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Abstract

Abstract

To optimize the monitoring of female workers using/ivo spectrometry measurements, it is
necessary to correct the typical calibration coedfits obtained with the Livermore male
physical phantom. To do so, numerical calibratidtased on the use of Monte Carlo
simulations combined with anthropomorphic 3D phargovere used. Such computational
calibrations require on the one hand the developraErepresentative female phantoms of
different size and morphologies and on the otherdheapid and reliable Monte Carlo
calculations. A library of female torso models wesice developed by fitting the weight of
internal organs and breasts according to the badghh and to relevant plastic surgery
recommendations. This library was next used toizeah numerical calibration of the
AREVA NC La Haguein vivo counting installation. Moreover, the morphologguced
counting efficiency variations with energy were mib equation and recommendations were
given to correct the typical calibration coefficierfor any monitored female worker as a
function of body height and breast size. Meanwhilariance reduction techniques and
geometry simplification operations were consideedccelerate simulations.

Furthermore, to determine the activity mapping hie tase of complex contaminations, a
method that combines Monte Carlo simulations wiitlvivo measurements was developed.
This method consists of realizing several specttpnmaeasurements with different detector
positioning. Next, the contribution of each contaated organ to the count is assessed from
Monte Carlo calculations. Th@ vivo measurements realized at LEDI, CIEMAT and KIT
have demonstrated the effectiveness of the methddchghlighted the valuable contribution
of Monte Carlo simulations for a more detailed gg@l of spectrometry measurements. Thus,
a more precise estimate of the activity distributis given in the case of an internal
contamination.

Key-words: in vivo monitoring, numerical calibrations, deformable ipioans, variance
reduction, activity mapping.
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Résumé de la these

Introduction

L’anthroporadiamétrie (mesurés vivo) est une méthode de surveillance des travailleurs
exposes a des risques de contamination internpegmet une estimation rapide et fiable de
I'étendue, la nature et I'activité des radionuodsidncorporés afin d’optimiser le traitement
de décontamination. Dans le cas des mesuares/o, il s’agit d’optimiser I'étalonnage des
systémes de comptage qui, dans la pratique, se fh#tide de fantbmes physiques d’'un
réalisme anatomique limité. En effet, ces manneqwont dotés d’'un nombre restreint
d’'organes pouvant étre chargés et ne permettent@agproduire la distribution souvent
hétérogene des radionucléides incorporés. De ptus, le personnel féminin, a ce jour aucun
fantbme physiqgue féminin n'a été développé pouréiedonnages anthroporadiamétriques.
Pourtant, I'atténuation supplémentaire des radiatipar les poitrines est I'un des facteurs
majeurs a prendre enompte lors du calcul des coefficients d’étalonnagesi les
étalonnages numeériques, basés sur les simulatimmeMCarlo et l'utilisation de fantdbmes
anthropomorphes numériques, ont été proposés poutlicger la surveillance des
travailleuses du nucléaire.

Par ailleurs, les simulations Monte Carlo nécessii@e puissance de calcul importante. Des
clusters dédiés aux simulations Monte Carlo sontarament utilisés pour réaliser le calcul.
Cependant, dans certaines conditions d’'urgenaésldtat du calcul peut étre nécessaire dans
les plus brefs délais pour effectuer le geste gppral’intervention ou de décontamination.
Des simulations rapides et fiables sont donc regui®ut en maintenant des résultats
statistiguement corrects.

Enfin, la gestion des cas complexes de contammaiterne reste délicate pour les plaies
contaminées et pour les cas ou trés peu d'infoonatsont disponibles sur le nombre, la
nature et la distribution des radionucléides inoogp. Ainsi, I'efficacité des mesures
anthroporadiamétriques reste limitée pour détermianeepartition précise de I'activité. Les
modeles biocinétiques apportent une réponse garéie@le probleme puisqu’ils sont trés
difficilement vérifiables et parce gu’ils ne tiemmen aucun cas compte des particularités et
du métabolisme de I'individu concerné. La mise ewvm@des calculs Monte Carlo associés
aux mesures in vivo représente une méthode trésgiteuse pour déterminer la cartographie
d’activité a la suite d’'une contamination interne.

Ce travail de thése a été entrepris avec les dfsjsctivants :

= Développer une librairie de fantdmes féminins elisant des formats 3D flexibles
telles que les Mesh et les NURBS,

= Réaliser un étalonnage numeérique des installatdottgoporadiamétrie d’AREVA
NC pour le personnel féminin et ainsi corrigerdesfficients d’étalonnage typiques
obtenus avec le fantdme physique masculin Livermore

= Etablir une équation décrivant les variations @éitacité de comptage en fonction de
la morphologie féminine et formuler une méthodmpe a mettre en place en
pratique, pour une correction systématique dedicaefts d’étalonnage pour chaque
personne surveillée par le service médical d’ARB\B,

= Améliorer I'efficacité des simulations Monte Cagar le biais des méthodes de
réduction de variance et par la simplification @gé&ométrie du fantdbme,
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= Associer le calcul Monte Carlo aux mesures anthagiamétriques pour améliorer la
prise en charge de cas de contaminations compééxe® détermination précise de la
répartition d’activité dans le corps.

