" and A (g mol-
1) the atomic mass.

In dl this sudy, we will assume that the recondtructed attenuation values of the different tissues are
completely independent of the location of the tissues. The mean attenuation can then be described in
fgnction of the polychromatic spectrum of x-rays defined by the independent spectra function
f(E)as

N :@?(E)n(a 9dE

m(s) o Equation IV-6
of (E)dE
Thevauesof m are then converted into Houngfield units H (CT numbers):
H=6——- 171000 Equation IV-7
Q— -
eMi2o g

This CT number is defined in such way that water has dways the vdue 0 and ar the vdue —1000.
As it is noticed by Schneider, the ratio (mvV m,,,) dightly depends on the spectrd function f (E)
and therefore the CT number is scanner-dependent quantity with fixed vaues for water and air.
We can then rely the tissue parameters (dendty and dementd weights) with the Houndfidd units,
e.g theratio (m/ m,,,, ) with the equation:
1 m_ 1 b ey O
— — = NAég—ISi(E)+
m, r M 20 i=l1e (%]
20

Equation V-8

[V.2.1.C. Calculation of the CT numbers of human tissues

For the range of diagnostic x-ray energies and the dements contained in human tissues, the totd
cross section can be expressed by the following gpproximation shown by Rutherford et d. (1976)
[14]:

s,(E) =ZK"(E) + Z** K™ (E) +Z**K *'(E) Equation V-9
with KN denoting the Klein-Nishina coefficient, K™ defining the coherent scattering as well as the
binding correction for the incoherent scattering and KP" the photoelectric absorption.
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We can then add this expresson in the Equation IV-10 to obtain the mean vaue of the atenuation
coefficient:

n KN sca
Mm=r N ek (Z K +Z2°K +Z'%K
i-1 e a
KN sca ph U

The coeffidients K, K, K aremean values with respect to the spectra function f (E) .
Findly, the expression of the attenuation relative to water can be written as.

PG
)+ Equation 1V-10

m r A" (W /AY)Z +Z2%K, +Z%k)
m ) " 2.86 462 Equation 1V-11
Mo "o (W ALK +K) +(Wo / A))(B+87k, +8'7k,)

sca ph

K K
— and k, °

K K

with k, ©

KN

IV.2.1.C.1. Determination of the parameters k1 and k2

Measurements of CT vdue for 10 different inserts have been performed usng a CIRS phantom
modd 062 [15 ]. This phantom has the specificity to smulate head and/or abdomen, the inserts can
be postionned at 17 different locations within the scan fidd. Figure 1V- 25 shows the mass-dengty
and chemical composition associated to each insert.

Mode| 062

FigurelV - 25: Phantom Mode 062 from CIRS compagny.

Phantom courtesy of J-B Guilhem part of the Association des Physiciens Médicaux of Orléans and regions.

INSERT Density Elemental weights in percentage points (pp)
C Qo H N Ca P Cl Ar
Plastic water 1,016 68,72 17,69 9,55 1,66 2,18 0 0,15 0
Lung (inhale} 0,195 67,5 18,6 8.8 3,5 0 0 1.6 0
Lung (exhale) 0.485 70,2 15,1 98 23 16 0 1 0
Breast (50/50) 0,991 70,3 17 9.6 19 0.9 0 0.2 0
Dense Bone
800 myglee HA, 1,609 39.11 33.72 4.45 0.87 2177 1] 0.05
H20 with 10mm dia Rod 0
Trabecular Bone
200 mglce HA 1,161 56,3 22,7 i 2 8.5 3.3 0.2 0
Liver 1.071 70,1 16,4 92 2 22 0 0.1 0
Muscle 1,062 69.7 16.8 9.1 21 2.2 0 0.1 0
Adipose 0,96 713 16,4 10 1.8 0,32 0 0.2 0
Titanium 4.51 1] 0 0 0 0 0 0 0
Air 0,00120479 0,0124 23,1781 0 75,5267 0 0 0 1.2827

TablelV- 15: Mass-density and chemical composition of the 10 phantom materials used for the deter mination of
k1and k2 values (thetitanium insert hasn’t been used for the measurements).
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The measurements have been performed with different tube voltage: 80 kV, 100 kV, 120 kV and
140 kV.We decided to show the corrdation between CT numbers and tissue parameters for the 120

kV (typica voltage used for bran scanners), the same study has adso been redized for 140 kV

(voltage used to image thorax and pelvis).

Inserts have been postionned in the “head part” of the phantom and in the “thorax part” of the
phantom. Each measurement is given with an uncertainty, and the mean vadue of head and thorax

measurement have been taken into account for each insart in the double position.

FigurelV - 26:Schema of the phantom insertswith their composition and placement.

INSERT Density H {meas) | deviation| p/jpH20(meas) pipH20(calc) H (calc) AH
Air 0,00120479 879 10 0,0209 0,00109 939 20
Lung (inhale) 0,195 -788 17 0,21181 0,18857 811 23
Lung (exhale) 0,495 503 54 0,49729 0,49057 509 7
Adipose 0,867 67 14 0,832595 0,94040 50 8
Breast (50/50) 0,991 =31 ¥ 0,96852 0,96665 -33 2
Plastic water 1,016 3 12 1,00321 1,00698 7 4
Muscle 1,062 46 17 1,046105 1,04871 49 3
Liver 1,071 55 16 1,05512 1,05834 58 3
Trabecular Bone 1,161 245 18 1,244625 1,23410 234 11
Dense Bone 1,609 924 a7 1923725 191192 912 12

TablelV- 16:CT numbersof the phantom inserts. The values H(meas.) are measured on a General Electric
LightSpeed 16Pro CT scanner with atubevoltage of 120kV. ThevaluesH (calc.) are calculated by means of

Equation IV-11 with valuesk1=1.51" 10 and k2=2.78" 10

After having measured the CT numbers, we determine the values of (ki,k2) by carrying out a leest

square fit of the measured CT numbersto Equation IV-11, i.e., the expression

. 2

0 See — 0 -
8 & (ko) - oo
" gd Moo Q]Q

isminimized. For this caculation, we use the commercid software MATHEMATICA.

Theresulting vluesarek;=1.51" 10* and k.= 2.78 " 10™.

Equation IV-12
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FigurelV- 27:Calculated versus measured Hounsfield units of the phantom inserts (valueslisted in TablelV-
16).

Then, by means of Equation 1V-7 and Equation 1V-11 together with the above vaues of k1 and k2
we have cdculated the CT numbers of 71 human tissues, whose mass dendties and dementd
weights are taken from the literature [16 ][17 ]. They are liged in Table 1V- 17 and Table IV- 18

respectively for soft and skeletal tissues.
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Wi

Saft tissus Hicale) | pig os-3) H [ i Q F ] dthars
I.I.I'IE. blaad-filed -1 0,26 10,3 105 31 TdS 0,2 1
Adipase igswa 7 5 0,63 116 Bl 0.2 198 0,3
Adipose Hssuwe 2 5 095 11.4 538 0.7 2T 8 0.3
Adipass issue 1 44 087 11.2 E1.7 13 Is5 0,3
Kammary gland 1 2T 0,53 10,5 B A 2.3 B8 LR ] 0.3
(Mammary gland & -] 1,03 10,8 332 ] 523 0.1 0.3
Erm{:ummugmlmm 15 1.1 11.1 1] 0%
A o rral glarmd 13 1.03 10,5 234 26 ar g 0,1 0,5
Simall intesline daall) 24 103 10,6 11.5 2.2 75,1 .1 0,5
Urine il 103 1 0.8 1 e .1 1.2
mﬂﬂtr Ll £ 1.0 10,8 &1 0.1 81 0.8
Lyrngi 30 1,03 10.8 41 11 832 0.5
Fancreas 34 1.4 13,6 1649 2.2 G804 0.2 Q7
Prostate 35 1.4 10,8 B4 2.6 TT4 &1 0.8
Erain, white matter 6 1004 10,5 184 2.5 Gl 1 o4 1
Taegts a7 1.0 10,8 X 3 TES o1 0,8
|Brair. grey matter 4 1.0 10,7 9.5 1B 76T 6.3 1
Ku=cle sheletal 1 41 1.05 1021 1T 36 68,1 3,2 0.8
Stomach 42 1,05 10,4 139 20 724 (1R 0,5
Haart] a2 1,05 10,3 75 31 €81 0,2 0,8
Hldnay 1 42 105 10,2 1% 34 68,3 0.2 K] 0.8
Thiyrakd A4 105 10.4 119 24 T45 i1 0,7
Aorfa 44 1,05 89 147 4.2 608 O34 04 0.6
Heart 2 44 1,08 10,4 1359 PR 712 [1F] 0,8
I idray 3 dd 1,05 10,2 EF] £l Tad [F] [N 0.8
Liver 1 A 1,05 0.3 155 27 0,1 03 1
Muzcle, skelatal 2 A2 1,05 10,2 14.3 34 T 2 0,5
|MIJ=|!H. skeletal 3 i 1,05 10,2 11.2 ¥ T_-l.ﬁ 0.2 0%
|Hpart 3 45 1,06 10,4 [E] 2.7 TES 0.2 0.8
Mammary gland 3 &3 105 10,2 LX) AT G55 .1 0,4
Fidnay 3 A5 1.05 10.4 106 27 T5.2 2 01 0.8
Ovary &5 105 105 a3 2.4 T8 0,2 XK
Epe Lens 52 107 A 135 57 45 0.1 0.5
Liver 2 B4 1.0 10,2 139 3 T16 3.3 i
Trachea 53 1,06 10,1 1348 3.3 713 4 1
Splesn B 10 103 11.3 32 Td1 [ ] 0.8
Hil‘l‘_ bll‘.\ﬂ‘d-ﬂﬂ‘lﬂ 54 105 10,3 121 3.2 T34 8.1 0.5
Blrod, whole 53 1,05 10.2 11 33 Td5 .1 0.5
Liverd 63 1,07 0.1 128 3.3 727 3.3 i
Skin 1 T 103 12 20 46 B84 .1 0.8
Skin 2 Fid 1,08 13 204 4.2 44,5 1 08
Skin 3 2 109 131 158 Hl 595 (LR 05
Canrect ve Hese 105 1,12 B4 207 5.2 622 1,5

TablelV-17:Calculated CT numbers, mass-density and elemental weights of soft tissues. Thetissue parameters
aretaken from Woodard and White (1986), the Hounsfield units are calculated using Equation V-7 and
Equation V-11. In the column other sare combined the elementsNa, Mg, S, Cl, K and Fe.
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wilpg)
Skaletal tisaus H icalkc) | @i= an-3) H [+ [l 4] P Ca Others
ellow marmayw 36 058 115 24 4 0T 234 03
Fatowired marrow (1:1) AT 1 11 28 21 a5 0.1 0.4
Red marraw 13 1,03 10,5 414 3,4 439 01 07
Cartilags i 1.1 25 k] 2,2 744 2.2 1.7
Starnum I8Z 1,18 T8 g 5T A8 A 85 0.8
Sacrum {male) d1d 1,28 T 0z 3T 438 4,6 9.8 05
D& L3 Imcl. Cartilage {male) 428 13 T3 5.5 36 47,3 4 9,8 0.7
Whale vertebral colurnn (mals| 4T 1,33 T4 258 a6 A7 51 105 07
D L2 excl, Carlilage (male) 478 1,33 7 8.7 3.8 43,7 5,1 111 0.8
Humgrus, spherical head 484 133 i1 312 25 34,2 58 1z.2 0.4
Famur, spherical haad 454 1,33 i ne 26 3,2 5k 122 0.4
Femisr, conical frochanter B3T 1,36 -} A 27 34,7 B 128 0.4
C4 Imel. Cartllags (male) 548 138 8.5 243 3T 47,1 57 119 07
Sacrum {famale] 563 1.5 &8 Fa | 38 435 58 1:5 o7
Humerus, whols specimesn 583 1.3 a7 352 28 352 6,2 13,5 04
Ribs, 2nd. Gth jmals) 601 1,41 84 X3 R 436 [] 131 0.7
Inmeminate (male) [ 141 83 252 a8 435 6,1 132 0.7
Cd excl. Cartilage {male) 616 142 &3 251 38 436 G,1 13,3 0.7
Femur (total baone) 628 142 &3 333 28 35,2 656 14,3 0.4
Femur (whole zpecimani B42 143 L& B 28 M3 5 Ad 4 0.4
Inneminate (female) 67T 146 8 25 39 435 &6 14,3 0.7
Clavicle, scapila G580 146 G 33 31 T T 15,2 0.4
Humerus itotal bone) Ga0 1,446 E H4 ER B T 182 04
Humerus, cylindrical shaft T36 148 58 304 3.2 T4 7.2 168 05
Rlixs 10th {rmale) i) 152 55 235 4 A3 4 T.2 155 oy
Cranim 910 1,61 5 12 1 435 21 1T 0.6
WMandible 1014 168 48 199 4.1 435 26 18,7 0.6
Femur, eylindrical shaft 1128 1,76 4.2 204 38 41,5 8.3 20,2 0.5
Corical pone 1355 1,82 F4 155 4,2 435 103 k5 0a

TablelV- 18:Calculated CT numbers, mass-density and elemental weights of skeletal tissues. Thetissue
parametersaretaken from White et al. (1987) and Woodward and White (1986), the Hounsfield unitsare
calculated using Equation V-7 and Equation V-11. In the column other s are combined the elements Na, Mg, S,
Cl,K and Fe

From those Table IV-s we can see that the soft tissues are Stuated within the range between —86 and
+105 Hounsfidd units, whereas the CT numbers of the skeletal tissues take vaues from 71 up to
1385.

We could use the 71 human tissues to fit the data points (H,r) and (H, w;), but this method would
take along time, so we have followed the work of Schneider et d.[13].

IV.2.1.C.2. Usage of interpolation functionsto fit Hounsfield units to tissue parameters

The different skeletd tissues can be expressed by means of their proportions by weight of osseous
tissue and bone marrow.

If the skeletal tissue ¢ ,wi,H) is composed of skeletd tissues § 1,w1 i,H1) and  2,w i,H2), then we
can expressed the dementa weight of the skdetd medium by:

w, =Ww,; +Wow,; =W (wy; - W, ;) +W, Equation 1V-13

m m 1 r,r,

= = Equation IV-14
V. m/r+m/r, W/r +W,/r, W(r,-r)+r, duetion

After some subgtitutions with Equation 1V-13 and Equation 1V-14, we obtaned the following
relationship between the tissue parameters and the CT number for a composed medium:
r = ryH,- r2H1+(r2' r1)H
H,- H,

Equation I1V-15
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= rl(Hz'H)
I (rle' r2H1)+(r2' rl)H

(Wl,i - Wy, ) TW,; Equation IV-16
withHy, 3 H3 Hy

Data fit in the range of skeletal tissues

For skeletd tissues, the converson of the CT number into the mass densty and the eementd
weights are expressed by the following functions.

r =(1.011+ 0.656° 10 *H)g.cm’® Equation IV-17
(1385- H) |
' (1418+0.92H) (Wi = W) + Ve Equation IV/-18

with -17 £H £1385
Wma,i ad Wep;i denote the elemental weights of red/yellow marrow and skeleton cortical bone.

1

o5

=200 o 200 400 L] 200 10040 1200 1400 1600
H

FigurelV- 28:Mass density versus CT number in therange of skeletal tissues. The plot showsthe data points of
the skeletal tissuesfrom TablelV- 18 together with theinterpolation function.
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FigurelV-29:CT number versus elemental weightsin therange of skeletal tissues. The plot showsthe data
points of the skeletal tissuestogether with theinterpolation functions corresponding to Equation 1V-18: (a)
hydrogen (H) and nitrogen (N), (b) carbon (C) and oxygen (O), (c) phosphor us (P) and calcium (Ca).

By means of the interpolation function, the dendties of dl skdetd tissues are fitted with an
accuracy better than 0.01 g.cm-3. The weight of hydrogen is fitted with an accuracy of 0.2 pp( for
catilage, it is 0.6 pp) and the weight of nitrogen with 1.2 pp. The weights of carbon and oxygen are
spread up to £ 10 pp around the interpolation functions, in the case of cartilage the deviation
reaches + 40 pp. However, the data sets of the sum of carbon and oxygen weights are well fitted
with an accuracy of 1 pp. Those high differences between the carbon and oxygen data sets with the
fits are due to the different proportion of red and ydlow marrow in skeletd tissues. Concerning the
weights of phosphorus and calcium the accuracy of the data is 0.4 and 0.9 respectivey (cartilage:

0.9pp).
Asit can be seen the fit modd is not well adapted for cartilage tissue.