1. Création d’une librairie de fantdmes thoraciqguegéminins déformables

La création de fantdbmes numériqgues anthropomorphasdiés aux applications
dosimétriques, fait appel a deux types de repratiens. La « Constructive Solid Geometry »
(CSG) comprend les modeles mathématiques et véseliSes derniers sont directement
dérivés d’'images médicales et sont donc d’'un gnaalisme anatomique. Cependant, la
construction de fantdbmes voxelisés est colteugereps et le modéle final est difficilement
modifiable. Ainsi, les formats 3D graphiques utilis la représentation « Boundary
Représentation » (BREP) ont été introduits pour pande flexibilité permettant ainsi la
production de fantdmes anthropomorphes adaptés dasimétrie personnalisée. Un modéle
féminin déformable de base a ainsi été modélisenskal représentation BREP. Ensuite, a
partir de ce modéle, le développement d’une lirale fantdbmes féminins a été réalisé par la
déformation des surfaces Mesh et NURBS.

1.1. Création d’'un fantéme féminin de base en géorni BREP

Pour ce travail, un modele 3D féminin déformablété créé a partir du nouveau fantome

voxelisé de référence de la CIPR 110 (ICRP 20lfésentant la femme adulte de référence
(Figure 1 (a)). Ainsi, une procédure écrite en &gegyinteractive Data Language (IDL) a été

utilisée pour transformer les grilles de voxelgrésentant un organe donné, en surfaces
Mesh de ce méme organe (Figure 1 (b)). Les surfdessseins et du contour externe du

thorax ont été par la suite importées dans le ilelgithinocéros 3D pour étre transformées en

surfaces NURBS (Figure 1 (c)).

Figure 1. Etapes de création d’un fantéme au format BRE®&rtr mle modéles voxelisés.

1.2. Variation de la taille et de la morphologie de@ modeles

Le fantdme féminin de base a été ensuite déforinédafvarier sa morphologie pour couvrir
une population étendue de travailleuses a travees librairie de 24 thorax féminins
développée aux formats Mesh (les organes integi@d$))RBS (seins et contour externe). Les
variations morphologiques comprennent la variationbonnet, du tour de poitrine et des
organes internes.

1.2.1. Variation du bonnet

Lors de la création de la librairie de fantdmesnksse des seins a été reliée au tour de thorax
et au bonnet en suivant les recommandations deiafiptes de la chirurgie plastique
(Regnault et al. 1972, Berger and Lane 1985, Setithl. 1986, Pechter 1998, Warren et al.
2007). La méthode consiste a déplacer manuelletesnpoints de contrble des surfaces
NURBS afin de faire varier la taille et la morphgi® de la poitrine (cf. Figure 2). Pour un
tour de thorax donné, la taille de poitrine a étifiée par I'ajout de la méme quantité de
tissu adipeux pour chaque changement de bonnet eomabommandé par Turner et Dujon
(2005). La morphologie des seins a été modéliséeosition couchée, position des mesures
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anthroporadiamétriques, et a été adaptée pour einhell positionnement des seins sur le
thorax sous l'effet de la pesanteur. Plus la taifle poitrines est grande, plus il est difficile de
les modéliser et de les positionner correctemeniestinorax en position couchée de sorte que
le réalisme anatomique peut étre biaisé. Cepentlaidyme des seins peut devenir encore
plus complexe quand la position (assis/deboutyel’au I'origine sont pris en considération
(Fabié et al. 2006).

Figure 2. Visualisation sous Rhino 3D de la variation déaifie et de la morphologie des poitrines a travers
I'utilisation des points de contrdle des surfacéfiRBS.

1.2.2. Variation du tour de poitrine

Le tour de poitrine, tel gu'’il est défini par le @dé Européen de Normalisation (CEN 2004),
est calculé par la mesure de la circonférence diaxhjuste en dessous de la poitrine. Il est
désigné par des nombres clés représentant degailtesrde 4 cm centrés en 70, 75, 85, 95 et
105 cm pour respectivement un tour de poitrine €98, 100, 110 et 120. La modification
du tour de poitrine a été réalisée en considérastimtervalles et en utilisation le logiciel
Rhinocéros de modeélisation 3D (tridimensionnel)r Bgemple, pour passer d’'un tour de
poitrine de 90 a un autre de 85, une contraction(@Dite-gauche et antérieur-postérieur)
avec un coefficient de 0,93 (70/75) a été appliquée

1.2.3. Variation des organes internes

Une étude bibliographique a été réalisée pour rnevdif taille des organes internes en
identifiant les corrélations existantes entre léun® de ces organes et certains parametres
externes comme le sexe, I'age, la taille, I'indaee masse corporelle, etc. (Clairand et al.
2000, de La Grandmaison et al. 2001). La corréidiitéaire entre la masse pulmonaire et la
taille totale du sujet, identifiée par Clairandakt(2000), a été retenue pour cette étude. Pour
les fantdbmes de tour de poitrine de 85 et 90, larme des organes internes est le méme que
dans le modéle féminin thoracique de base (90B¥que& ces modeéles représentent des
femmes de méme taille. Pour les fantdmes de topodene de 100, 110 et 120, cependant,
la taille du modele a été considérée comme repiasienn sujet de 1,82 m. Par conséquent,
un coefficient d’augmentation de masse de 1,3 aceisidéré pour le cceur, le foie, les
poumons et les os suivant les recommandations deaGdl et al. (2000). Le volume des
organes internes a été modifié en utilisant leciegiRhinocéros 3D et des opérations de
dilatation dans les trois directions. La dilatatida tous les organes a été effectuée en
choisissant la méme origine afin de conserverdalage des organes les uns par rapport aux
autres.