Data fit in the range of soft tissues

For soft tissues, those reationships between CT number and tissue parameters are much more
complicated because as it was related by Schneider et a., those tissue are composed by three
components (water, fat and protein) rather than of two. By plotting the proportion of fat and water
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of the soft tissues between Adipose tissue3 and Connective tissue, we can remarked that those
tissues are divided in two parts following their compostion: adrend tissue 3 to adrend gland and
Smdll intestine to connective tissue.

The interpolation functions obtained for the fit of soft tissues ares

For the tissues between adipose tissue 3 (at) and adrend gland (ag):

r =(1.012+0.952" 10°*H)g.cm’® Equation IV-19

o = (767-093H)

i ai-W i +Wai Equation IV-20
(106.25+0.1H) © ™ i) *Wag auaen

with -86 £H £19
For the tissues between small intestine (3) and connective tissue (ct):

r =(1.003+1.110" 10*H)g.cm’® Equation IV-21

= (10815- 1.03H) w,

! (81.27 +0.09H) " Wey) Wy, Equation 1V-22

with 24 £ H £105

Plots of the functions together with the data points for soft tissues ae shown in Figure IV- 30 and
Figure V- 31.

The data points of the mass density are fitted with an accuracy better than 0.02 g.cm-3.

The weights of hydrogen and nitrogen are respectively fitted with an accuracy better than 0.1 and
2.5 respectively for the range of soft tissues between adipose tissue3 and adrend gland, and are
better than 04 and 24 in the range between smal intestine and connective tissue. The weghts of
carbon and oxygen are respectively not well fitted (accuracy of 30.0 and 32.0 pp for at-ag, 11.2 and
11.4 pp for s-ct). Thesum of carbon and oxygen weights are fitted with an accuracy of 2pp.
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FigurelV-30: CT number ver sus massdensity in the range of soft tissues. The data points of thetissuesfrom
TablelV- 17 areplotted together with theinter polation functions accor ding to Equation 1V-19 and Equation
IV-21.
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FigurelV-31: CT number versus elemental weightsin therange of soft tissues. For each of the elements (a)
hydrogen and nitrogen, (b) carbon and oxygen, the data points of thetissuesfrom TablelV- 17 areplotted
together with theinterpolation Equation IV-20 and Equation 1V-22.

1v.2.1.D. Conversion of Hounsfield unitsinto tissue parametersfor GATE simulations
In GATE samulaions the file GaeMateridsdb is read a the beginning of the execution of the
dmulation. In this file are described dl the materids needed in the dmulation (dengty, atomic
weights) to generate the cross sectiond data associated to each medium.

As it has been shown previoudy, in the case of mass dendty, theré's a continuous corrdation
between CT number wheress for the dementa weghts a divison of Hounsfidd units into a
number of bins can be performed. Fgure IV- 32 shows a plot of the converson of Houndfidd units
into mass dengity.

Concerning demental weights, the step width have been sdected by finding a compromise between
the accuracy of the medium description and the production of cross sectiona datafiles.

In that way the step width have been consdered has big as possble without loosing relevant
information on dementa weights.
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FigurelV- 32: Conversion of CT number to massdensity. Equation 1VV-19 and Equation IV-21 are used for the
range between —86 and 105 Hounsfield units. Above 105H, Equation 1V-17 isapplied. In the range between —
1000 and —86 H, the mass densities of air and adiposetissue 3 areinterpolated by a straight line.

1
H H LA N o I Wy F 5 =] Al K Ca
1000 bo 550 155 23,2 [E]
50 o 120 103 10.5 31 Ta4 .2 0.2 0.3 03 oz
20 bo 83 1.7 T4.0 o 13.2 0.1 0.1 0.1
H2 to &3 115 60,7 oy 268 1 0.1 0,1
H2 to 23 112 d% 1.3 3.1 0.1 Q.1 0.1 a1
22007 [ T4 21 204 a1 0.2 0,2
& to 18 6.7 W6 F1] &B.4 a1 [ ¥ [ a,1
19 to ED 03 136 4] T2.2 [l 9.2 a1 a1 o2 o2
B0 ta 130 g4 20,7 [ 2.2 03 0.3 0.3 0
120 to 00 G5 A5 2.7 354 [X] 25 0.1 (K] 0.1 dA
| 200 to 300 B 41,5 19 36,7 .1 34 0.1 ('Kl 0.1 6.3
I to 400 B AT 31 ar7 01 43 0.1 0,1 a1 BE
] T4 T 32 3.5 (K] (K] 52 0,1 a1 [
500 to BO0 [-3:] 31,8 34 383 .1 01 548 0.2 12.3
&0 to o B2 28,1 38 Al [ K] (X [T .2 14
TO0 to BO0 BT 26,9 16 204 (K] 0.2 T2 0.2 165
B0 o SO0 53 24,7 37 41,2 .1 0.2 T8 0.2 16.8
S0 ta 1000 49 2.7 39 414 .1 0,2 824 0.2 18
1000 ta 1100 dd 0.7 39 2.5 0.1 0.2 [ F] 0.2 192
1100 ks 1200 42 18.1 4 42.5 0.1 0.2 a4 0.3 202
1200 to 1300 38 176 4.1 424 1 0.2 a8 0.3 M2z
1300 to 1400 25 16 4.2 43,3 1 0,2 10,2 0,3 224
1400 to 1500 33 14,6 43 437 1 0.2 105 0.3 ]
15030 to 1600 ] 13,4 d.d 44 o1 0,2 102 1.3 FET]

TablelV-19: Conversion of CT numbersto elemental weights. The scale of Hounsfield unitsisdivided into 24
bins. Thefirst bin from —1000 to —950 H is assigned to the composition of air, the next bin up to—120 H with the
composition of lung. Thefollowing five binsup to 18 H form a step function cor responding to Equation IV -20.
Between 19 and 80 H the mean values of all tissueswithin thisrange are used. The composition of connective
tissue (H=105) isassigned to the bin between 80 and 120 H. All bins above 120 Hounsfield unitsform a step
function corresponding to Equation 1V-18.

In order to check the reliability of the densty and dementd weights description, we develop a tool
enabling the visudisstion of CT imeges and the coloration of the voxds in function of their
Hounsfield units vaue. This tool has been developped by Jod Bachderie (engineer degree) in C++
(see Chapter 1V).

Firg, we image the CIRS phantom by highlighting in red some inserts to check the rdiability of the
transcription. Fgure V- 33 and Figure IV- 34 show the CIRS 062 phantom images by highlighting
the bins —22-7 and 19-80 H. We can see that the inserts corresponding to the Hounsfield vaue are
correctly identified by the C++ module and prove that the transcription realised iswell adapted.
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N 4l

FigurelV- 33: CIRSphantom image. In red, has FigurelV- 34: CIRSphantom image. In red, has
been highlighted the bins—22to 7 H. been highlighted the bins19to 80 H.

Secondly, we image a brain of a patient under 120 kV and enter it asinput dataiin the module.

Figure IV- 35 and Figure IV- 36 show the images of a brain dice by highlighting in red the bin 19
80 and 80-120 H. We can remark that soft tissues are well identified in the brain.

We repeated the same method of transcription for a tube voltage of 140 kV, the parameters k1 and
k2 for this transcription have been foundto be 6.12 " 10-5and 2.24 "~ 10-5 respectively.

We image a mediagtin by highlighting in red the lung supposed to be transcript by the bin —950 to —
120 H. Fgure IV- 37 showsthat the lung iswell identified in the image with our transcription.

L

FigurelV-35: Brain image. In red hasbeen FigurelV-36: Brain image. In red hasbeen
highlighted thebin 19to 80 H. highlighted the bin 80to 120 H.
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FigurelV- 37: Mediastin image. In red has been highlighted the bin —950 to —120 H.

IV.2.1.E. Influence of the media compositions on dosimetry

In order to study the influence of different soft tissue compostions on GATE Monte Carlo dose
cdculations, we have peformed smulations on three media one of them is represented by the
mean dementd weights of the 35 soft tissues and the two others are reprensented by dementd
compostions of urine and skinl for which the difference to the mean dementd weights are the
greatest of all soft tissues. In the case of urine, the deviations are H= +0.7 pp, C= -13.1 pp, N=-1.9
pp, O= +14 pp. The corresponding deviations for Skinl are H= -0.3 pp, C= +11.4 pp, N= +1.7 pp,
O= +12.8 pp. In Table IV- 20 are listed the mass-densty and dementd weights assgned to those 3
media

_ [ Benite y o[ @ei f=t] € Ee. A= 12070] W 07 Ae 30] 0 3B, S 11| Mla Ei1_Fond ] [ FoAE ot [P oS, R[5 10, e I 1 (Pt 3505 [ K =18, B 18, 1] £ (F20 A
Urine 152 011 0005 o.01 0862 0,003 .00 0,003 [ [
Bint 108 0 025 0,085 0,594 ] 0.001 0,000 ]
Mat-10- 50 105 [RE] 0,138 002% 0,722 000z 0.002 0,001 [ [ 0002
Mal-300- 400 [ 081 0,373 0,031 0,377 0,001 .043 0,001 [ [ 0,065
Mat-11500-1520 203 .03 043 0.0 O Ad 0.001 onaz G108 0003 0338
Wis s Roaine 1,44 064 0,378 [ 041 0002 a7 0,00 BT

TablelV-20: Mass-density and elemental weights of media used in GATE Monte Carlo simulations.

A 2~ 2 cn? dectron beam of 6 and 21 MeV, perpendicularly impiging a homogeneous cubic
phantom with 20 cm dde length has been smulated with GATE. Fird, the dendty and aomic
compostion of the three media Uring, Skinl and Mat-19-80 have been taken into account. We
compared the absolute dose digtributions on the centra axis of the phantom obtained for the three
media, see Figure IV- 38 and Figure 1V- 39. For both energies, relative deviation between the dose
digributions of Urine and Mat-19-80 and Skinl and Mat-19-80 respectively has been calculated,
results are shown in Fgure 1V- 41. For 6 MeV eectron beam, the differences between the resulting
dose didributions of the mean compodgtion and urine ae lower than 25% and the mean
composition and skinl are lower than 4%. For the 21 MeV the differences are respectively lower
than 0.8% and 1.5%.
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FigurelV- 38: Comparisons of dosedistributions of a6 MeV eectron beam in Urine, Skinl and Mat-19-80
tissues.
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FigurelV-39: Comparisonsof dosedistributionsof a21 MeV electron beam in Urine, Skinl and Mat-19-80
tissues.

Concerning the 25 MeV photon beam (Figure 1V- 40), the Compton scattering is the predominant
process, the cross section per atom is gpproximatively equa to:

S.» K Equation I1V-23

If we look at the weighted sum of ratios of atomic number and mass for the three media, we can

remark that the ratios remain quite the same (0.555 for urine, 0.550 for skinl and 0.551 for Mat-19-
80).
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FigurelV- 41: Reative deviations between dose distributionsin thethree media: (a) between Urineand Mat-19-
80for 6and 21 MeV dectron beams, (b) between Skinl and Mat-19-80 for 6 and 21 MeV dectron beams, (c)
presentsdeviationsfor 25 MeV photons beams.

Concerning skeletd tissues the weights of high atomic number of the phosphorus and cdcium
edements judify a further subdivison in the range between 300 and 1600 HU. To show this
specificity, we compared the dose digtributions on the centrd axis of the phantom for three media
skeletal tissues between 300 and 400 HU, skeletd tissues between 1500 and 1600 HU and the
compostion of the Mean Bone (taken from Jones and Cunningham [18 ]).6 and 21 MeV eectron
beams and 25 MeV photon beam have been modeled. For the 6 MeV electron beam {Figure V-
42), the dose deviations between mean bone and mat-300-400 are lower than 11% of dose
maximum, and between mean bone and mat-1500-1600 lower than 41% (difference observed at the
entrance of the beam in the phantom). For the 21 MeV dectron beam (Figure V- 43) the
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differences are respectively lower than 11 and 24%. Those big deviations are due to the different
weights of cacium and phosphorus in skeletal tissues.
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FigurelV-42: Comparisonsof dosedistributionsof a6 MeV eectron beam in M at-300-400, M ean Bone and

Mat-1500-1600 tissues.
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FigurelV- 43: Comparisons of dosedistributionsof a21 MeV eectron beam in M at-300-400, M ean Bone and
Mat-1500-1600 tissues.

The large deviations observed for the photon beam (Figure 1V- 44) cannot be explained as the effect
of cdcium and phosphorus weights in the three media Effectively, if we cdculae the weghted
sum of rétios of atomic number and mass for the three media, we can remark that the ratios reman
different (0.539 for mat-300-400, 0.513 for mat-1500-1600 and 0.531 for mean bone). By removing
the cdcium and phosphorus related retios of the weighted sum, we can see that the differences
remain (0.497 for mat-300-400, 0.394 for mat-1500-1600 and 0.457 for mean bone). By removing
the hydrogen related ratio of the weighted sum, the differences don't gppear anymore between the
three media (0.458 for mat-300-400, 0.483 for mat-1500-1600 and 0.467 for mean bone). The
weight of hydrogen is responsble of the large differences obtained in dose digributions for skeleta
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tissues. Since the weght of hydrogen differs ggnificantly between different skeletal tissues, the
electron density can vary up to 3% depending of the hydrogen weight.
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FigurelV- 44: Comparisonsof dosedistributionsof a25 MeV photon beam in M at-300-400, M ean Boneand
Mat-1500-1600 tissues.

IV.2.1.F. Conclusion

Usng interpolation functions instead of the method described by Schneider et d. (1996) [19 | who
had dready established a stoechiometric cdibration of CT numbers with dectron densties and
proton stopping powers, we gain in time without loosng in accuracy. In addition the non-&fine
relaionship between CT numbers and dementd weights can be derived without having to perform
non-afinefits

The reaults of GATE Monte Calo smulaions have shown that the weght of cdcium and
phosphorus for skeleta tissues have a big influence on the dose deposited by eectron beams. The
hydrogen weights play a high role in the differences obtained for photon beam in skeletd tissues.
Congdering soft tissues, the dose deposited is not influenced by dementd weights or densties. For
both soft and skeletal tissues, the individud weights of carbon and oxygen are poorly described by
means of CT numbers.

CONCLUSION

This chapter had for first goad to obtan with accuracy dose didtributions of ocular brachytherapy
trestments using °°Ru'®°Rh ophthamic applicators. Those trestments currently performed at
Centre Jean Perrin of Clermont-Ferrand and planned thanks to Plaque Simulator software required
comparisons and vaidations with Monte Carlo caculations. GATE using the physcs of GEANT4
verson 6.2.p02 has been used to determine dose deposited on the central axis and isodoses for four
ophthamic applicators. The results have been compared with other Monte Carlo codes, Plague
Smulator and messurements. Despite the lack of reiability of the GEANT4 physcs concerning the
Multiple scattering implementation (our results have been affected by a redive eror taking into
account the disagreement in the results obtained for dose point kerne smulations in Chapter 1V),
results obtained are in good agreement with Plague Simulator cdculations, ACCEPT 3.0 and
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measurements on the centrd axis of the plagues. The fa and easy method congging into
integrating dose point kernels to obtain isodoses don't give rdigble results near the ophthamic
gpplicator (distance lower than 1mm) and is in bad agreement with GATE concerning isodoses on
the median plan.

The second part of this chapter was dedicated to the determination of an accurate correlation
between dendty and atomic compogtion of human tissues with CT numbers. Thanks to the CIRS
phantom 062 we established a stoechiometric calibration of CT numbers with tissue parameters for
the CT scan providing images for radiotherapy trestments. This method enadbled a better
determination of the cadcium and phosphorus weights in the bone compostion which are
respongble for high differences in dose distributions of dectron beams.
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Chapter V.