2. Etalonnage numérigue du systeme de mesure dARE/NC
La librairie de fantdbmes développée et le calculndoCarlo ont permis la correction des

coefficients d'étalonnage et la prise en compteladenorphologie et de son effet sur un
comptage pulmonaire.
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2.1. Préparation des calculs Monte Carlo

2.1.1. Voxelisation
Le code MCNP(X) de transport des particul®zl¢witz 2008 ne permet pas d’utiliser
directement les surfaces Mesh et NURBS mais seulelee géométries au format voxel. Le
logiciel Binvox développé par Dr. P. Min (http://wwcs.princeton.edu/~min/binvgxa donc
ete utilisé pour voxeliser les fantbmes de la Ilia La taille des voxels, générés sous
Binvox, est choisie par l'utilisateur selon le degte précision (résolution spatiale) requis
pour son calcul.

2.1.2. Création du fichier d’entrée sous OEDIPE
Une fois les modéles voxelisés préts, ils sontgdmdans le logiciel OEDIPHFranck et al.
2007). Ce dernier permet de modéliser rapidemerpdrience réalisée et de générer un
fichier d'entrée pour le code MCNPX. Les étapesiséas sous OEDIPE comprennent le
choix de la source radioactive et sa répartitiomsda fantdbme ainsi que le choix du systeme
de détection et de son positionnement vis-a-visddele.

Pour les simulations réalisées dans ce travail,sonece émettant des rayonnements gamma
d’énergie entre 15 keV et 1,4 MeV a été creee peprésenter les éléments les plus
communément utilisés pour les étalonnages anthadmmétriques. De plus 1 Bqg de cette
source a été uniformément distribué dans les poardes fantdmes créeés.

Par ailleurs, le systéme de 4 détecteurs germadaittusine d’Areva NC a la Hague a été
utilisé pour les simulations MC et positionné poouvrir au mieux les poumons (organes
chargés en activité). Plus précisément, les détectent été placés a 2 cm de la peau au
niveau de la clavicule et une inclinaison de 35isda direction téte-pieds a été opérée pour
éviter une collision des détecteurs avec les setnpermettre les simulations MC. Ce
positionnement, bien que significativement différede celui utilisé dans la pratique
(détecteurs quasiment au contact de la peau)a@tdrhent reproductible d’'une simulation a
l'autre. Ainsi, la différence d’efficacité observpeur chague fantdme pourra étre attribuée a
la variation de la morphologie et ne sera pas &féepar le positionnement des détecteurs.

2.2. Etude de I'effet de la morphologie

2.2.1. Effet du bonnet
Le Tableau | présente les valeurs simulées d'dfiti€ale comptage pour les fantdmes de tour
de poitrine de 100 et tous les bonnets créés atgmairadionucléides d’'intérét. Ces valeurs
montrent que I'efficacité de comptage diminue ava@ggmentation de la taille de poitrine.
Ceci peut s’expliquer par le fait que 'augmentatdu bonnet implique une augmentation
d’épaisseur de tissu, résultant en une atténuatipplémentaire des photons émis par les
poumons en direction des détecteurs. Plus I'énehgiphoton diminue, plus l'atténuation est
importante, ce qui résulte en une perte signifieatie I'efficacité de comptage. En effet,
I'efficacité de comptage de la raie HiCd & 22 keV subit une perte de I'ordre de 59% entre
le modéle doté du bonnet F et celui avec le boBnéta Figure 3 représente cette variation
d’efficacité de comptage avec I'énergie pour le tblO et les bonnets B a F.

1 Outil d’Evaluation de la Dose Interne PErsonréais
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Tableau I. Valeurs de l'efficacité de comptage simulée pasrfantdmes de tour 100 et les
bonnets B & F et les radionucléid®€d, **'Am, 2, **'Cs et*Co.

Efficacité de comptage fantome
(coups/s/igamma) 100B 100C 100D 100E 100F
109
Cd
22.2 keV 8,66E-04  6,86E-04 5,32E-04 4,53E-04 3,57E-04
) 2418 m
E 50,5 keV/ 8,57E-03 7,69E-03 6,85E-03 6,38E-03 5,56E-03
g 235U
S - - = = -
2 185,7 keV 8,58E-03 7,94E-03 7,28E-03 6,87E-03 6,14E-03
&5 1370
661,7 keV 3,04E-03 2,88E-03 2,73E-03 2,63E-03 2,44E-03
GOCO
1173.2 keV 2,06E-03 1,99E-03 1,88E-03 1,84E-03 1,76E-03
510°
T S0 1108
S 7o ° -0— 110C
410% - j DD‘ o
1/

310°

Efficacité de comptage (coups/s/gamma)

o

200 400 600 800 1000 1200 1400 1600
Energie (keV)
Figure 3. Variation de I'efficacité de comptage en fonctianl@nergie pour le tour 110 et touts les

bonnets créés (B-F).