GATE Applicationsin a Grid Environment

INTRODUCTION

In radiotherapy-brachytherapy the goa is to evaduate accurately the absorbed dose in complex
phantoms and a interfaces of tissue, where andytic cdculatiions have shown some limits. The main
drawback of Monte Carlo smulations is ther high computing time. The am of our research is to
reduce the computing time by pardldizing a smulaion on geographicaly distributed processors by
benefiting of a grid architecture. The method is based on the pardldization of the Random Number
Generator (RNG) used in Monte Carlo smulations. In order to let benefit the praticians and the
physcigs of the condderable gain in time that could be reached thanks to the distributed
caculaions, a web porta has been customized for GATE applications, asking the user for dl the
parameters necessary to launch the smulaion and retrieve results. Different tests have been done in
order to show fird, the reiability of the physical results obtained by concatenation of paraldized
output data and secondly the time ganed for jobs execution usng different moddities of
submisson and different infradructure.  Requirements and use cases caracterizing GATE
goplications in a grid environment have been detalled [1 ] in and largdy mentioned in the EGEE
NA4 ddliverables[2 ] [3 ]Jand application migration report [4 ].

The fird pat will be dedicated to the method used to padldize GATE smulaions. Multiple
computing time tests highlight the efficacy of such submisson in a grid infragtructure. In a second
part is described the transparent and secure access to the grid developed for GATE users and
provided by the GENIUS web portal. Findly a synergy between the supercomputing grid DEISA
and the EGEE infragtructure is discussed to run on the both infrastructures GATE smulations.

V.1. PARALLELIZATION OF GATE SIMULATIONSWITHIN EGEE

V.1.1. Theinstallation

The Experiment Software Manager (ESM) is the person from an experiment responsble for the
ingdlaion of new software in the different dtes. The ESM mugt have privileges to indal software
in a particular area of the CEs. There is dedicated space for each one of the supported VOs. An
environmenta variable holds the path to that space, for biomed applications, its format is the
following: $VO_BI OVED_SW DI R
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If a dte uses a shared file system for the WNs of its CEs, then the software is ingtdled once in the
filesystem, and the jobs that want to use it just need to use the $VO Bl OVED_SW DI R variable to
access the software.
The GATE platform inddlation is not trivid as it depends of a large number of softwares to be
executed. GATE is a C++ encoded platform and needs to be compiled with a defined environment
before each ingdlation. Theingalation of GATE platform depends on different requirements:
» The operating system:
During the EDG project and at the beginning of the firsd year of the EGEE project, the
operating sysem supporting the middleware and components of the grid was the Linux
Redhat verson 7.3 (RH7.3). Since April 2005, the operating syssem move to the Scientific
Linux 3.0 (SL3). GATE inddlatiions have to adapt to the operating system changes and
compiler versions (gcc 2.96 for RH7.3 and gcc 3.2.3 for SL3).
» Therelated softwares:

v The GEANT4 software with the data files for specific physics processes associated
to: the three GATE versons that have been ingdled on the EDG first and then on
the EGEE infrastructure are gate v1.0.2 compatible with the GEANT4 software
verson 52p02 on the EDG infrasructure and aso on the LCG-2-EGEE-O
infrastructure. The gate v1.1.0 and gate v1.2.0 respectivdly compatible with the
6.2.p02 and 7.0.p01 GEANT4 versons have been ingdled during the first year of
the EGEE project on the SL3 operating system.

v' The CLHEP software, needed for the generation of pseudorandom numbers in the
Monte Carlo smulations. (CLHEP-1.8.1.0 compatible with the 6.2.p02 and 7.0.p01
GEANT4 versons)

v' The daa andysis softwares such as ROOT, AIDA, etc. The ROOT software [5 | has
been indtdled to enable the anadyss of results (ROOT verson 4.03.02 compatible
with GEANT4 version 7.0.p01 and GATE version 1.2.0).

v A viaudization interface Mesab.0.2 endbling the use of OpenGL to check geometry
condruction and particle strgectories during GATE smulations.

» Thedeclaration of environment variables related to the previous software ingalations.

As the ingdlation of such softwares is not gpplicable to a grid envirorment usng the usud
procedure (generaly the execution of a configuration script before a make or a gmake compilation),
the choice has been done to create precompiled packages of those softwares using a packaging
sysdem avalable on Redhat didributions and named Redhat Package Manager (RPM). The
packages must be created each time the operating system evolves and/or the compiler changes. For
the SL3 operating sysem with the gcc 3.2.3 compiler verson, the following packages have been
created for the ingdlaion of the GATE plaform (example is given for GATE-1.2.0 verson
compatible with the 4.7.0.p01 GEANT4 version):

Package Description
GATE-1.2.0-1.1386.rpm GATE version 1.2,0 platform
GATE- geant 4- 7. 0. p01- 1. i 386.rpm SO%QNM (version 7.0.p01) source
GATE- geant 4- GAEMLOW 2. 3- 1. noar ch. r pm GEANT4 datafilesfor description of
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GATE- geant 4- Phot onEvapor ati on- 2. 0- 1. noar ch. r pm the physic processes.
GATE- geant 4- Radi at i veDecay- 3. 0- 1. noarch. r pm
GATE- geant 4- ANDL- 3. 7- 1. noarch. rpm

GATE- CLHEP- 1. 8. 1. 0- 1.1 386. rpm CLHEPverson 1.8.1.0.
GATE- r oot - 4. 03. 02- 1. i 386. r pm ROQT version 4.03.02 andysis
software.
GATE- Mesa-5.0.2-1.1386.rpm OpenGL visudization
GATE- env- 1. 2. 0- 1. noar ch. r pm Scripts describing the environment for
installations.

Those packages have been ingtdled on each of the CEs hogting the biomed VO on the EGEE
infragtructure. The packages have been inddled by the software adminigtrator by sending a job
which creste a gat e/ repostory under the $VO Bl OVED _SW DI R area and perform the RPMs
instalation.

After each ingdlation of GATE on a dte, a test-job is sent on the dte to check the wdl-running of
the platform with the ROOT analysis.

Findly, the software must be published in the Information System (1S), s0 that the jobs requesting
for a particular piece of software can be directed to the appropriate CE. For that purpose, a tag is
added to the G ueHost Appl i cat i onSof t war eRunTi neEnvi r onnment éatribute of the IS usng

the following perl command linein ajob for the LCG-2 middieware:
perl /opt/lcg/bin/lcg-ManageVOTag —host <CE_HOST> -vo bioned --add -tag
VO bi omed- GATE- 1. 2. 0-1

At the date of the 2005, GATE verson 1.1.0 compatible with the GEANT4 verson 6.2.p02 have
been ingtdled on each site hosting the biomed VO (see Chapter 11. for the biomed CEs resources).

V.1.2. The paralleisation of GATE simulations and tests of submission toagrid
environment

V.1.2.A. Introduction

Monte Carlo smulaions use random numbers responsible for the name given to this technique
which was introduced during the developmert of atomic energy in the post World War 11 era.

Even though the cost of computing resources is continudly decressing thereby fadilitating
consequent cdculations, Monte Calo smulations can't currently be used for dlinicd treatments
planning for which the computing time remains too high on a dngle machine. So, there is a red
interest for padld and didributed Monte Carlo smulaions in order to provide very accurate
dudiesin medica physcs.

A Random Number Generator (RNG) used in Monte Carlo cdculations generdly involves a
recursve determinigtic algorithm to produce a sequence of pseudo random numbers. Because
paticles ranges in metter are independent of each other, pardld smulations are produced by
partitioning the random sequence into independent streams. Then, we present a method to display
the dmulations on geogragphicdly digributed processors usng a grid environment. The find
outcome of the gpplication isto provide aweb portd to launch smulationsin pardld.
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V.1.2.B. The Random Number Generator (RNG) in Monte Carlo simulations

The computing time of a Monte Carlo smulation depends on different parameters. the number of
particles generated during a smulation, the medium where particles interactions occur. Depending
on the type of materid filling the medium and the type of particles generated, the number of
physicad interactions can vary. The number of cals to the RNG is consequently dependant on these
parameters[6 ].

Even if the computing time of a smulaion depends dso on the condruction of the geometry,
physical processes used, etc.., the pardldization of such parameters gppears to be tricky and won't
be tackled in this study.

Each Monte Carlo smulation uses a sequence of random numbers to reproduce the probability of
the physcd interactions in matter. The more numerous the interactions in a medium are, the longer
the sequence of random numbers generated for the Smulation is. A smple way to reduce the
execution time of a Monte Carlo smulation used in ghyscd experiments, is to sub-divide a long or
a vay long smulaion into litle ones by indexing to each dmulaion a sub-sequence of random
numbers obtained by partitioning a long sequence of random numbers. Sub-sequences have to be
independent and as we explained before this method is vaid only because the particles emitted in
smulations are not dependant on each other.

V.1.2.B.1. Principle

Physciss need very good random number generators for Monte Carlo cdculaions. Random
numbers generators can be classified according to the three types of random numbers[6][7 ]:

= Truly random numbers are unpredictable, they are not generated by a determinist process,
and must be produced by arandom physica process such as radioactive decay.

*  Pseudorandom numbers are produced in the computer by a smple numericd adgorithm, and
are therefore not truly random.

» Quasrandom numbers are introduced to improve the accuracy of Monte Carlo integration;
these numbers are not independent and thus cannot be used generdly.

Stidicdly sound random number sequences usudly saisfy a st of requirements that can be
divided into three main classes randomness, practicd qualities and performance [8 ]. In practice, dl
the requirements are not eadly achieved concurrently snce some of them are antagonisic. Monte
Carlo smulations are very sengtive to the datistical soundness of pseudorandom number generators
and scientigs usudly use high qudity generators. In our study, we use a Very Long Period (VLP)
shuffled pseudo random number generator; the generd technique in order to run this type of
generator is.
» The st up of an internd table, containing a large number of seeds (typicaly between 10 and
a few hundreds), and the vadues of a few indices (typicdly two) pointing to seeds in the
table, are dso initidized.
= The generation of pseudorandom number by combining only those seeds corresponding to
the current values of the indices.
» The update of the seeds just used and the pseudorandom generation of new indices to point
to other seeds.
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S0, the sequences of random numbers generated are defined by a dtate (e.g seed and table) that
contains dl tha is needed to initidize a recurrence formula which enables the generdtion of the
random sequence.

V.1.2.B.2. The parallelization of RNGs

If sequentid stochadtic smulations dways require a datidticaly sound RNG, in the case of padld
and didgributed stochagtic amulations, this requirement is crucid. Mgor scientists in this research
fidd such as Paul Coddington date that: “ Random number generators, particularly for paralléel
computers, should not be trusted. It is strongly recommended that all simulations be done with two
or more different generators, and the results compared to check whether the random number
generator is introducing a bias” [9 ]. Another well known paper in this domain warned scientists to
be very careful with pardle Monte Carlo [10 ]. The main advice that specidists recommend is that
random numbers should be generated in padld, i.e. each Logicd Processor (LP) should
autonomoudy get its own sub-sequence of a globa random sequence. Desgners of pardld
dochagtic amulations dways have to answer this fundamenta question: how can we make a safe
RNG repartition in order to keep, on the one hand, efficiency, and on the other hand a sound-
detigical qudity of the smulation in order to obtain credible results ? Indeed the vaidation of such
padld smulations is a critical issue. Many research studies have been undertaken to design good
sequential RNGs. Many others concern Pardlel Random Number Generators (PRNGS). It appears
that the key focus, which is how to assess the quality of random streams, remains a hard problem,
and many widey-used techniques have been shown to be inadequate for some specific applications.

An obvious way to get pardld random numbers streams is to partition a sequence of a given
generator into suitable independent sub-sequences. This can be donein three major ways|[7 ][8 ]:

The Lesp Frog (LF) method (e.g., Figure V- 1) dlocates in turn the random numbers of a sequence
to a partition of streams like a deck of cards dealt b card players (as illustrated in figure 1). Thus,
for a partitioning of a globa sequence {xi, i = 0,1,2,...} into N paralld streams, the [ stream is
{Xn+j-1, K = 0,1,2,.....}. Given the period p of the globa sequence, the period of each stream can
reach p/N.

Ixul-‘hll"lill-“JII:I-‘LGI-\'I-"'-Bllsnlimlxul"L'-I113|1|5|1|:|
P, P, P, , PP F FL P, P4 P, BB B P
A A A A

Pi=process n%
x; = " random number in the global sequence

FigureV-1: TheLeap Frog method (with 4 parallel processes)

The Seguence Splitting (SS) method (eg., Figure V- 2) sdlits a sequence into non overlapping
contiguous blocks, as shown in figure 2. Thus, for a partitioning of a sequence {x;, i= 0, 1, 2, ...}
into N streams, the " stream is {Xc+G-nym, K =0, ..., m1}, where m is the length of each stream. One
maor difficulty is the determination of a good vaue for 'm’, which must be chosen o thet each
dream is long enough to achieve the stochastic smulatiion performed by the corresponding
Processes.
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Figure V- 2: The Sequence Splitting method (with 4 parallel processes)

The Independent Sequences (IS) method (eg., Figure V- 3) builds a partition of N streams by
initidizing the same generator with N different seeds Figure 3 gives it an illugraion. Such a
technique can lead to overlapping streams, snce a random number generated in one stream can
match the seed used for another stream. Some generators exhibit severd sub-cycles that can be
encapsulated into other streams. Such generators seem to be well adapted to the IS method, since
the seeds to use for parald streams can be the first terms of the sub-cycles.

P X X K3 R s
] . = . " FPi=process n
P, | ) l X2 [ X I Ay I M3 | x =" random muzmiber generated from seed X,
x5 = 1" random number generated from seed x';
e et e s e | xy =i random nmber gen erated from seed x''y
x*, = * random nmber genterated from seed XMy
P, - P A AT

Figure V- 3: The Independent Sequences method (with 4 parallel processes)

Each way has its own specific flaw and whatever the solution retained, we have to check the
correlations between subsequences. Indeed, the corrdation phenomena observed in a sequentid
RNG are often induced in the pardld streams that are obtained from this generator. For instance, an
initid corrdation between disant numbers of a sequence can lead to auto-corrdation indde pardld
streams produced with the LF method, or cross-correation between pardle streams produced with
the SS method. Variants have been developed for three methods presented above such as the
shuffling legp frog or the parameterization method which is a variant of the IS technique [11 ]. Its
principle is to parameterize both the seed and recursive function. One of the main contributions of
this variant is that it results in a scdable period, i.e. the number of different random numbers that
can be usad increases with the number of parald sreams. An interesting parameterization method
isusad in [12 ] to get pardld streams from a Linear Congruentiad Generator (LCG), by choosing for
the f* sream a multiplier aj) and an additive constant c(j). It is shown in this case that good results
can be obtained if c(j) is the j' prime number £ &(M/2) where m is the modulus. However testing
pseudo-random numbers in their pardld context is essentia. The usud approach in testing a PRNG
is to gpply standard tests which are avalable for sequentidl RNG to each random number paralle
sreams, and from al streams combined [13 ]. New techniques appear which are specific to PRNGs
[14 ]. A padld verson of the well known spectrd test has been developed in [12 ]| for padld
LCG. So far, little work has been done in this area. Since not many rigorous results are known
about the properties of PRNG, more stringent and varied tests are necessary. For our gpplication we
have chosen the Sequence Splitting pardldization method which is more convenient for our study.
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Our smulation is based on the pseudorandom number generator developed following the dgorithm
of Fred James [15 ]. This dgorithm implements the origind universal random number generator as
proposed by Marsaglia & Zaman in report FSU-SCRI-87-50 and coded in FORTRAN77 by Fred
James. This generator is used in the CERN library routine and known as the RANMAR generator,
which is dso pat of the MATHLIB HEP libray [16 ]. The agorithm combines a Fibonacci
sequence and an aithmetic sequence. This random number generator has been widdy tested [17 ];
its period reaches 2'** and it dlows the crestion of 900 million different sub-sequences with each
subsequence having alength of approximately 10°°.

V.1.2.C. Application of the parallel method

The random number generator of F. James is implemented in the HEPJamesRandom module as part
of the module HEPRandom of CLHEP (available in C++) [18 ] which is directly employed by our
Monte Calo smulation code. The HEPRandom module conssts of C++ classes implementing
different random “engines’ and different random “didributions’. A digtribution associated with an
engine conditutes a random “generator”. The method condgts in splitting a long Imulation into a
number of independent little ones tha will use nontoverlgoping random number sequences
generated with HEPJamesRandom.

In order to do that, the method saveStatuy( ) of the HEPRandom module is employed to save in a
file the current datus of a random engine. Then, another method is used to launch the smulation
with the file containing the status saved before. This dlows the user to avoid saving the totaity of
the random number sequences, which would generate too large files up to a hundred Tera octets.
On the contrary, the status of each sequenceis very limited in size (around a few hundred octets).

Consumption in pseudorandom numbers for different Monte Carlo smulations:

In order to evduate the Sze of the pseudorandom numbers sub-sequences that have to be generated
by the RNG of F.James, the consumption of pseudorandom numbers has been studied for three
representative medicdl Monte Carlo agpplications. ocular  brachytherapy, nucler medicine and
radiotherapy smulations. Figure V- 4 shows an example of the consumption in pseudorandom
numbers for a number of particles increesing. This consumption is linear as the number of particles
emitted in the dmulation increeses and is entirdy dependant of the type of amulation (eg. the
number of interactions occurring in the medium). To esimate the length of the sub-sequences, the
brachythergpy smulation for which the consumption is the highest among the three sudies has been
taken into account.

173



Chapter V.GATE Applications on a Grid Environment

A ST —
—+— Brachytherapy simulation /'
—+ = Radiotherapy sinuilation

- # - Muclear medicine simulation /
185007
1o = -
— — -
=

i} 5000 10000 18000 20000
Humber of particles emitied

§

o
B
)

Numnber of random numbers consumed
g )
: !
&

Figure V- 4: Consumption in pseudorandom numbersfor different Monte Carlo smulations

Figure V- 5 shows the consumption in random numbers per paticle for a number of particles
generated increesng from hundred to twenty thousand particles. This figure highlights the
fluctuations for low particles emisson (100 to 1500 particles), the consumption is stabilised for
twenty thousand particles emitted.
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FigureV-5: Consumption in pseudorandom numbers per particlefor different Monte Carlo simulations

Therefore, the evaduation of the consumption is based on the generation of 20000 particles for the
highest time consuming smulaion (brachytherapy smulation) for which 2000 pseudorandom
numbers are generated. The size of each subsequence has been cdculated dlowing a generation of
10 million of particles overestimated by 10 % for each of them, we obtained a need of 3.10%
random numbers. For ingance, a lig of two hundred files corresponding to different status of the
random number generator is generaied. This method is reatively long, it takes agpproximately
twenty days on a PIV of 1,6 GHz to generate two hundred status of 3.10'° non-overlapping random
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numbers, but the advantage is that it has to be done only once. Moreover, this time could be shorter
with the latest generation of computers currently available.

The file corresponding to al the datus saved is loaded a the beginning of the run of each
smulétion.

In 2003, during the EDG project, to facilitate the preparation of dl the other files describing splitted
amulaions the environment scripts, the macros describing the entire Monte Carlo smulation, the
GATE materid database (GateMaterias.db) file and the datus files of the RNG; the software
gpplication JobConstructor, written in C++, was created. Relied to a job submitter tool (see part
V.1.2.d), it was the fird solution found for a convivid and essy padld submisson of GATE
Monte Carlo smulations on the EDG testbed.

V.1.2.D. Sending the simulationson a grid environment

V.1.2.D.1. The Java Job Submission (JJS) tool

Once the partitioning of the RNG is done, the jobs have been submitted on the EGD infrastructure
usng an Application Program Interface (API) written with the Java language (Java verson 1.4) and
based on arelationa database: Java Job Submitter (3JS) [20 ].

Usng EDG commands, the JJS APl dlows the launching of a ligt of jobs on any resources where
the GATE smulation platform is ingdled without it is necessary for the user to be log on a Ul
machine to have access to the grid. The JJIS tool bypasses dso the Resource Broker machine by
directly submit jobs on the computing resources of the grid.

illugtrates the functiondities of the Java Jobs Submitter (11S) API.

Client oL
mac hine 1 .4 file

JAVA
Ao lisnt 3 J CE
i 2
Locd s o I
database

\ il

SE

RiE#a

Figure V- 6: Schema of the jobs management with JJSon agrid environment

The firs step condsts into parsng the JDL file. Then (step2), each day, a locd database on the
client machine is updated by consulting the RGMA services [21 | of the Grid to offset the non
utilisation of the Resource Broker functiondities The locd daabase has been crested using
mySQL. Next, the Java Client conaults the locd database to update the list of the CEs enabling the
computation of the jobs In the third gep, the lig of the CEs maching the requirements are
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downloaded on the Java Client. The JJS tool dso alows the user to sdect the computing Stes (CE
and SE, beonging to the DataGrid computing environment) where he wants his jobs to be executed.
In the fourth step, the Java Client uploads the files described in the InputSandbox of the JDL file to
the SE.

The fifth sep condsts in downloading dl the JDL files on the CEs. The JJS command lines are
identicd to the EDG command lines but encoded in Java language (j j s-proxy-init, jjs-
submit, jjs-status,etc...).

When each job is finished, the results are automatically uploaded on the SE (dep6). To finish
(step?), result files are downloaded on the Java Client.

V.1.2.D.2. First approach for a web portal prototype to submit GATE simulations on the EDG
testbed

To produce a convivid tool for the submisson of GATE smulations, the JobCongtructor program
and Java Job Submitter (JJS) functiondities have been combined under a prototype web porta (not
accessible from a public web server). The user is asked his cetificate password to access the EGD
infrastructure.  After having entered the macro file, the GaeMateridsdb and the number of
patitions fidds, files are created, formatted following the JIS requirements and launched on the
EDG dtes where GATE is inddled. The status of the jobs can be visudized on the portd and when
the jobs are finished the user have the possibility to retrieve the results on his computer.

All this functiondities have been generated usng PHP language, buttons and ingtructions have been
coded using respectively the HTML and C++ language. Figure V- 7describes the files created: the
gl obal . php file is in charge of configuring variables and repostories for the management of the
files created, the paral |l el i ze. php file is in charge of splitting and submit GATE files on the
EDG testbed using the j j s- subni t command. A log index is created to view the datus related to
the job submisson in the case of a usage of the porta by multiple users. The status of the jobs can
be visudized on a table on the user’'s computer screen (parsing of the jj s-status command
output), when a job is finished the output is retrieved on the server (get Resul t's. php file) and
then on the user's computer (downl oadResul ts. php file) usng http connexion. Figure V- 8
shows a screenshot of the web portal prototype homepage.
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Figure V- 8: A web portal prototypefor the parallelisation and submission of GATE simulationson the EDG
testbed.

V.1.2.E. Results

All the cdculations were digributed between the dte of CC-IN2P3 worker nodes in Lyon and the
dte of Laboratoire de Physque Corpusculaire (LPC) in Clermont-Ferrand, on the EDG testbed. At
this time (July 2003), CC-IN2P3 provided 200 dua-processors mixed in Plll 750 MHz, 1GHz and
PV at 1,4 GHz ; and the LPC provided 4 Pl mono- processors at 933 MHz.

The digtribution of jobs was managed by a batch manager developed at CC-IN2P3 named BQS
(Baich Queuing System) and by PBS (Persond Batch System) at LPC. This management takes into
account the CPU time specified by the user for hisjobs.
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V.1.2.F. Comparison of the physical results

The fird question to condder is whether locd and padld smulaions give identica physca
results. We have chosen to compare some physcad data of interest for different medicd physics
problems. For dl the problems, we have taken care to generate a sufficient number of particles in
order to avoid datidtica fluctuations in physca results. Two types of medicd smulations were
performed:

* |n nucdear medicine (eg., Figure V- 9): The smulaion describes a gamma camera Philips
Marconi. The two heads of the camera have been smulated, for each one a pardld
collimator, a NalTl crysd, a photomultiplier and the leskage have been built. The
radioactive source of 20 MBQ in activity is contaned in a capillay tube and emits
monoenergetic photons of 140 keV (eg *°™Tc). The physicad data output studied is the
energy spectrum of the radioactive source of *MTc.

S00— [__Parallel
| &« Local
400 |—
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o 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 I 1 1
9 40 60 80 100 120 140 160
Enerqy kev

Figure V- 9: Energy spectrum of a capillary source of 20 MBq of **™Tc

*» |n brachytherapy (e.g., Figure V- 10): The smulation describes an ocular brachytherapy
trestment with °°Ru'°Rh ophthamic applicators. Particles emitted followed an eectron
emisson spectrum of mean energy 1,5 MeV. The physica data output studied is the relaive
depost dose dong the centrd axis of the eye smulated by a water sphere of 24 mm in
diameter.
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FigureV-10: Comparison of relative deposit doses along the central axisof the eye using alocal and a parallel
computation

Results obtained for these medicd physcs smulations show the compatibility between locd and
pardld computation. The sequence splitting method seems to be very wel adepted for pardldizing
Monte Carlo smulations usang the GATE platform.

With the enhanced Java AP, the user is able to evauate different computing times:
= The duration of jobs submisson: the submisson is redized using threads, the number of
threads can be modified.
* The totd computing time: launching, execution on Worker Nodes and retrieval of jobs on
the user repository.
When a job is finished, it is automaticadly downloaded in a repostory specified by the user even if
al thejobs are not finished.

V.1.2.G.1. Influence of the number of threads on the computing time

A thread is a thread of execution in a program. The Java APl dlows an application to have multiple
threads of execution running with a pseudo-pardldism. The number of threads can be changed by
the user. Figure V- 11 shows an example of the influence of 1, 2, 4 and 10 threads on the computing
time of ten jobs launched in pardle. We can see that the more the threads are important, the lower
the computing time is, but we have to note that the decrease in launching time is not proportiond to
the number of threads.
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Figure V- 11: Influence of the number of threadsin parallel launchings

V.1.2.G.2. Influence of partitioning on computing time.

The god is to show the advantage for the Monte Carlo smulations to partition the caculation on
multiple processors. The different jobs were launched using ten threads on CCIN2P3 in Lyon, the
tests weren't repeated in duration and are representative of the processors load at a given date.
Figure V- 12 illudraes the computing time in minutes of a Monte Carlo Smulaion running on a
sngle processor PIV of 1,5 GHz localy and the same smulation splitting in 10, 20, 50 and 100 jobs
on multiple processors. In this specific case, the lowest computing time is obtained for 20 jobs
running in pardld. Table V- 1 highlights also the speedups coefficients for these submissons.
Such an example shows that the computing time is not proportiona to the number of jobs running
in paralel. Thisisin part due to three parameters:
= thelaunching time of thejobs,
= the building of the geometry a the beginning of each smulation which does not depend on
the random gereration of the particles,
= the LRMS managing of the jobs even if the glitting of the Imulaion is very high the
number of jobs waiting in the BQS depends on the CPU load of processors.

180
ELOCAL PIV 1,6 GHz
160 B 10 jobs
& . HE 20 jobs
E 50 jobs
E 120 01100 jobs a
=
E o0 4
=
g
= 80+
5
E
g 807
(]
g w0
=
20
ﬂ-

FigureV-12: Comparison of computingtime between alocal and a parallel submission
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Mumber of jobs submitted 10 20 50 100 | Local

Total computing time in minutes | 30,94 | 20,45 | 3091 | 35,35 | 159,04

Speedup 514 | 7,78 | B2l1B | 4,14 1

TableV- 1: Speedup for different jobs submission

Figure V- 13 shows the influence of launching time compared to the totd duration of the
computation. Even if the launching time is longer for an increasing number of jobs we can see tha
its respongibility in the computing time is not significant.

In this study, we reach a factor 8 in the reduction of the computing time of the smulation between a
computation on a processor PIV of 1,5GHz and a parallel launching by sending jobs at CCIN2P3.
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FigureV- 13: Influence of thelaunching timein parallel launching

In order to test the rdiability of such computing time tests, we repeated the submission of sets of 10,
20, 50 and 100 jobs with 10 threads at CC-IN2P3 for a period of 22 days. Figure V- 14 shows the
fluctuations concerning launching times, Figure V- 15 concerns the totd computing times
(launching time plus computing and retrieving time) of aset of 100 jobs.

It can be seen that the jobs submisson is wel representative of the network performance between
the locd computer (Clermont-Ferrand) and the computing nodes (CC-IN2P3, Lyon); the reative
deviation between two launching times can reach 46 % over 22 days of submisson tests and 76 %
concerning the total computing times.

Table V- 2 illudrates in more detalls the computing time fluctuations with the characteridic
Speedups (minimum, maximum and mean) reached for the repetitive submisson of a hundred jobs
above 22 days. The high sandard deviation reveded the difficulty to reproduce during the time a
quasi- uniform computing time.

Such results explain the difficulty to obtan a good repetitiveness and robustness for computing
times on a sngle grid computing Ste. The next chalenge becomes apparent, to resch lower
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computing times and be able to provide daly for the user the best resources to compute his
amulation on the grid.
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FigureV- 14: Launching times of a set of 100 jobsat CC-IN2P3 grid site over a period of 22 days.

To enhance this quality of service some solutions have been studied:

It's obvious that, in addition with the number of CPU growing, a larger number of grid stes must
be used for the cdculations. The more the grid will be composed of many dtes the more the
caculations will be scattered and won't depend of a*non-working” Ste.

400

Total computing tine In minutes

1 2 3 4 85 6B 7 8 9 10 11 12 13 14 15 16 17 18 19 20 1 22
Number of days

FigureV- 15: Total computing times of a set of 100 jobsat CC-IN2P3 grid site over a period of 22 days.

Minimum Maximum Mean Standard
speedup speedup speedup deviation
046 4,16 2,25 1,15

Table V- 2: Speedup calculationsfor Total computing times of a set of 100 jobsat CC-IN2P3 grid siteover a
period of 22 days
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The second point would be, for the user, to perform the evauation of the CPU time required by the
amulations before the submisson on the grid. This atention could avoid the killing of the jobs by
the batch queue sysem or the sending of the jobs to a baich queue not well adapted for the
computation. The MaxCpuTime varigble accepted in the requirements of the JDL is the best way to
describe the CPU time consuming of a job.

To speed up the calculations, we can think about enabling a new submisson for the jobs that are
waiting for a too long time in the batch queue in order to be computed. In the future, it is envisaged
to fix, with the JJS tool, a waiting time in the batch queue equivdent to 10 % of the total estimated
computing time of the jobs, after this dday the jobs ill in the waiting status will be stopped and
submitted again. The new submisson will be redized on another grid Ste where ether the number
of free CPU is consequent or the running status is reached quickly for the jobs.

It's dso important to dally update information concerning the status of each grid Ste to avoid the
launching of jobs on “nonworking” dtes. This point is dready enabled with the new JJS tool, as
discussed in paragraph V.1.2.d.1.

V.1.2.H. Tests of computing time on the EGEE testbed using theusual LCG-2 jobs
submission [22 ]

We repesated the same tests of computing time by splitting a radiothergpy smulation in 10, 20, 50

and 100 parts. We launched the jobs on the CCIN2P3 (ccl cgcel i 01.in2p3.fr:2119/

j obmanager - bgs- A) and LPC (cl rce01. i n2p3. fr: 2119/ j obmanager - | cgpbs-1 ong and

cl rce02.in2p3.fr:2119/j obmanager -1 cgpbs-1 ong) EGEE sites. The CCIN2P3 provided

50 dual-processors Pentium %4 and the LPC, 64 dual- processors Pentium 4.

V.1.2.H.1. Influence of the jobs various status times

In order to understand the contribution in the computing time for the various jobs datus, we
compared the time duration of each tatus for different splitting of the GATE smulaion.

We can remark tha for the both stes, CCIN2P3 and LPC, the computing time for the submitted,
waiting and reaedy status are negligible comparing to the other one.

Concerning the CCIN2P3 dte (see Fgure V- 16), the submitted status doesn't overlapp 15%
maximum of the total computing time for dl the patitions. The ready and waiting status count for
15 % and 05% maximum respectivdly of the totad computing time for dl the submissons.
However, we can remark that the scheduled datus is the limiting time for the submission, until 80%
of the total computing time can be spent in the batch queue of the node.
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FigureV-16: Timeper statusfor different smulation partson the CCIN2P3 site.

Concerning the LPC dte (see Fgure V- 17), the tota computing time are globaly shorter than for
the CCIN2P3 dte. The scheduled time can reach 33 % of the totd computing time for 100

partitions.
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FigureV-17: Timeper statusfor different simulation partson the LPC site.

We have shown that the time spent in the Workload Management System (WMS) operations is
negligible comparing to the time spent to wait in the batch queue ystem (Scheduled status) for the
computation. The number of Free CPUs is the limiting factor for the scheduling time and therefore

for the computing time.