Pour les modeles de tour de poitrine de 85 et @aisseur extra thoracique (seins +
épaisseur de thorax) est la seule différence edistare ces deux ensembles de fantbmes. La
différence d’efficacité de comptage la plus sigrifive est obtenue pour la plus basse énergie
(15,31 keV raie de 2®U), o une perte d’un facteur 1,15 est observée éatmodéle 85D et

le modéle 90D. Pour les photons de haute énergie gan le®°Co (1,17 MeV), ce facteur
d’atténuation n’est que de 1,04. Pour les modétetodr de poitrine de 100, 110 et 120, le
méme phénomene de perte de I'efficacité de compage I'épaisseur de tissu est observé.
Toutefois, I'atténuation est significativement plagportante puisque la dilatation du thorax
rajoute de I'épaisseur de tissu a celle de laipeitrAinsi, pour la raie di’°Cd a 22,16 keV,
I'atténuation supplémentaire s’éleve a un facted sentre le modéle 110D et le modele
100D et un facteur 4,17 entre le 120D et le 110furfes raies de haute énerdi®cp a 1,17
MeV), l'atténuation reste relativement constantecaVaugmentation du bonnet comme
observé pour les tours 85-90. Des facteurs derkod# 1,67 et 1,81 sont obtenus entre les
modéles 100D-110D et 110D -120D respectivement.
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2.2.2. Effet du tour de poitrine et des organesrités

Le Tableau Il présente les résultats des simulatiglonte Carlo pour tous les tours de
poitrines et tous les bonnets créés dans le cab’ddm. Les mémes effets de perte

d’efficacité de comptage avec l'augmentation depdiéseur atténuante, résultant de la
variation du tour de thorax, ont été observés. s, d’effet du volume pulmonaire s’est

averé étre prépondérant par rapport a l'effet donbt En effet, la perte d'efficacité de

comptage entre le 100D et le 90D a 511 keV esboddré de 38% et est principalement due a
la variation du volume pulmonaire, la taille dedtiwes étant sensiblement similaire.

Tableau Il. Efficacité de comptage pour I'’Américium 241 a 3BKeV pour tous les tours et bonnets
Créeés.

Eff|CaC|té de Bonnet
comptage
(coups/s/gamma) A B C D E F

85 1,60E-02 1,36E-02 1,24E-02 1,19E-02 1,06E-02 -

s a0 1,43E-02 1,26E-02 1,20E-02 1,13E-02 1,03E-02 -

|9 100 - 8,57E-03 7,69E-03 6,85E-03 6,38E-03 5,56E-03
110 - 3,67E-03 3,22E-03 2,74E-03 2,50E-03 2,27E-03
120 - - 1,27E-03 1,13E-03 9,96E-04 7,99E-04

Par ailleurs, 'augmentation du tour de poitrinérgime une perte de I'efficacité de comptage
comme le montre clairement le Tableau Il. La peemrsible d’efficacité entre les tours 85-90

et les tours 100-110-120 s’explique de la facorvasue. Les trois plus grands tours de

poitrines ont un volume pulmonaire chargé signifieament plus grand (30%) que celui des

tours 85-90. Les détecteurs étant toujours posi@snidentiquement, ils couvrent ainsi le

méme angle solide et donc le méme volume pulmoaieéjue soit le fantdme et la taille des

poumons. Mais, puisqu’'une distribution volumique ldesource a été réalisée dans les
poumons, la concentration en activité est sensiahermférieure dans les poumons de plus
grande taille impliquant une réduction dans le n@nde coups détectés. De plus, I'épaisseur
extra thoracique provenant des seins et de I'épaisdu thorax est responsable d'une

atténuation supplémentaire des rayonnements aéme@tux basses énergies et explique la
perte d'efficacité de comptage entre les modélest 8s modeéles 90.

3. Mise en équation de la variation de I'efficacit@le comptage en fonction
de I'énergie et de la morphologie

L’efficacité de comptage dépend fortement de laphologie de la personne surveillée, de la
distribution de l'activité, de la sensibilité deétecteurs et de leur positionnement. Elle est
directement liée a I'atténuation des rayonnemeatdetissu, qui varie avec la morphologie
du sujet. Par conséquent, il est possible d’étainle relation entre deux efficacités simulées
impliquant deux contaminations identiques et le mé&ystéme de comptage mais des sujets
de morphologies difféerentes. Une équation décril@mariation de I'efficacité de comptage
(en fonction de I'énergie) avec la morphologie datbme a été développée afin d’estimer
I'efficacité de comptage pour toute personne slléeei

3.1. Développement d’une équation analytique

Dans le cas de la librairie de fantdmes déveloplaés ce travail, les variations de
morphologie se limitent a la différence d’épaissextra thoracique (seins et tour de thorax) et
a la modification du volume des organes internes f@cas des trois plus grands tours de

\'
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poitrine (100-110-120). Pour une différence de m@ypulmonaire, il a été démontré que
I'efficacité de comptage des détecteurs varie #ira@rse du volume pulmonaire si une
distribution uniforme de I'activité est impliquéearah et al. 2010b). Ainsi, un premier
parametre (9 a été introduit pour représenter le rapport eletrolume de référence et le
nouveau volume pulmonaire. Dans le cas d’une diffée d’épaisseur extra thoracique, un
second parametre a été introdui) f@our représenter I'atténuation exponentielle des
rayonnements qui dépend de I'épaisseur des tismerses et de leur coefficient massique
d’atténuation. De ces deux considérations, unet@gqusimplifiée reliant deux efficacités de
comptage peut étre formulée de la sorte :

£,(E) = &(E)ce ™) (1)
Ou ¢, représente 'efficacité de comptage de référedcel efficacité inconnue, E I'énergie,

et g, c; les paramétres a calculer qui reproduisent latian de I'efficacité de comptage avec
la morphologie du fantdme. La fonctiome) est le coefficient massique d’atténuation de

'ICRU-44 (ICRU 1989) pour le tissu adipeux (7 comspntes) obtenu en ligne a l'aide de la

base de données XCOM du NIST (Berger et al. 2008} [a source de photons considérée.
Cette valeur simplifiee de Y (E) reste réaliste quesles trois principales structures présentes
dans la région thoracique (graisse, muscle et glaraht des coefficients massiques

d’atténuation similaires aux énergies considérées.