V.1.2.H.2. Influence of the jobs global computing times

Figure V- 18 and Table V-3 illudraes the computing time in minutes of a GATE gamulaion
running on a sngle processor Inted Xeon 3.06 GHz locdly and the same smulaion splitted in
10,20, 50 and 100 jobs on the CCIN2P3 ste. In this case the lowest computing time is obtained for
20 jobs running in parald. Concerning the same type of submisson on the LPC gte Fgure V- 19
and Table V-4), the lowest computing time is obtained for the maximum splitting (100 partitions).
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A gan factor of 28.2 is reached for this last submisson that enables the user to run his amulation in
10 minutes ingtead of more than 4 hours on a Single processor.
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FigureV- 18: Comparison of computing time between alocal and a parallel submission on the CCIN2P3 site.
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FigureV-19: Comparison of computing time between alocal and a parallel submission on the LPC site

MNumber of jobs 1 (local) 10 20 50 100
Computation time {in min) 2765 60.8 40.9 53.7 51.8
Speed-up 45 6.3 5.1 53

TableV- 3: Sequential versusgrid computation time on CCIN2P3 site.

Mumber of jobs 1 (local) 10 20 50 1040
Computation time {in min) 276.5 375 226 13.9 9.8
Speed-up 74 12.2 19.9 282

TableV- 4: Sequential versusgrid computation timeon LPC site.

V.1.2.1. Conclusion and future prospects

There have been some remarkable developments in the last few years which have taken the concept
of usng Monte Carlo for dinica trestment planning out of the research lab and into commercid
implementations. This will become an imperative issue in order to have sufficient precison in
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cancer treatments. However, the computing time usng Monte Carlo cdculations must day
comparable to what it is currently with andytica caculations.

It can be seen that the pardldizaiion of Monte Calo smulaions by spliting pseudorandom
numbers generator sequences into a multitude of streams is a ample, rigorous and generic method
(eg it can be gpplied for each Monte Carlo codes used in physics with a pseudorandom number
generator).

The comparison between a locd and a padld computation of some physca results of interest
shows that the output data stay unchanged and therefore vaidate the pardl€lization method used.

The gan in computing time obtained by Solitting the smulations is encouraging. Even if a padld
launching using a consequent number of threads speeds up the computing time, it is not responsble
for the time consumption. The condruction of the geometry in a Monte Calo smulaion and
especidly the CPU load of processors are the limiting factors in reducing time consumption.

Up to now, 1000 status of the pseudorandom numbers generator have been generated and alow the
user to pardldize a smulaion in 1000 jobs. With the CPU resources increesing in future grid
projects, we can expect to reach up to afactor 1000 in order to reduce time consumption.

Theredfter, the development of a convivid tool to plit, launch and retrieve Monte Carlo
amulaions on a grid environment usng a web portd is the answer to the pardldization of Monte
Carlo amulaionsin physics.

V.2. GATE APPLICATIONSON THE GENIUSWEB PORTAL

At the beginning of 2002, the Itdian INFN Grid Project [23 ] Started the GENIUS Porta Project in
conjunction with the Itdian web company NICE gl [24 ]. The god of this collaboration was to
creste a web portd that would overcome dl the difficulties related to the complex command lines
interfaces (CLI1) and the job description language (JDL) that a user encounters when he has to
submit  his application in a grid environment. We will describe firg the architecture and
implementation of the portd, the services offered and to finish the work redized (snce April 2004)
to customize the portd in order to adlow trangparent GATE jobs submisson and management on the
EGEE-LCG?2 infrastructure.

V.2.1. Architecture and implementation of the portal

The GENIUS [25 ] [26 ] web portd is carried out on the top of the middieware services of the
EGEE infrastructure (and before the EU DataGrid Project). The layout of the portal can be
described by athree-tier architecture model, see Figure V- 20.

From the user’s workgation (the client, on the right top on the figure), a web browser is running
(Internet Explorer and Mozilla are the two web browsers compatible with GENIUS) and enable the
access to the EGEE grid infrastructure by having access to the User Interface.

The EGEE User interface (Ul) machine (the server, on the left sde of the figure) runs the Apache
web server, the JavalXML framework EngineFrame developed by NICE and GENIUS itsdlf. From
the User interface viathe porta the user has access to the remote resources:. the Grid.
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FigureV-20: Threetier architecture of the GENIUS portal

Using those sarvices, the user can interact with files on the Ul and from there the user can launch
jobsto the grid and manege the data belonging to his VO membership.
In order to guarantee a secured access to the grid, GENIUS has been implemented with a multi-
layered security infrastructure:
= All web transactions are executed under the Secure Socket Layer (SSL) viaHTTPS
» The user hasto obtain an account on a Ul machine of the grid and be part of aVO.
= At each time a user wants to interact with files on the Ul machine, he is prompted for the
username and password he obtained on that machine.
» When the user wants to interact with the grid (submisson, monitoring, data management,
etc), he hasto create the credentials from aMyProxy server using the command line:

[ mai gne@ri d019: ~] $ myproxy-init -s grid0Ol.ct.infn.it

Your identity: /C=IT/ O=A LDA/ OU=Personal Certificate/L=Laboratoire de
Physi que Cor puscul ai re/ CN=Lydi a MAI GNE/ Enai | =nai gne@l| er nont . i n2p3. fr
Enter GRI D pass phrase for this identity:

Creating proxXy ........ i, Done

Proxy Verify OK

Your proxy is valid until: Thu Apr 21 09:51:11 2005

Enter MyProxy pass phrase:

Verifying password - Enter MyProxy pass phrase:

A proxy valid for 168 hours (7.0 days) for user mmi gne now exists on

gridoOl.ct.infn.it.

To increase the security, usernames and passwords typed on the browser are not saved anywhere,
they are sreamed under the https protocol and then destroyed. The GENIUS portd logs out
automatically if no actions have been done on the web browser for more than 30 minutes to avoid
unwanted accesses, see Figure V- 21.

As the user is authenticated and authorized to use the portd, he can have access to more than 100
functiondities on it, dl the GENIUS sarvices are described in the Usar’s maenud that can be
browsed from the officid ste[27].

In the following, we will concentrate on dl the developments performed for GATE applications.

V.2.2. Encoded functionalites for GATE applications on the Genius web portal

In order to endble a transparent and interactive use of GATE applications on the grid, we have
developed, in joint collboration with the depatment of Physics and Agronomy of the Catania
univergty, dl the functiondities to run GATE smulations on distributed resources, see Figure V-
22.
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Those devdopments are intended to researchers part of the GATE collaboration willing to have
access to large computing resources to run long smulaions but has been desgned dso to answer
the needs of physician and medica physcig in a clinicd gructure (typicdly the Centre Jean Perrin)
to compute dosmetric dudies usng Monte Carlo high precison for specific gpplications, ocular
brachytherapy trestments using ophthalmic applicators of 1°°Ru/*°°Rh are one of them.

We will explain in the following the current and future developments done on the GENIUS portal to
enable a trangparent and convenient access to the grid for GATE applications.

Two informatic languages are used to implement functiondities on the portd:
= Bash coded files endble to define and cdl al the command lines interface needed for the
gpplication, the credtion of files such like scripts, jdls and the interactions with the grid
(submission, monitoring, €etc).
= XML coded files enable the credtion of the buttons and functiondities appearing on the web
portal screen.

V.22 A Test phaseon the GIL DA infrastructure

The functiondities dedicated to GATE applications have first been encoded for the GILDA VO and
infragtructure intended to tutorids and demondrations [28 ]. The Ul hosting the GENIUS portd
was located in Catania (recheable to https//grid-tutor.ct.infn.it) to have accessto the GILDA grid.

GATE has been ingdled in afirg time on each Ste of the GILDA infrastructure.

After some improvements and testing, the GENIUS portd customized for GATE applications has
been inddled on the EGEE Ul of Clermont-Ferrand (rechesble to https//clrglop208.in2p3.fr) to
enable launching and monitoring on the EGEE-L CG2 infrastructure.

In the fallowing we will explan the organisation of the files and the porta functiondities as part of
the BIOMED VO services.

V.2.2.B. Implementation of GATE functionalities

V.2.2.B.1. Thefiles configuration

On the UI, two files locations are used:

The XML fileislocated in

/ opt / geni us/ apache/ ht docs/ bi oned/ under thename bi oned. gri d. xm
The bash files are located in

/ opt/ geni us/ ef / pl ugi ns/ i nf ngri d/ bi n/ bi oned/ under the names.
bi oned. gri d. sh

/ gate/gate.grid.sh

/gate/start_gate_jobs. sh

/ gat e/ tenpl ates/ script.sh

/gate/tenplates/script.sh.lfn
/gate/tenplates/gate_job.jdl.tenplate

[gate/tenpl ates/gate.job.jdl.tenplate. | ast

/ gat e/ Root _macr os/ nerge. C

/ gat e/ Root _macros/ Viewer. C
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Figure V- 21: Screenshot of the web portal Genius. The connexion to the Grid using the user’s MyProxy
Passphrase.
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Figure V- 22: Screenshot of the web portal Genius. GATE applicationsfor biomed VO services.

The gat e. gri d. sh file is in charge to create dl the files needed to submit and compute GATE
amulations on the grid, Figure V- 23 represents the dgorithmic schema of the gate. gri d. sh
file
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FigureV-23: Algorithmic schema of the gategrid.sh file.
V.2.2.B.2. Creation of the GATE files

The Job Settings folder makes gppear to the user a web page enabling the creation of the GATE
files (gate_j ob_settings_create() function), ther removing from the Ul and the jdi files
creation to launch them on the grid for the computation.

Figure V- 24 shows a screenshot of the web page dlowing the creation of the GATE files.

Fird, the user is asked a name of repostory where al the files will be crested in, this
repository is located in the GATE repostory in the user $HOME repository on the Ul
machine. In the case of the user re-uses the same name for a repository, the gat e. gri d. sh
file dlocate automdicdly a number following the name to prioritize the files having the
same name.

Then, the user is asked if a ROOT analysis has to be performed at the end of the smulation.
Effectively, the user has the possblity to run ROOT analyss classes after having recovered
smulations on the Ul to obtain directly on the screen the results on hisograms or graphs.
This gpecific usage has been implemented especidly for ocular brachythergpy trestments,
the output files are merged (ner ge. C file) on the Ul and an andyss file (Vi ewer. C)
enables the production of a histogram as a GIF file that is visudized on the web page.

The files needed to run the GATE dmulations are then required: the materid database file
GaeMateriasdb, the prerunGatemec file, the Root files to andyse results such as
MakeClass.C and .h and other macro files cdled at the execution. Those files have to be put
in the Input Sandbox in the jdl files. A condition test is implemented to check if the input
sandbox is empty.

The Ifn of the medicd image (binary file) if the Smulation use CT data Beforehand, the
usr  will have regisered the binary file on a SE of the grid and replicated it on multiple
Stes.

The mecro file of the usr where al the characteridics of his smulated experiment are
described by command lines. Condition tests are implemented to check if the fidd is empty
or if the macro file has the good extenson (.mec).
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The number of partitions that corresponds to the splitting number of the smulation. For this
olitting especidly, the gat egri d. sh file is in charge of finding the number of particles
emitted in the Smulation, the time of emisson of those paticles and the output file names
cregted in the macro file (for the moment the portal manages acii and root output formats.
In function of the number of partitions, files will be duplicated and the number of particles
emitted in each file is divided. A condition tes is implemented to check if the number of
partitions is between the values 1 and 200.

The datus files necessary to run smulations by usng non overlapping random numbers. A
thousand of random daus files have been crested to launch multiple GATE smulations.
Figure V- 25 shows a direct access to the repository STATUY in the SHOME/GATE/
repodtory offered to the user. A condition test is implemented to check if the number of
files given by the user isequd to the number of partitions.

Findly on the Ul, are created the splitted files: the macro files macrot##.mac, the script files
script#t.sh that will be executed on each node, the required files and the datus files
statust##.rndm.

Prepared template files just need to be completed with the requirements of the user automaticaly by
the portal. Figure V- 26 represents the script template that is modified by the GENIUS porta by
taking into account the parameters of the user to obtain the find script to be submitted on the grid,
see Figure V- 27. The Ifn name or Root andyss are taken into account in the script creation if the
user selectsthose fields.

For a number of partitions equa to four, in the GATE repostory located in the SHOME, we can see

gppear the following sub-directories with a Root analysis required:
$HOVE/ GATE/ Exanpl e_1/ macr o/

macr 0000. nac
macr 0001. mac
macr 0002. nac
macr 0003. nac

$HOVE/ GATE/ Exanpl e_1/ scri pt/

scri pt 000. sh
scri pt 001. sh
scri pt 002. sh
scri pt 003. sh

$HOVE/ GATE/ Exanpl e_1/r equi r ed/

GateMaterial s. db
prerunCGat e. mac
Bat ch000. C

Bat ch001. C

Bat ch002. C

Bat ch003. C

Anal ysed ass000.
Anal ysed ass001.
Anal ysed ass002.
Anal ysed ass003.
Anal ysed ass000.
Anal ysed ass001.
Anal yseCd ass002.
Anal ysed ass003.

$HOVE/ GATE/ Exanpl e_1/ st at us/

st at us0000. r ndm
st at us0001. r ndm
st at us0002. r ndm
st at us0003. r ndm
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FigureV- 24: Screenshot of the web portal Genius.The creation of the GATE files.
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Figure V- 25: Screenshot of theweb portal Genius. The selection of the statusfiles.

V.2.2.B.3. Creation of the JDL files

The second dep is the daboration of the JDL files, see Fgure V- 28, the functions
gat e_make_j dl _next () and gat e_make_j dl () are used. The user is asked a repository name
and the CPU time edimated for each splitted macro. This parameter appears in the requirements
line of the jdl file under the name ot her. G ueCEPol i cyMaxCPUTi ne. The expresson given for
the Reguirements specifies the congraints necessary for a job to run. In our case, a ste hosting the
GATE plaform (VO-biomed-GATE-1.0.0-3) and ot her. @ ueCEPol i cyMaxCPUTi me>Nunber ,
to express that a job requires a leest 100 minutes of CPU time to run. If more that one resource
matches, then the rank is used to determine which is the most desirable resource. To optimize the
submisson, we choose the site with none waiting jobs, if it's not the case, the Stes with the largest
number of free CPUs The jobs will only be submitted to the resources which satisfy these
conditions.

In the jdifiles repodtory are created the JDL files where dl the informations concerning the jobs are
described. The executable, arguments, standard outputs and error, the OutputSandbox, the number
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of retry count, the JobType, the Type, the InputSandbox, the requirements and the rank are
mandatory fidds to launch GATE smulaions. Figure V- 29, Figure V- 30, Figure V- 31 show the
template DL files and thefind JDL file crested by the portd.

#! FpinSsh

¥scTipt for launching GATE simulaticns on the LOGE-EGEE Grid
#imthor: Lydia Maigne

W R T TR SR SRR R R R
T’ Environmont sottings ['rL'
NHEAREER RN AREEURRFH TR FU AN SUEFF EHR R RER R R R TR R
s tame ~f

#list content of EWD

l=s -1 SPWD

solroe ${W0e BIOMED SW DIR)/gate env main. sh

export LD LIBRARY PATH-SLD LIBBAFRY FATH. 5VO BIOHED W DIR/gatesLlib/root
FHHARREAASUARTHUANFOOARFEHFYEAHTHY

#¥ Execution of the simolation #8

W A

S{V0 BICMED SW DIR ) Sgate/bin Linme-qr ¢ /ot e macEs. W

Figure V- 26: Script template (script.sh) to launch GATE simulations

¥ Fbin/Ssh

#5cript for lamching GATE simmlatioms on the OGP -BEGEE Grid
#inthor: Lydia Maigne

EENRE R PR T R R R P R L F D N ]
HHE Enviromment settings HEH
LR A R R R G L E R R L R R T
hos tnama -f

#list content of PRI

1s -1 SPWD

sonroe ${V0 _BIOMED SW_DIE}/ATate env_main.sh

axport LD LIREAREY PATH=S5LD LIRRARY PATH' 5V BIOMED SW DIR/fgate/libS root
PHHANBHRRSARR U AEEH ARSI ARRHR REH#

#d Execution of the simalation #8

S A AR TR R R AR R

(V0 BICHED W DIRF/gate/bin/Linax-g++ /Gate macrold M. mac

root =k Batch(0d.C

la -1

FigureV-27: Script file created automatically by the GENIUS portal from the script template
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FigureV- 28: Screenshot of theweb portal Genius. Thecreation of thejdl files.

Execut able = " /bin/sh";
Arguments = "ARGUMENT STOLCHAHGE =
Stdontpot = "sotd.out"”,

StdError - "std.erxr;

ot put Sandbos =
matd. ok,
=std. exr",
FROTOUTRPOTE M HAHGE

’I.

Betrylomnt = 3

JobType = "normal”;

Type = Jab";

Tupsnt Gandlbsox =
"SURIPTTOCHANGE ™,
"HACEROTOCHANGE
T AT S TOCHANGE

FigureV-29: JDL templatepartl(gate_j ob.jdl . tenpl at e)

e
requirement s = (Member('"VO-biomed-GATE-1.0.0-3" other. GlueHostApplicationSoftwarePimTimeEnvironment )
L& (other . GlueCEPolic waxCPUT ime-MAXCPUTIMETOCHANGE ) )
Rank = (other.GlueCEStateWaitingJobs == 0 Zother.GluelEStateFreaCPUs
—other . GlueCESt ateWaitingJobs) ;
1

FigureV-30: JDL templatepart 2 (gate_j ob.jdl . tenpl ate. | ast)
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Executable = "/hind=h.

Arqameasts = ", Ssoript Wb, shes

Ftddutpat = "std owt'r)

StdEExor = "std. exp"

utpulsandbog = |
shd. cark ",
“abd, sre",
LR . poot ), R alysed 00 roat

]

Batryonnt = 3

JobType = "normal”

Typsx = "Tob"

DupatSandboy = |
TEHOHE /SATE/GATE _demo 1 /scripht fsoript 600, sh=,
"MTME{(M‘B_&mr-_I fmac o macr oDl B, mac ™,
EROE CRTE/GATE_deno L/at atus fetatne B0, radm’,
"RIILI:EEII.\HE-.-'WE_demD_LHreun.r-:d.."Mml-.-se{lnssl}l}ﬂ o”,
"SHOHE GATE/GATE demo 1/required JAnal ysell as =000 h™,
"WHIIMEJLME_M_JJ:WHLIMJE atolybon, C=,
TEHOHE /GATE/GATE demn 1/respired fcatedateor fals . dis™,
"EHLEE.-"I’:AM‘I..-'i.iﬂ'ﬁﬂ_demul_J..-':-.-qu.i.red.g’p-:e: umliat = man '

L

raqiiramnts = (Hemborf “Wi-biomed -GRATE-L. 0. 0-3", other . ¢ luaBeatAgp Licat ionSortwarafun® ineEnv i ronmant )

Lt {otleer. GluelERoLlioykat(PUTime = 1040] §

Eank = {other. GlueCEStateWalt ingfobs == 0 % other & lusCESt ateFrescPls —other  GlusCEstateWalt ingJobs) ;

FigureV- 31: Example of aJDL file created by the GENIUS web portal

V.2.2.B.4. Launching of the simulations on the EGEE infrastructure

The user is now able to launch his jobs created, this functiondity is accessble in the Jobs
Submissons folder. The functions gate_job_submt _next () and
gate_job_submt_match() and gate_job_subnmit() ae cdled with a specid use of
start_gate_j obs. sh filefor the submisson.

The gate_j ob_subm t _next () function enables the choice of the repodtory to launch. The
gate_job _subnmit_match() function dlows the user to sdect the resources or let the Resource
Broker chooses. This function cdls the edg-job-1ist-match command with the current

Resource Broker config file and the current VO config file as arguments.
edg-job-list-match --config ${RB_CONFI G FILE} --config-vo
${RB_VO CONFI G FI LE} file.jdl

Figure V- 32 and Figure V- 33 represent respectively the Resource Broker configuration file and the
VO configuration file, the Resource Broker of the IFAE dte in Spain has been taken as example
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[

zank = = obthar JluelBEftsteBstinatedRasponsaTina;
PeguEliensnti = oather OlesCEStatsttatus == "PFroducticn’ )
BatryCosnt = 3;

ErrarSkatags = " Enp’

OubputStarage = "Jenp/jobOutput™:

ListanarFort = 44000

ListensrStorage = "/tmp”:

LoggingTimeont = 3

LoggingfyneTimeout = 30

Loeggingbsetination = "legebil 1fae, 53002

f Default HS logger level i3 set to ¢ {null)

i max valus ix & Jvary mglyi

Hiboggeiblevsl = O;

Defaultloglntolevel = 4

DefaulbStatuslerel = O

DafaultVe = "biomad®;

1

FigureV- 32: Resour ce Broker configuration file.

Figure V- 34 shows the stes matching the jobs requirements (CE with batch queues). The user has

[

VirtuwalOrganigation = "kiemsd":
Hihddresses = "lageb02? ifas =2:7772";
LEAddresses = "leogrki2 . ifas.es:9000™;
1

Figure V- 33: Resource Broker and VO
configuration file.

the choice to select specific Stes or let the Resource Broker chooses.

IFN GRID Portal

Ty waloome to the GE?

ricrosoft Intermet Explorer

| 3

Eitene

Lnd Erabled wsb eMwrsomers for rpe Independent Urer | ob Subanisaon

RE: ifwe_lcg Wi Eommed
Plemie, selest the O sl leinchs

%’ Eeckmsy 1 Bas

RLS: BIOMED Your Date

GATE Espsatory

il

Spanify the CF Rasoures |Lal b IFAE_| O3 P ietiorei Brot e choids

a1l gid bas g2 11 jobmeanagarogpbst aneid
calll isabeils pimet g 21 1340bmans gepuls-hiored

eheall? o 3 71 TS A e | eyl iy
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Figure V- 34: Screenshot of theweb portal Genius. The choice of the CE resour ces.
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V.2.2.B.5. Job Monitoring and retrieving

To monitor the current status of the group of jobs launched, the Jobs Queue folder offers to
visudize the ID of the jobs with their location, the time when they have been submitted and ther
status (Submitted, waiting, scheduled, running and Done), see Figure V- 35.

Inthe gate_gri d. sh filg inthe gat e_j obs_st at us() function the jobs IDs are in fact copied
in a file in $HOME/GATE/Example 1/.geniusgate job lis $SRUNDATE _$RUNTIME, the date
and time of submission are specified in case of multiple submisson of the same repostory (in this
case Example 1).

Preceded of the https// letters, the edg-job-status command line is gplied on a
job_id_list_input file grouping together the current job IDs. The outputs of each job status are
then placed in a job_id_list_output file and liged in the XML table This table is directly
visuaised by the user on the web page.

The web page containing the datus table is automaticaly refreshed each minute to advise the user
about the gtatus of hisjobs.

When a datus of a job is Done with an Exit code equa to O (to warn the user that the job has
finished without any eror outputs), the job is retrieved on the Ul in the directory
$HOME/GATE/outputs/gate job liss SRUNDATE $RUNTIME. The user is informed about each
job retrieval by awarning on the web page, like it isindicated on Figure V- 36.

In the case of the user choose to andyse his files a the end of each smulation on a node, then he
will have the posshility to visudize directly on the screen histograms or graphics produced. Figure
V- 37 and Figure V- 38 illudrate the outputs visudization of an ocuar brachytherapy treatment.

@Eﬂgﬂ‘ram % -

rid Ennbded we's eMvromnent for site Independent Urer jok Sobaission

Jobs Eervices
0o
B fphs Setings
Johs Ssbmission
Johs Quene

legeoprn 2119 ebmanazer-
lezpbas-biomad

grepsnrm 2 119 ekmanager
Icgphs- bipmod

Figure V- 35: Screenshot of the web portal Genius. Visualisation of the status of thejaobs.
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e -] 3] 3| echersher .
V& netps s cieglsg2 03 in2p3.frf

Erabkag Brigs for
E-sctenin e Europa

Jobs § RE: i r Ginme:d HLS: HIOMED Your Liata Legoul
i3y The Job cutput of ifps A 0egcbd 2. e s SOO0AELDS Dn_dhL A Dbk 1w has been poccesshidy retmewnd i powr HOME
B ok Settings Arectors
Jaks Bukmizsion The Jobr cutpurt o hitpes 0o i) 2. da e es FOOMT VEL Trmug (G 0 3hEC Mt A hns bees ssoos ssfuly retoeved in your HORE
slaks Dlusme drectory
The Job anegod of hitps eg b0 2 dae e SO0 PEGe it o 2dlog has bees soceessfully retnewed m oo HOME directory
The Job sepot of hites emtd 2 dae g FO00T Gl SR st ZAYTFERw has bakn suzeerafily rexieved o yowr HOME
dresey

legeapanan 2119 obmansger-
Jegphs-bigmed

lcpee.psnon: 21193 ohmansger

I Treun (S RhECxhE Leggiha hinasd

lcppo.panr: 21153 obmanaznr-
Irgphs hiamod

Figure V- 36: Screenshot of theweb portal Genius. Retrieval of jobs outputswhen each job hasthe status Done
with an Exit codeO.

:'.'u'n-':-.l e b Hhe GEMILES IMES GRID Portal - Microsoft Intemat Exploner

ecee

& Eniebling Eirigs far
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Joba S boren xiom

Joha Curure

Figure V- 37: Screenshot of theweb portal Genius. Visualization of the output directories.
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Fywielcome to the GEMNIUS IMPS GRID Portal - Microsoft Intemet Explorer s
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] [ T p—————— EEE

Opepinn e

Jobs Bervices
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B Jehs Settings
Jobis Suhmission
Jehe (harse

fi] Tt T S s
Figure V- 38: Screenshot of theweb portal Genius. Visualization of the ocular brachyther apy isodoses.

V.2.2.B.6. Some remarks

More functiondities will be integrated on the portd in anear future.

In a firg time, for the users who don't want to perform any analysis on their output files produced a
the end of the amulaions, we have to implement a function that enable to register the output files
on a SE by giving to the user a logicd file name (Ifn) to have access to for pogt-andyss on the grid
or not.

The data management hasn't been encoded yet on the portd. But, a term, this functiondity should
dlow the management of anonym medicd data by physcss and/or physicians by linking the
anonym information concerning the patient and the dissase in a database to the medica data
registerd on the grid (see Chapter 11. For more details).

The VNC tool [28 ] has been integrated to GENIUS s0 that, usng its Remote Frame Buffer
protocol, users can open their graphic desktops on the Ul machine and do interactive analyss. This
tool could be practica to use to run a medicd data viewer to manipulate images before their storage
on the grid, or andysis datatools.

V.3. DEISA AND EGEE: GATE PILOT APPLICATION ON A JOINT
INFRASTRUCTURE

The collaboration between EGEE and DEISA ams a defining a joint strategy to address the needs
of medicd phydcigs and physcians in dinicd routine [29 ]. At a firg dep, the way to submit
GATE gmulations is under dudy. The padldization technique has to be modified to teke
advantage of the supercomputing infradtructure in order to obtan consequent gan in terms of
computing time and quick access to medicd data. In a second step, the GENIUS grid porta is going
to be customized to dlow job submissons to both infrastructures. The porta functiondities will be
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enhanced in order to dlow submisson to either DEISA or EGEE depending on the jobs parameters
(CPU time consumption, medica data computations...) and the grid Sites’ availaility.

The use of a common application is an example of a plot project where two infrastructure projects
can combine their forces and provide better and more cost-effective sarvice for a user community.
This way a relativey large user community can gain an access to a unique, exceptiondly efficient
set of resources for their time-critical jobs. At the same time, the less urgent tasks can be handled by
more affordable resources that are more reedily available in alarge-scde Data Grid infrastructure.

One of the main chdlenges reated to the usage of grids in clinica routine is the guaranteed
regponse time submisson on supercomputers should be the best dterndive to meet such
requirements.

The IDRIS-CNRS supercomputing centre is the pilot DEISA grid Ste on which GATE platform has
been inddled. DEISA infragructure fully exploits the network bandwidth and offers the posshility
to redigtribute the computationa workload by migrating jobs across different supercomputers.

The submisson moddities are different for pc fams and supercomputers. As there is no massvey
pardld implementation of GATE, the performances on DEISA infrastructure have to be studied in
the near future. Aswdll, the strategy for optimal deployment has to be defined.

GATE has been indaled on the different computers which composed the DEISA infrastructure.
The phase 1 of the AIX super-clugter involves four IBM Powerd platforms (IDRIS, CINECA,
JULICH, RZG Garching)

In a fird time, GATE-1.0.2 and geant4.5.2.p02 have been ingtaled on the IBM SP4 platform and on
CRAY XD1 which will be integrated in the second phase of the project, we adso indaled GATE on
Gl Altix and Origin (inddlation a CINES Montpelier). At each time modifications has been
performed on the Geant4 and GATE codes to compile them on those platforms.

Computing time tests have been performed on single processor on the different platforms. Figure V-
39 shows the computing times obtained for a GATE smulaion between PC AMD athlon (known as
one of the fastest platform to run Geant4 code).

GATE
T

I FC AMD athonfim)
B (5 SPAGINES (32bis)

] BN SP4 IDFIS (o4 bits)
C—J1EM SP4CINEGA (64 big)
201" | 0 3GI ALTIX 3700 CINECA Bd biag] "7 ™= "7 "= ""rmrmmmm e
B =G| ORIGIN 3500 CINES

I CRAY XD GINEGA

12n0%

11h23

Total GPU time in howrs

5ha4

Q

Figure V- 39: Test of computing time obtained on different computer: PC AMD, IBM SP4 (32 bits), IBM SP4 (64
bits), SGI ALTIX 3700 (64 bits), SGI ORIGIN 3800 and CRAY XD1.
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The gan in computing time on IBM SP4 64 hits is inexigert. The CRAY XD1 platform is the more
auitable for Geantd-GATE execution (72 biprocessors nodes available) but will only be integered
on the CINECA site in the second phase of the DEISA project.

It appears after some tedts that Geant4 was the responsible for the very low execution on IBM SPA.
Vey long time is spent in dynamic dlocations in the code, the memory management on IBM SP4
seemsto bein cause.

The Geant4 collaboration has been contacted on this subject, but as the IBM/XIC is not support for
the ingalation of GEANT4 software, the execution time will be hardly reduced.

CONCLUSION

The pardldization of GATE smulations on the grid has shown its efficacy. The results obtained are
very encouraging and let suppose that with the CPU resources increasing in future grid projects, we
can expect to reach up to an increased factor in order to reduce time consumption. Despite the
number of resources, we have to find an optima use of the grid to benefit of the maximum available
computing resources for the caculation. A wdl updated Information System (1S) is one of the key
for an optima submisson. The migration of the jobs to an other Ste if the previous one has faled is
essentia to optimize the rdiability of the grid. In the same way, a migration of the jobs from an
overloaded Ste to a less overloaded one is to envisage if we want to keep a high gain in computing
time. The convivid, transparent and secure job submissons enabled by the GENIUS web portd has
been tested to be apractica tool for a“dinicd routing’” usage.
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General Conclusion

This thess amed a the cregtion of a convivid usage of Monte Carlo smulations in dinica practice
for dosmetry agpplications. The study of these features implied the vaidation of the GATE platform
usng the GEANT physcs libraries for absorbed dose calculations concerning eectrons, particularly
in ocular brachythergpy. It has been decided to exploit a grid architecture functiondities to
digribute our accurate Monte Carlo smulations in order to obtain a sgnificant gain in computation
time to compete with andytic softwares currently used in hospitas for radiotherapy trestment
plannings.

Since 2002, the GATE platform has been used for dosmetry applications in PCSV team. This work
has been encouraged by the creation of two working groups among the OpenGATE collaboration
after the release of the open source GATE package in May 2004: one concerning dosimetry and an
other for cluster/grid processing.

In addition, the involvement of our team and the Laboratoire de Physique Corpusculaire in the
DataGrid and next in the EGEE projects enabled us to propose innovative solutions to reduce the
computation time of our Monte Carlo plaform in order to use it in a clinica practice or hep
researchersin their work.

GATE and a grid infrastructure were the two primary tools to enable the approach of fast and
accurate dosmetry caculations for aclinica practice.