3.2. Utilisation de I'équation développée

Pour utiliser I'équation développée, les paramettesmorphologie cet ¢ doivent étre
déterminés et une courbe de référence doit étexte@inée. L'équation a été testée pour
reproduire les données simulées, d’abord a panmedcourbe de référence obtenues par
calcul Monte Carlo puis a partir d’'une courbe mésuwavec le fantbme Livermore.

3.2.1. Application aux données simulées

L’équation (1)est appliquée aux courbes d’efficacité de compsagelées €_,...) en prenant

phant
I'efficacité obtenue avec le modéle 85A comme ceutb références, ). Les parametres; c

et ¢ sont obtenus en tracant la variation linéaire aeonction Y = In(g) - ¢ X ou

£
Y:In(mj et X = wE). Quand cette équation est appliquée aux modele®wtede
£

ref

poitrine 85 et 90, le paramétre st directement pris égal a 1 puisque le volunimpuoaire
chargé est le méme pour ces fantdmes et identiqoelud de référence (85A). Une fois
obtenu, le parameétre est utilisé dans I'équatiofl) et I'efficacité de comptage est calculée
et comparée a la valeur obtenue par simulation MCdifférence maximale observée (i.e.
écart relatif) entre les valeurs simulées par MCeatles obtenues par I'équatigh) est un
indicateur pratique de la validité du modele pr@poSependant, ce parametre ne donne
gu’'une indication locale, i.e. pour une énergie rimm de l'efficacité de I'équation a
reproduire les données simulées. Un meilleur indigade la qualité de la régression donnant
Cy, peut étre calculé avec l'indicateur suivant :

2

y2= ! ZN:(‘EMC _‘gca'j ou N est le nombre de données simulées (i.e. nombredjies
N-n= Emc

simulées)n le nombre de paramétres qui varient dans I'égqoatig représente les efficacités

de comptage calculées par I'équatioregt représente celles simulées par Monte Carlo. Ce

parameétre donne une indication globale de la partie de I'équation puisque la variance est

additionnée sur toutes les énergies simulées.

Vi
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Le tableau Il compare les valeurs des efficaa@somptage simulées MC a celles obtenues
avec I'équatior(1) pour le fantbme 85E, en utilisant le paramégretda courbe de référence
du 85A. Pour le modéle 85E, la valeur estimée ppparameétre,¢ qui représente I'épaisseur
de tissu additionnelle, est de I'ordre de 1,87 §/dém utilisant cette valeur et I'équation (1),
une différence maximale sur les valeurs d'effiGaaie comptage de l'ordre de 6,4% est
obtenue a I'énergie la plus basse (15 keV). Pouole de poitrine 90 et tous les bonnets
associés, la différence maximale a été observéeka\l et pour le modele E, avec une valeur
de I'ordre de 6% entre I'efficacité simulée et ealbnnée par I'équatiqi).

Tableau lll. Valeurs de £pour les modeles de tour de poitrine 85 et 90adtwrs associées des
parametres R? g¢ (gauche). Comparaison des valeurs d’efficacitésilgies par MC et calculées avec
I'équation (1) pour le modéle 90E a différentesrg§iss (droite).

. L Efficacité Ecart
Fantdéme (g/?:sz) R2 X2 E(Eg{%'e Ef(f(l:c;icte/s;\)ﬂc calculée Relatif
b (coups/sy) (%)

B 0,86 0,9982 0,8E-4 15,31 1,72E-05 1,61E-05 6,42
gs C 1,18 0,9967 2,5E-4 22,16 1,02E-03 1,04E-03 -1,41

D 1,47 0,9995 0,6E-4 59,54 1,06E-02 1,10E-02 -4,00

E 1,87 0,9928 13E-4 122,06 1,26E-02 1,31E-02 -3,76

A 0,60 0,9875 2,5E-4 185,72 1,10E-02 1,12E-02 31,9

B 1,26 0,9964 3,2E-4 356,01 6,46E-03 6,64E-03 92,6
90 C 1,40 0,9943 84 661,66 3,98E-03 4,13E-03 -3,89

D 1,64 0,9936 9,3E-4 1173,23 2,68E-03 2,78E-03 -3,57

E 2,05 0,9944 13E-4 1408,01 2,40E-03 2,47E-03 -3,07

Le tableau IV compare les valeurs simulées MC aéité de comptage et celles obtenues
avec I'équation1) pour le fantdme 120F, en utilisant les paraesty et ¢ et la courbe de
référence du 85A. Puisque les modeéles 100, 112G=bat le méme volume pulmonaire, mais
que celui-ci est différent de celui du 85A, le paedre ¢ doit étre utilisé. Pour les fantbmes
de plus grand tour de poitrine et de différentsnmis (B a F), les efficacités de comptage

simulées et celles calculées par I'équatibnne different pas de plus de 5%. Ces résultats
valident I'équation développée puisque des difféesnacceptables (<10%) entre les valeurs
simulées d’efficacité de comptage et celles caézulgar 'équation (1) on été obtenues. La

Figure 4 compare les courbes d’efficacité de coggmtsimulées et calculées par I'équation

pour les modéles suivants : 85C, 90D, 100E, 110R@F.

0,015
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Figure 4. Variation de I'efficacité de comptage (coups/s/gaj avec I'énergie (keV) : comparaison
des valeurs simulées MC (symboles noirs et coupteises) et celles calculées par I'équation (1)
(symboles blancs) pour les modeéles : 85C (diama®®f) (triangles), 100E (carrés), 110F (cercles) et
120F (triangles inversés). La courbe du 85A éimmélérence pour I'équation.
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Tableau IV. Valeurs de cet ¢ pour les modeles de tour de poitrine 100, 11026t dt valeurs
associées des parameétres Rgdégauche). Comparaison des valeurs d'efficacitésilgies par MC et
calculées avec I'’équation (1) pour le modele 12dFRfarentes énergies (droite).

Parametres Energie Efficacité Efficaci,té Ecar_t

Fantdme c C, R? R (keV) MC calculée Relatif
1 (g/lcm?) X (coups/sf)  (coups/sk) (%)

B 0,73 1,63 0,9986 2E-4 22,16 1,28E-05 1,25E-05 2,42

cC 0,72 2,01 0,9997 1E-4 33,44 2,54E-04 2,47E-04 2,63

100 D 0,70 2,51 0,9998 1E-4 40,12 4,42E-04 4,37E-04 1,06
E 071 2,81 0,9996 1E-4 59,54 7,99E-04 8,15E-04 -2,04

F 0,66 3,17 0,987 T7E-4 81 1,02E-03 1,06E-03 -3,47

B 0,53 4,31 0,9985 3E-4 122,06 1,22E-03 1,27E-03 -4,06

C 0,52 4,87 0,9992 2E-4 165,86 1,25E-03 1,28E-03 -2,64
110 D 0,51 5,65 0,9993 3E-4 2447 1,08E-03 1,12E-03 -3,00
E 050 5,91 0,9996 1E-4 356,01 8,93E-04 9,00E-04 -0,78

F 0,49 6,20 0,9995 2E-4 511 7,42E-04 7,54E-04 -1,50

C 034 7,40 0,9994 4E-4 661,66 6,62E-04 6,68E-04 -0,87
120 D 0,33 7,78 0,9996 3E-4 835,84 6,06E-04 5,99E-04 1,17
E 031 8,11 0,9995 4E-4 1173,23 5,37E-04 5,18E-04 3,45

F 0,29 8,86 0,9990 9E-4 1408,01 5,03E-04 4,81E-04 4,44

3.2.2. Application aux mesures expérimentales
Le modele donné par I'équati¢h) permet une estimation rapide et fiable de iteffité de
comptage en partant d’'une courbe de référence &enlependant, cette courbe de référence
n'est pas en pratique disponible. Ainsi, une ndevetférence a été utilisée : une courbe
d’étalonnage expérimental obtenue avec le LivermGette derniére a été transformée pour
reproduire les valeurs simulées d’efficacité de ptage avec les 24 fantbmes de la librairie.

Dans un premier temps, les valeurs d’efficacitécdmptage mesurées avec le mannequin
physique Livermore doté de différentes plaques<F@) sur les installations du Laboratoire
d’Analyse Médicale d’AREVA NC de La Hague ont étéediement comparées a celles
simulées pour les fantdbmes féminins. Ainsi, il @ ébservé que les valeurs simulées avec le
fantdme 85A sont équivalentes a celles des mesiresnore associées a la plaque 1 comme
le montre le Tableau V. L'écart relatif donné daestableau montre des différences <5 %
pour des énergies supérieures a 59,5 keV maisbdemsint plus importantes pour les photons
de 22, 33 et 40 keV. Ces valeurs restent ceperata@ptables puisque la composition des
tissus du modéle 85A et celle du mannequin du bioee sont loin d’étre les mémes. De
cette comparaison ressort la conclusion suivaletéantdme physique du Livermore associé a
la plague P1 est équivalent a une femme de tadlpaitrine 85A en prenant en compte les
différents positionnements des détecteurs réalisés.
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Tableau V. Valeurs des efficacités de comptage pour la mesusrmore associée a la plaque P1 et
comparaison aux valeurs simulées (MC) pour le neo@BA

P1 efficacité  Efficacité MC du

E(E:{%le mesurée 85A Ecart Relatif (%)
(coups/sy) (coups/sy)
15,3 1,21E-04 1,10E-04 8,6
22,2 3,29E-03 2,43E-03 25,9
33,7 1,16E-02 9,41E-03 18,6
40,5 1,44E-02 1,22E-02 15,4
59,5 1,72E-02 1,60E-02 7
81,2 1,76E-02 1,75E-02 0,5
122,1 1,68E-02 1,76E-02 -4,9
165,9 1,51E-02 1,57E-02 -4,2
185,7 1,42E-02 1,46E-02 -2,5
245,0 1,17E-02 1,18E-02 -0,3
356,0 8,36E-03 8,16E-03 2,4
511,13 5,90E-03 5,99E-03 -1,6
661,7 4,75E-03 4,85E-03 -2,2
834,8 4,05E-03 4,03E-03 0,6
1173,2 3,29E-03 3,14E-03 4,5
12745 3,08E-03 2,95E-03 4,1
1408,0 2,79E-03 2,76E-03 0,9