GATE has been first designed to answer the needs in SPECT and PET applications, the idea was to
ded with this plaform for dosmetric studies in brachytherapy and radiotherapy applications. As it
has been demondrated, the primary functiondities of the plaform ae not yet sufficient for a
convivia and dedicated usage of Monte Carlo code for dosmetric studies but are encouragng.

The fird aspect is that geometry encoding is gill restricted to smple predefined volumes that can't
be associated or can't be overlgped between each other which limits the creation of complex
geometries. Then, therés no dedicated system for linear accelerators or radioactive sources
features. Output data of the smulations concern for the moment basc information concerning each
interaction of particles in media such like energy deposited and the podtion of interactions in space.
A necessxy implementation is required to evaduate the dose depodsted in volumes of interest
directly from the amulaion without a post-analyss of data.

Despite those negative points, the GATE platform with its ease of use, proposes or will propose in a
near future atractive and convenient tools for dosmetry. The mgor asset of the platform is the
possibility to import CT images in the smulations to describe patient's body. The encoding of
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parameterised volumes in the platform will improve the tracking of partides in voxdized matrices
representing  tissue heterogeneities. The visudization of such matrices will adso benefit of this
feature.

Vadidation of physc processes encoded in GEANT4 implying eectrons is aso a necessary step to
compete with other Monte Carlo codes such as EGSnrc for which eectron transport has been better
developed with improved energy loss evdudion techniques and correct fictitious discret
interactions.

The dmulation of monoenergetic and polyenergetic eectron dose point kernds usng GEANT4
gandard and lowenergy physics packages and the comparison with other Monte Carlo codes of
interest in the fidd of dosmetric applications has shown discrepancies. Differences between
GEANT4 versons (5.2.p02, 6.2p02 and 7.0.p01) in the smulation of the kernels highlighted the
fact that the multiple scatering implementation was in cause with an inadequate angular
digribution definition. A new implementation of the process is due in the rdesse 80 of the
GEANT4 software.

In a second step, GATE using the standard package of GEANT4 verson 6.2.p02 was tested for
ocular brachytherapy trestment simulations using 1°°Ru!%Rh beta emitter sources. Comparisons of
GATE reaults with other Monte Carlo, measurements and analytic cdculations provided by the
treatment planning software used in clinicd practice showed a good behaviour of the platform for
such dosmetry.

In order to use CT data in GATE smulations, a procedure enabling the corrdation between CT
numbers and tissue parameters (dendty and atomic weights) has been developed and tested. This
sudy has shown a wel determination of the cacium, phosphorus and hydrogen weights in skeleta
tissues. Carbon and oxygen weights in tissues (in particularly soft tissues) are poorly resolved by
means of the CT numbers which imply to find an other dternaive to describe soft tissues, for
exanple usang MRI images. Reaults of GATE cdculations show the impact of aomic weights
definition on dose digtributions from eectron and photon beams.

As the computation time is one the mgor limiting factor for the utilization of Monte Carlo in a
clinica practice, we engaged into Splitting the dmulaions in a grid environment by taking into
account the non reproducibility of the cdculations. To achieve this god, a detaled andyss of the
Random Number Generator used by the GATE plaform was done with an evduation of the
consumption in random numbers for different Smulations in medicd physc fidds As a
consequence, a thousand of independent random number sequences were produced with a suitable
gzein order to fit the duration of Imulations.

We tested how the functiondities offered by a grid infrastructure could answer the needs in
reducing the computation time and dso could fit the requirements imposed by a deployment of
toals for the medicd aff. The DataGrid project was the firg grid infrastructure on which we tested
the pardldization of GATE samulaions usng the independent sequence splitting of the random
number generator. Results concerning computation chalenges obtained during the second year of
the project was very encouraging. We reached up to a speed-up factor of 7.78 by splitting in 20
gmulations, a Smulaion running in more than 2 hours and 30 minutes on a snge 15 GHz
processor. The deployment of GATE dSmulations on the EGEE production grid infrastructure
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improved agan the gain in computation time thanks to the federation of more computing resources.
An important speed-up factor of 28.2 was reached during our tests.

An other mgor development integrated in this thess was the crestion of web services dlowing the
trangparent submisson of GATE smulations in a grid environment. The GATE platform was first
packaged and ingaled on the 20 nodes of the grid hosting the biomed organisation a this date. An
efficient and fast procedure of ingdlation on the grid udng grid middleware functiondities has
been st up. Because of its multi-layered security infrastructure, the web portd GENIUS was
chosen to host the encoding moddities to launch in a trangparent way GATE smulations on the
EGEE infredructure. The functiondities encoded dlow the end user to enter its GATE smulation
and files associated to in order thet it is divided into smaler Smulations by associating independent
random number sequences. The preparation of the necessary files to launch jobs on the grid are
automatically crested in background. The functiondities enadble aso the dlocation of medicd
images to the smulations in the case of cdculations on CT patient data for which GATE is adle to
plan adosmetry.

A firg prototype of the GENIUS web portd (https//clrglop208.in2p3.fr) hosing GATE
functiondities is now avalable usng a secure internet connection and grid certificates. The web
portd is accessble from the Centre Jean Perrin where medicad physcists are able to launch GATE
simulations on ocular brachytherapy using °°Ru/*°°Rh applicators.

We can't conclude a this date that GATE dmulations distributed on a grid environment are used
for dinicd routine trestment planning. To enable such usage in a near future the work performed in
this PhD thesis has to be followed by additiond studies.

Concerning the usage and testing of grid added vadue in the reduction of the cdculaion time for
GATE smulations, some points have to be detailed following this priority order:

= Lage scde grid computing time tests need to be performed to evauate falures and the gain
in time occuring in adaily usage of the grid.

» Alternatives have to be proposed againgt grid bottlenecks that prevent a usage of the GATE
dmulations in clinicad prectice, for example the Resource Broker falures and the
computing resources load baancing.

= Encoding of the management of medica images in the next reeases of the GENIUS web
portd should be studied. Associated to a relational database located at hospita, it would
enable the correlation between metadata related to patient such as the name, the pratician,
the characterigtics of the disease, etc, and anonym medical images registered on the grid.

» A dmplified utilization of the GENIUS web portd should be deveoped to dlow its use by
novice usars. No time should be spent by the medicd physcist or pretician to assmilate the
functiondities proposed by the web portd, its utilization should be as intuitive as required.
For the moment the prototype version has required training course to useit.

205



General Conclusion

Concerning the vdidation of the GATE platform for dosmetry applications

dedicated developments for dosmetric applications in GATE, with the creation of new
systems to define linear accelerators and radioactive sources. Output data concerning dose
deposited should also be implemented to facilitate the usage of the platform.

A vdidation of the GEANT4 accuracy for dogmetric caculaions implying eectrons. The
criteria of comparison of the GATE platform with other Monte Carlo codes for dosimetry
should take into account the avalability, convenience of use flexibility for smulaing
complex detector geometries and experimental arrangements and support and maintenance.
In that way, GATE should be compared with the GEANT rdease 8.0 in a near future
especidly with EGSnrc and MCNP.

a vdidation of the incorporaion of CT data in GATE dmulaions by benefiting of the
transcription of CT numbers into tissue parameters developed in this thess. This work
would deserve a vdidation and a comparison with results obtained in homogeneous medium
to edimate better the influence of dendty and atomic compostion of tissue on dose
digtributions. Ocular brachytherapy treatments would benefit of an accurate location of the
tumour with an dlocation of correct dendty and tissue parameters to uvea melanoma and
some eye structures.
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Conclusion générale

Cete thése a abouti a la crégtion d'une utilistion convivide des smulaions Monte Carlo en
routine dinique pour les applications en dosmétrie. Cette éude a impliqué la vaidation de la plate-
forme GATE utilisant les librairies physiques de GEANT4 pour le calcul de la dose absorbée par
des dectrons, notamment pour la curiethérgpie oculaire. 1l a é&é décidé dexploiter les
fonctionndités d'une architecture de grille pour didribuer nos smulaions Monte Carlo &fin
d obtenir un gain sgnificatif en temps de cdcul de maniére a rivdiser avec les logicid andytiques
actudlement utilisés en centres hospitdiers pour les planifications de traitement en radiothérapie.

Depuis 2002, la plate-forme de smulation GATE a éé utiliste pour des gpplications en dosmétrie
dans I’équipe PCSV. Ce travail a é&é encouragé par la création de deux groupes de travall au sein de
la collaboration OpenGATE apres la parution du premier package dont les fichiers sources ont éé
rendus disponibles en mai 2004 : un concernant les caculs en dosmétrie et le second concernant le
cdeul sur ferme ou grille

De plus, la participation de notre équipe e du Laboratoire de Physique Corpusculaire dans les
projets DataGrid et par la suite EGEE nous ont permis de proposer des solutions innovantes pour
réduire le temps de cacul de notre plate-forme Monte Carlo dans le but de I'utiliser en routine
clinique ou d’ aider des chercheurs dansleur travail.

GATE ¢ I'infragtructure de grille ont é&é les deux outils premiers permettant une approche rapide et
précise des caculs de dosimétrie pour laroutine clinique.

GATE a é¢é dans un premier temps éaboré pour répondre aux besoins en imagerie SPECT et TEP,
mas l'idée é&at dutilisr cete plaeforme égdement pour des éudes dosmériques en
curiethérapie et radiothérapie. Comme il a &é démontré, les premieres fonctionndités de la plate-
forme ne sont pas encore auffisantes pour une utilisstion convivide e dédiée aux éudes
dosmétriques mais sont Néanmoins encourageantes.

L’encodage des géométries dans GATE est restreint a I’ utilisation de volumes géométriques simples
prédéfinis qui ne peuvent ni ére associees ni se recoupés pour créer des volumes complexes. De
plus, aucun syseme n'est dédié pour la moddisation daccdérateurs linéaires ou de sources
radioactives. Enfin, les sorties de données des smulaions tratent des informations Standard
relatives aux interactions des particules dans un milieu comme I'énergie déposée ou les pogtions
dinteractions dans I'espace. Une implémentation est nécessaire pour permettre le cacul de dose
déposée dans des volumes d'intérét directement a I'issue d'une smulation et non plus gréce a une
post-anayse des données.
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En dépit de ces points négatifs, la plate-forme GATE avec sa fadilité d'utilisstion propose ou
proposera dans un futur proche des outils pratiques et interactifs pour la dosmétrie. L’ aout majeur
de la plate-forme est la posshilité dimporter des images scanner dans les smulaions pour decrire
le corps du patient. L’encodege des volumes paramétrés dans GATE permettra le suivi des
particules dans des matrices de voxes représentant les hétérogénéités des tissus. La visudisation
alsfe de ces matrices bénéficieraauss de cette caractéristique.

La vdidaion des processus physiques encodés dans GEANT4 et impliquant les éectrons et une
étape nécessaire pour rivaliser avec d'autres codes Monte Carlo, en particulier EGSnrc pour lequel
le transport des éectrons a éé développé avec une meilleure évauation des techniques de perte
d énergie et desinteractions discretes corrigées.

La smulaion de point kernd déectrons mono-énergétiques et poly-énergétiques utilisant les
packages standard et basse énergie de GEANT4 ans que la comparaison avec d autres codes
Monte Carlo d'intéré dans le domaine des applications dosmétriques ont montré des différences.
Les différences entre les versons de GEANT4 (5.2.p02, 6.2.p02 et 7.0.p01) dans la smulation des
points kernels a mis en évidence le fat que I'implémentation de la diffuson multiple &at en cause
avec une définition inappropriée de la digribution angulaire. Une nouvele implémentation de ce
processus est prévue pour laversion 8.0 du logiciel GEANTA4.

Dans un deuxieme temps, GATE utilisant le package standard de la version 6.2.p02 de GEANT4 a
éé teté pour des dmulations de traitement de curiethérgpie oculaire utilisant des sources de
106RW106Rh émettrices béta. Les comparaisons des résultats obtenus avec GATE et dautres
cdculs Monte Carlo and que des mesues e des cdculs andytiques fournis par le logicid de
planification de traitement utilise en routine clinique, ont montré un bon comportement de la plate-
forme pour ce type de dosimétrie.

Dans le but dutiliser des données scanner dans les smulations GATE, une procédure a éé
développée et testée pour permettre une corrdation entre les nombres Hounsfield et les paramétres
tissulaires (dendté et poids aomiques). Cette éude a montré une bonne déerminaion des
composes cacium, phosphore et hydrogene dans les tissus osseux. Les composés carbone et
oxygene dans les tissus (en paticulier les tissus mous) sont ma quantifiés au moyen des nombres
Hounsfidd ce qui implique de trouver une autre dternative pour décrire les tissus mous, par
exemple en Sadant des données de I'lRM. Les smulations GATE rédisées montrent I'impact de la
définition des composés aomiques sur les digributions de dose causées par des faisceaux de
photons et d’ éectrons.

Comme le temps de cdcul ex un des facteurs mageurs limitant I'utilisation du Monte Carlo en
pratique clinique, nous nous sommes engages a divisr les smulations dans un environnement de
grille en prenant en compte la non reproductibilité des cdculs. Pour ateindre ce but, une andyse
détaillée du générater de nombres déetoires utilisé par la plate-forme GATE a éé effectuée avec
une évaudion de la consommaion de nombres déatoires pour différentes smulations dans les
domaines de la physque médicale. En conségquence, mille sequences de nombres pseudo-aléatoires
de taille suffisante pour correspondre avec la durée des smulations réalisées, ont éé produites.
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Nous avons testé comment les fonctionndités offertes par la grille pouvaient répondre aux besoins
de réduction du temps de cacul et auss au déploiement d outils pour une équipe de soin médicae.
Le projet DaaGrid a mis en place la premiere infrastructure de grille sur laguelle nous avons testé
la pardldisation des smulations GATE en utilisant des séguences indépendantes du générateur de
nombres déatoires. Les résultats concernant les chalenges impliqués par de tels cdculs ont éé
encourageants durant la deuxieme année du projet. Un gain de 7.78 a &é atteint en divisant une
smulation se déroulant en plus de 2h30 sur un smple processeur de 1.5GHz en 20 smulations. Le
déploiement des smulations GATE sur l'infragtructure de grille de production EGEE a amédioré
encore ce gain grace a la fédération de plus importantes ressources de calcul. Un gain maximum de
28.2 aéé atteint durant nos tests.

Un autre développement magjeur intégré dans ce travail de these a éé la création de services web
permettant la soumisson trangparente de smulations GATE sur un environnement de grille La
plate-forme GATE a é&é tout d'abord packagée et ingtalée sur 20 noauds de la grille accuellant
I'organisation biomed a ce jour. Une procédure dinddlation rapide et efficace utilisant les
fonctionndités de I'intergiciel de grille a &€ mis en place. Gréce a son infragructure de securité
«multi-couches », le portall web GENIUS a éé chois pour accueillir les modalités pour soumettre
de maniére trangparente, les smulations GATE sur I'infrastructure EGEE.

Les fonctionndités encodées permettent a I'utilisateur find de diviser sa smulation and que ses
fichiers associés en de plus petites Smulations en associant a chacune d'dle une séquence de
nombres aéatoires indépendante. La préparation des fichiers nécessaires pour le lancement des jobs
ar la gille sont automatiquement crées en ariere plan. Les fonctionndités permettant une
dlocation d'images médicdes aux smulaions dans le cas d'une planification de traitement utilisant
desimages scanner avec GATE sont disponibles.

Un premier prototype du portal GENIUS accuellant les fonctionndités pour GATE
(https.//clrglop208.in2p3.fr) est a présent disponible en utilisant une connexion internet securisée et
des cetificas dauthentification pour I'accés a l'infragtructure de grille. Le portal web et
accessible depuis le Centre Jean Perrin ou des physiciens médicaux sont cgpables de lancer des
smulations GATE pour des tratements de curiethérapie oculaire utilisant des applicateurs de
106RW/106Rh.

Nous ne pouvons pas conclure a ce jour que les smulations GATE sont utilistes pour la
planification des tratement en routine dinique gréce a I'environnement de grille de cdcul. De
maniere a permettre une tele issue, le travail commencé au cours de cette these doit ére poursuivi
par des études additionndlles.

Concernant |'é&ude des performances de la vaeur goutée de la grille sur la réduction des temps de
cdcul des smulations, d’ autres points sont a étudiés suivant cet ordre de priorité :

» Des teds de temps de cacul a plus grande échelle sont nécessaires pour évauer les limites
ang que le gain pouvant ére obtenus par une utilisation journdiére delagrille.
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Des dternatives doivent ére trouvées contre les goulots d éranglements inhérent a la grille
pour une utilisation de GATE en routine dinique, nous pouvons citer a titre d' exemple les
inconvénients du Resource Broker et la distribution de la charge sur les ressources de calcul.