Dans un second temps, I'équation (1) a été tesiae tpansformer une courbe mesurée avec
le Livermore (et différentes combinaisons de plajn une courbe simulée d’abord a celle
du modele 85A puis aux 23 autres modeles. Lesukalgbtenues pour les parametres
sont données dans le Tableau VI avec le coeffidentégression (R2) associé définissant la
qualité de linterpolation. De ce tableau, il ratsque la meilleure interpolation pour
reproduire la valeur de l'efficacité de comptage 8hA est obtenue avec le fantbme
Livermore associé a la plague P4 (de 4,3 cm d’'épai3 avec un coefficient de régression R?
= 0,99. Ce résultat semble contredire le précé@ntivalence entre mesure P1 et simulation
85A) mais s’explique par une grande dispersionafésacités mesurées P1 et simulées 85A
pour les basses énergies et un tres bon accordiadea59 keV (cf. Tableau V). Par contre,
en utilisant la courbe de référence mesurée avagaaague P4, une meilleure régression
linéaire est obtenue puisque la dispersion desltaésuest homogéne sur I'ensemble du
spectre ; les écarts entre mesure et simulatiort égpendant plus importants qu’avec la P1.
En utilisant les paramétreg-¢; donnés pour la plaque P4, la valeur simulée dfckeité de
comptage du modele 85A est retrouvée avec un gatif maximal égal a 8,7 % pour la raie
de I"*Eu & 40 keV (cf. Tableau VII). La Figure 5 compars turbes d'efficacités de
comptage obtenues par simulations MC et cellesulgsds par I'équation 1, a partir de la
mesure P4, et en utilisant les données des TabMaiX/| et ce pour les modéles suivants :
85B, 90C, 100D, 110E et 120F. Pour ces exemplégart relatif maximal entre les
simulations et les valeurs calculées par I'équatistninférieur a 10%.
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Tableau VII. Comparaison des efficacit és de
comptage simul ées pour le mod éle 85A (MC) et
celles estim ées par I'équation & partir de la
mesure Livermore associ ée a la plaque P4 a

Tableau VI. Valeurs de ¢ et ¢, pour les
différentes mesures Livermore associ és aux
différentes plaques et valeurs du coefficient de
détermination obtenu par | 'interpolation

linéaire. différentes énergies.
Plaque efficacité L
c c, 2 ... 5 efficacité
mesure 1 (glcm?®) R calculee a MCdu  Ecart
référence 9 Energie  partir de Relat
(keV) P4 85A if
PO 0,96 1,19 0,964 (coups/s/ (cou ;)s/s/ %)
P1 099 018 0,206 9) 9
P2 1,05 -0,14 0,192 22,2 248E-03 243E-03 -2,1
P3 1,20 -1,00 0,982 40,5 1,33E-02 1,22E-02 8,7
P4 1,30 -1,91 0,990 122,1 1,67E-02 1,76E-02 5,2
356,0 8,16E-03 8,16E-03 0,05
1173,2 3,24E-02 3,14E-03 -3,4

En conclusion, il est possible d’estimer l'efficéciie comptage de tout sujet féminin en
utilisant I'équation 1 et la mesure Livermore al@plague P4 comme référence. Cependant,
cette référence nécessite le recours aux paramgtetse du Tableau VI pour corriger les
différences morphologiques existantes entre le bivee et le sujet féminin concerné. Par
ailleurs, l'utilisation de la plaque P1 comme réfée reste possible et ne requiert aucune
correction de morphologie intermédiaire<t et ¢=0) mais induit forcément une erreur sur

les basses énergies (cf. Tableau V).
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Figure 5. Variation de I'efficacité de comptage (coups/s/gaj avec I'énergie (keV) : comparaison
avec les valeurs simulées MC (symboles noirs etossupleines) et celles calculées par I'équation (1
(symboles blancs) pour les modéles : 85B (diama@s} (triangles), 100D (carrés), 110E (cercles) et
120F (triangles inversés). La courbe mesurée derhiere associé a la plaque 4 étant la référence
pour I'équation.

3.3. Discussion : corrélation des parametres avea morphologie

Dans cette partie, il s'agit de donner une val@fasupplémentaire de I'équation développée
par I'étude de la corrélation des parametres initedc et ¢) avec la morphologie et ce a
partir des données simulées ainsi que des mesuvesmiore. Cette étude vise aussi a
développer une méthode pratique pour le choix deanpetres cet ¢ et pour utiliser

Xl
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I'équation développée afin d’estimer I'efficacitéee ccomptage en I'absence de modele
numérigue représentant le sujet surveillé.

La corrélation de cavec le volume pulmonaire a été étudiée a pagsr abnnées simulées
MC et des trois plus grands tours de poitrine. Pesimodeles de tour 100, 110 et 120est
supposé représenter le rapport entre le volume gndire de référence (2,3 L) et celui
modifié (2,99 L). Puisque les trois plus grandsrg¢oant le méme volume pulmonaire, ils
doivent avoir le méme parametrg quel gue soit le bonnet, et avec une valeur dé. Bien
que cette valeur dg soit plutbt acceptable pour le tour de poitrin@ {€f. Tableau 1V), c’est
loin d’étre le cas pour les fantdmes de tour 11029 (g~0,5 et 0,3 respectivement).
Toutefois, pour un tour de poitrine donné, le cagdfit g reste constant pour tous les bonnets
conformément aux hypothéses formulées. En réalités des simulations, la distance peau-
détecteurs a été modifiée avec la variation du deupoitrine pour éviter toute collision des
détecteurs avec les seins. Ainsi, I'angle solide détecteurs couvrant les poumons est
modifié et le paramétre; me peut représenter le rapport exact des volumiesopaires. De
plus, quand la régression linéaire est utilisée,ett ¢ sont simplement les meilleures
approximations permettant I'ajustement des donséeslées. Les changements du volume
des poumons, du tour de poitrine, du bonnet, etf’'atgle solide des détecteurs sont
naturellement regroupés dans les parametres ¢. Par ailleurs, la corrélation de avec
I'épaisseur extra thoracique est étudiée pour egigantdbmes et toutes les données simulées.
Pour ces modéles, le parameétre st supposé reproduire une épaisseur moyenne
d’atténuation directement reliée a la variationaléaille de poitrine. Puisque cette épaisseur
absorbante ne peut pas étre exactement défimst ihisonnable d’étudier la corrélation de ¢
avec la variation de la masse de poitrine entrmdelele de référence (85A) et les autres
modeles. La Figure 6 montre que la variation davec 'augmentation de la masse des seins
suit une tendance linéaire, et ce pour tous lesstoréés. Cependant la forme exacte, et en
particulier la pente de l'interpolation linéaireémknd entierement du tour de poitrine.