Les fonctionndités concernant la gestion des images médicdes sur grille devraent ére
encodées au niveau du portail web GENIUS. Associées a une base de données relationnelles
locdiste en centre hospitdier, la corrélation entre les méadonnées relatives au patient,
comme le nom du patient, du praticien, les caracté&ristiques de la maadie, etc, et les images
meédicaes anonymes enregistrées sur lagrille.

Une utilisation plus damplifiée du portal GENIUS devrat ére mise en place pour les
utilisateurs novices. 1l et a prohiber une utilisation du portall qui ne serait pas la plus
intuitive possble. Jusgu'a présent, I'utilisation du portail web a nécessté de cours pour
gpprendre son fonctionnement.

Concernant la vaidation de la plate-forme GATE pour les applications en dosmétrie :

Des développements dédiés pour effectuer des éudes dosmériques avec GATE sont
nécessaires, de nouveaux systemes aidant a la moddisaion d accdérateurs linéaires et de
sources radioactives scellées sont a pourvoir. Les sorties de données reatives aux dose
déposées devraient étre implémentées.

Une vdidaion du logice GEANT4 pour les applications en dosmérie utilisant les
électrons doit ére poursuivie. De plus, les criteres de choix de la plate-forme GATE en
comparaison d'autres Monte Carlo devront se basr sur son accesshilite, sa fadlité
d utilisttion, sa flexibilité a smuler des géométries de détecteur complexes, des procédés de
mesures expérimentales and qu'un support e une mantenance du code Dans cette
perspective, GATE asocié a la verson 8.0 de GEANT4 devrait ére comparé avec EGSnrc
et MCNP.

Une vdidaion concernant I'incorporation d'images scanner dans les smulations GATE doit
ére fate en bénéficiant de la transcription des nombres Hounsfield en parametres tissulaires
effectuée au cours de cette these. Ce travail servirait de vaidation et de comparaison avec
des résultats obtenus en milieu homogene pour mieux esimer I'influence de la dengité et de
la compogtion aomique des tissus sur les didributions de dose. Les tratements de
curiethérgpie oculaire béenéficieraient en outre d'une meilleur locdisgtion de la tumeur avec
une alocation correcte de la dengité et des paramétres tissulaires des méanomes de |'uvée et
des structures oculaires.
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Figure I- 1. Smplified schema of the eye anatomy

Figure |- 2: Fundus of patient’s eye

Figure - 3: Fundus image of a choroidd meanoma

Figure - 4: Ocular echography of a patient

Figure I- 5: Echography image of an ocular melanoma

Figurel- 6: Frontd view of apatient eye obtain with MRI (choroida melanoma)
Figurel- 7: Sagittal view of a patient eye obtained with MRI (choroida melanoma)
Figure |- 8: Decay scheme of 106RW/106Rh nuclide

Fgure |- 9: Beta spectrum of 106Rh

Figure |- 10: Scheme of an ophthamic applicator

Figure I- 11: Photos of some 106Ru/106Rh ophthalmic applicators

Figure |- 12: 16 types of Ru-106 ophthamic plaques. The radioactive areais marked hatched.

Figurel- 13: COMS iodine-125 ophthalmic applicators

Figure |- 14: lodine-125 seedsin a COMS ophthalmic applicator.

Figurel- 15: Encgpsulation of theiodine-125 seedsin a COMS applicator

Figure I- 16: Ocular nozzle and proton beam line schema of the Nice hadrontherapy platform.
Figurel- 17: The ocular nozzle

Figure l- 18: NIST WT1 solid phantoms used for depth dose measurements.

Figurel- 19: NIST WT1 solid phantom with different cap heights used for the concave
ophthamic applicators.

Figure I- 20: RM1457 solid water phantom and GAFCHROMIC MD-55 film,

Figure I- 21: Eye contours, position and Size determination on a CT image with Plague
Smuléor.

Figure |- 22: Patches indgde an ophthalmic gpplicator.

Figurel- 23: Theanglef used to cadculate F(r,f) is defined as the angle between a vector n
originating at the effectivecenter ¢ of a patch and directed towards the center of the sphereto
which the gpplicator conforms, and a vector from c to the dose caculation point p. risthe
distance between ¢ and p.

Figure |- 24: Plotted equations of the geometry factor G(r) over the range O to 8mm. The
solid lineisthe inverse square function (Equetion |- 12) and the dashed lineis the linear
function (Equation |- 13) for the modd CCB applicator with crossover distance xn=1.65 mm
and dope m=2.

FigureI- 25: Centra axis measurements entered in the Plague Simulator treetment planning
system.

Figure |- 26: Surface measurements entered in the Plague Smulator trestment planning
system.
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Figure |- 27: Prescription window. The date of the plague insertion and the date of the plague
remova arefixed to obtain 500 Gy a 1 mm in depth on the central axisusing a CCA
applicator.

Figure |- 28: 1sodoses obtained with Plaque Simulator with a CCA gpplicator.

Figure Il- 1. Evolution of the EGEE middieware

Figurell- 2: gLite sarvices

Figurell- 3: Job flow in EGEE

Figure ll- 4. DM2 interface between medica imagers and the grid

Figurelll- 1: Network image transfer with the DICOM standard
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Figure Il1- 4: Interfile 3.3 key-vaue pairs describing a binary image deata.

FHgure 111- 5: Bytes encoding for Little and Big Endian moddlities.

Figurelll- 6: Allocation and storage of datain pixelsin DICOM3 standard

Figurelll- 7:Flerangedat defining the transcription of binary number ranges into materias.
Figure Il1- 8: Schema of the classes implied in the creation of a ReplicaMatrix

Figure I11- 9:Schema of the dlasses implied in the visudisation of the ReplicaMatrix

Figure l11- 10: Principle of geometrical importance sampling: the cdls on the left have half
importance the cdlls on the right. Figure (8): the track is splitted in two tracks with half the
weight. Figure (b): Thetrack is either deleted or its weight is doubled after surviving Russan
Roulette.

Figurelll- 11: Smple importance map configuration for awater phantom and asingle
SPECT detector head.

Figurelll- 12: Visudization of the collison of a photon with the collimator and the
backscatter particles created.

Figurelll- 13: Smple particle history with branching: “v” indicates a geometrical importance
lit while*p” indicates aphysica split. All tracks are numbered according the numbering
rulesin GEANT4

Figure I11- 14: Two physicaly possible branches from the right side of Figure 111- 12.
Figure I11- 15: Three physcdly possible branches from the left Sde of Figurelll- 12.
Figurelll- 16: Fle“info.visu” describing the medicd data: name of the imagetranscription
file, number of voxds and their dimensions

Figure I11- 17: Screenshot of the C++ module enabling the visudisation of medicd data. On
the left part, the dialogue screen enable the user to manage the image. On the right part the
creen of visudisation

Figurell1- 18: Range of materias between 19 and 80 H visuaized in red color by the Linux
viewer.

Figure l11- 19: Range definition

Figurelll- 20: ESTAR: Stopping Powers and Range Tables for Electrons

Figure I11- 21: Goodness-of-Fit test results concerning the electron stopping power plotted as
afunction of the aomic number Z of the selected elements (Standard: black diamonds, Low
Energy EPDL : black squares, Low Energy Penelope approach: empty circles). All the p-
vaues obtained are higher than the confidence leve set (a= 0.05).

Figure l11- 22: Comparison of GATE_G4 versons calculated dose point kernels for 50 keV
electrons with EGSnrc (Mainegra), EGS4 (Simpkin and Mackie), ACCEPT (Cross) and
MCNPA4c.

Figure I11- 23: Comparison of GATE G4 versons calculated dose point kernels for 100 keV
electrons with EGSnrc (Mainegra), EGS4 (Simpkin and Mackie), ACCEPT (Cross) and
MCNPA4c.

Figure I11- 24: Comparison of GATE_G4 versions cdculated dose point kernelsfor 1 MeV
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electrons with EGSnrc (Mainegra), EGS4 (Simpkin and Mackie), ACCEPT (Cross) and
MCNP4c

Figurell1- 25: Comparison of GATE G4 versons caculated dose point kernelsfor 2 MeV
electrons with EGS4 (Smpkin and Mackie), ACCEPT (Cross), ETRAN (Sdtzer) and
MCNP4c

Figure ll1- 26: Comparison of GATE_G4 versons cdculated dose point kernelsfor 3 MeV
electrons with EGS4 (Simpkin and Mackie), ETRAN (Seltzer) and MCNPA4c

Figurelll- 27: Comparison of GATE_G4 versons caculated dose point kernelsfor 4 MeV
electrons with ACCEPT (Cross), ETRAN (Sdltzer) and MCNP4c

Figurelll- 28: Relative errors calcuated between GEANT4 versons for 100 keV eectron
dose point kernel

Figure I11- 29: Relative errors cdculated between GEANT4 versions and MCNPA4c (Schaart)
for 100 keV eectron dose point kernel

Figure ll1- 30: Relative errors calculated between GEANT4 versonsfor 1 MeV dectron
dose point kernel

Figurelll- 31: Relative errors calculated between GEANT4 versions and MCNPA4c (Schaart)
for 1 MeV dectron dose point kernel

Figurelll- 32: Rdative errors calculated between GEANT4 versons for 2 MeV dectron
dose point kernel

Figurelll- 33: Relative errors calculated between GEANT4 versions and MCNPA4c (Schaart)
for 2 MeV dectron dose point kernel

Figure I11- 34: Relative errors caculated between GEANT4 versonsfor 3 MeV dectron
dose point kernel

Figure I11- 35: Relative errors cdculated between GEANT4 versions and MCNPAc (Schaart)
for 3 MeV dectron dose point kernel

Figure ll1- 36: Relative errors calculated between GEANT4 versonsfor 4 MeV eectron
dose point kernel

Figure Il1- 37: Relative errors cdculated between GEANT4 versions and MCNPAc (Schaart)
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Figure 111- 38: Comparisons of the GEANT4 versons concerning calculations of a4 MeV
dose point kernds usng GEANT4 programs.

Figure I11- 39: Comparison of the GEANT4 electromagnetic packages on 4 MeV eectron
dose point kernels.
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large volume of water.

Haure I11- 41: Influence of the cut value on 4 MeV dectron dose point kernels calculated in
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Figure I11- 42: OpenGL view of the setup and particles smulated to study the Multiple
Scattering in GEANTA4.

Figure l11- 43: Angular digtributions of 4 MeV dectrons tranamitted through awater foil of
1.02 mm. Comparisons between 6.2.p02 and 7.0.p01 versions.

Figure I11- 44: Angular digtributions of 4 MeV dectrons tranamitted through awater foil of
1.02 mm represented with alogarithmic scale. Comparisons between 6.2.p02 and 7.0.p01
versons.

Figure I11- 45: Projected angle on the'y direction of 4 MeV dectrons transmitted through a
water foil of 1.02 mm. Comparisons between 6.2.p02 and 7.0.p01 versions.

Figure I11- 46: Projected angle on the y direction of 4 MeV dectrons transmitted through a
water foil of 1.02 mm represented with alogarithmic scale. Comparisons between 6.2.p02
and 7.0.p01 versions.

Figure l11- 47: Transmitted energy spectrum of 4 MeV dectrons through a 1.02mm water
foil. Comparisons between 6.2.p02 and 7.0.p01 versions.

Figure I11- 48: Dose rate in water per distance squared from a 106Rh beta spectrum as
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Abstract

Although often quite time consuming, Monte Carlo method is the calculation algorithm that most
closely models the actual physics of the energy deposition process. Theideaisto use Monte Carlo
calculations in daily cancer treatment using radiation to compete with treatment planning systems
(TPS) in thedelivering of absorbed dose to tumour for specific treatments. To achieve this goal, two
points have been particularly studied in this thesis: the validation of the GATE platform for
dosimetry applications using electrons, with a specific study concerning ocular brachytherapy
treatments using ‘°Ru/*Rh ophthalmic applicators and the deployment of GATE simulationsin a
grid environment to reduce the very high computation time of those simulations.

M onoener getic and polyener getic electron dose point ker nelshave been simulated usingthe GATE
platform and compared with other Monte Carlo codes. Three versions of the GEANT4 physics
package have been used for the comparisons (5.2, 6.2 and 7.0). Results show that the Multiple
Scattering implementation is responsible for the discrepancies observed between the codes.
Simulationsof ocular brachytherapy treatmentscompared with M onte Carlo and measur ements show
a good agreement. The transcription of Hounsfield units from CT images of patient’s anatomy to
tissue parametersisthe other work presented for a next usage of GATE on voxelized images for
personnalized dosimetry. The DataGrid and then the EGEE infrastructures were used to deploy
GATE simulationsto reduce their computation timein order to usethem in clinical practice.
Themethod used to parallelizethe GATE simulationsisthe splitting of therandom number gener ator
(RNG) intoindependent sequences. Computingtimetestsperformed on thegrid testbedsshowthat a
significant speed-up isobtained. Functionalitiesto split, launch and monitor GATE simulationson a
grid infrastructure have been implemented on the GENIUSweb portal. A first prototypeof thisportal
is accessible from hospital to use the accurate Monte Carlo algorithmsin a transparent and secure
way for ocular cancer treatments.

Keywords. GATE, GEANT4, EGEE, grid, Monte Carlo simulations, dosimetry, ocular brachyther apy,
CT numbers.

Résume

Bien que souvent assez consommatrice en tempsde calcul, laméhodeMonteCarloest I'algorithmede
calcul qui modéliseau pluspreéslaphysiqueliéeaux processusdedépbtsd’ énergie. L’ idéeest d’ utiliser
les calculs Monte Carlo dansletraitement quotidien du cancer par rayonnement pour rivaliser avec
lessystemesde planification detraitement (TPS) existantsdans lebut dedélivrer unedoseabsorbéea
la tumeur pour des traitements spécifiques. Pour atteindre cet objectif, deux points ont été
particulierement étudiésau coursdecettethese : lavalidation delaplate-formedesimulation GATE
pour desapplicationsen dosimétrie utilisant desélectrons, une étude particuliéreest faite concer nant
lestraitementsde curiethérapie oculaire utilisant desapplicateur sophtalmiquesde 106Ru/106Rh, et le
déploiement dessimulations GATE dansun environnement degrille pour réduirelestempsdecalcul
tres élevés de ces simulations.

Des pointskernels de dose d’ électr ons mono-éner gétiques et poly-éner gétiquesont étésimulésen
utilisant la plate-forme GATE et compar ésad’ autrescodesMonte Carlo. Troisversionsdespackages
de librairies ont été utilisées pour les comparaisons (5.2, 6.2 et 7.0). Les résultats montrent que
I'implémentation dela diffusion multiple est responsable desdifférences observéesentrelescodes. Les
simulations de traitements de curiethérapie oculaire compar ées avec d’autres Monte Carlo et des
mesur esmontrent un bon accord. Latranscription desunitésHounsfield, apartir desdonnées scanner
sur I’anatomie du patient, en parametrestissulairesest I’ autre étude présentée pour une utilisation
prochainede GATE sur desimagesvoxeélisées pour ladosimétrie personnalisée. Lesinfrastructures
des projets DataGrid puis d’EGEE ont été utilisées pour déployer les simulations GATE afin de
réduire leur temps de calcul dansle but delesutiliser en routine clinique.

Lameéthode utilisée pour paralléliser lessimulationsGATE est ladivision du générateur denombres
aléatoires (RNG) en séquencesindépendantes. Destestsdetempsde calcul r éaliséssur desbancstests
de grille montrent qu’un gain significatif est obtenu. Les fonctionnalités pour diviser, lancer et
controler lessimulations GATE sur uneinfrastructuredegrille ont étéimplémentées sur le portail
web GENIUS. Un premier prototypedeceportail est accessiblea partir d’un centrehospitalier pour
I"utilisation delaprécision desalgorithmes M onte Carlo demaniéretranspar ente et sécuriséepour des
traitements de cancer del’cal.

Mots clés: GATE, GEANT4, EGEE, grille de calcul, simulations Monte Carlo, dosimétrie,
curiethérapie oculaire, nombres Hounsfield.