10

o | /

C, (g/em?)

0
0 1000 2000 3000 4000 5000

Différence de masse des seins (g)

Figure 6. Variation du paramétre (g/cm?) avec la différence de la masse des se)nso(g les tours
de poitrines 85 -90 (cercles), 100 (carrés), 11angdnts) et 120 (triangles); Interpolation linéaire
effectuée par Microsoft Excel 2008 85-90 y = 0.0016 x + 0.4034, R2 = 0.9500 y = 0.0009x +
1.2424, R2=0.994110 y = 0.0008x + 3.7414, R2 = 0.95R20 y = 0.0006x + 6.1098, R2 = 0.961.

Les mémes corrélations ont été observées pour demmgtres cet ¢ avec une courbe
mesurée Livermore comme référence (P1 ou P4 tnané&). En effet, £a montré une
variation linéaire avec I'épaisseur de plaque, conEment aux attentes, avec un coefficient
de régression (R?2) égal a 0,992. Par ailleyranmontré une variation linéaire avec la distance
poumons-détecteurs, corrélation étudiée dans lewés volume pulmonaire reste inchangé.

'l
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Enfin, pour donner une relation pratique pour leixhde g et ¢, on peut examiner
I'existence d’'une corrélation entre ces paramégimg les tours 100, 110 et 120. D’apreés la
Figure 7, une tendance linéaire qui montre la tianade g en fonction de £est observée.
Cette corrélation est d’'un intérét particulier pui®lle permet le calcul des efficacités de
comptage en fonction de la morphologie de la persosurveillée. Quand une bonne
estimation de cexiste i.e. une estimation de la variation du bonnet, unewaléaliste de
peut étre calculée. A titre d’exemple, cette équmfieut étre utilisée pour estimer I'efficacité
de comptage pour une personne de tour de poitrd@ Bour laguelle aucun modele
numeérique n’a été développé. Dans la publicatiofwi@er et Dujon (2005), les auteurs ont
estimé que le rajout de masse de tissu pour faiiene bonnet d’une personne d’un tel tour
de poitrine (95) serait le méme que celui d'unespene de tour de poitrine 100. En utilisant
I'association 95C/100B (ou 100C/110B, 115D/120Cygsrée par Wood et al. (2008), la
valeur ¢= 1,63 est tirée du Tableau IV et I'équation dondé&es |la Figure 7 est utilisée. Pour
ce cas, la valeur estimée du parametrest de 0,75. En utilisant ces parametres et I'émuat
(1), l'efficacité de comptage obtenue pour le sdgtour de poitrine 95 et un bonnet C est de
8,7.10° coups/s/gamma pour la raie dé&"Am a 59,54 keV. Cette valeur d'efficacité de
comptage est raisonnablement correcte puisqu'ateirgérieure a celle du modele 90D
(1,13.107 coups/s/lgamma) mais supérieure & celle du 10@8.(8° coups/s/gamma). Il est
suggéré d'utiliser cette méthode pour les tourpaigzine entre 95 et 120 pour lesquels aucun
fantbme n'a été développé. Pour les tours entreet8®0 il est proposé de simplifier
I'utilisation des valeurs de;@donnés dans le Tableau lll, et ce en utilisanvésurs obtenues
pour le tour 85 quand une personne de tour 80ésepte.

0,8
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0,6

Cc1 05 [

04 |

0,3

0,2
1 2 3 4 5 6 7 8 9

C, (glcr?)
Figure 7. Variation du paramétrg en fonction du parametre @/cm?) pour les tours de poitrine 100
(triangles), 110 (cercles) et 120 (carrés), champiet représente un bonnet pour un tour donné;
Interpolation linéaire effectuée par Microsoft Ex2808™: y = -0.0656 x + 0.8574, R2=0.9728.

3.4. Recommandation pratique

L'utilisation de I'’équation développée a été étemda travers I'étude des corrélations des
facteurs morphologiques, pour déterminer les effiéa de comptage pour les femmes pour
lesquelles aucun fantbme n’est disponible parmimeseéles de la librairie. Cependant, cette
équation reste peu adaptée a une utilisation patiqui se veut étre rapide et simple, pour
corriger les coefficients d’étalonnage en fonctide la morphologie de la travailleuse
surveillée. Ainsi des facteurs de correction ogttabulés, et fournis a AREVA NC, pour une
utilisation directe décrivant la perte d’efficacégtre le fantdme physique masculin et le sujet
féminin surveillé. Il suffit donc de diviser I'effacité de comptage obtenue a une énergie
donnée avec le mannequin Livermore et la plagu@d?le coefficient adéquat du Tableau
3.10 (cf. Chapitre 3 Section 1V) pour corriger fegfde la morphologie.

X1
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4. Accélération des simulations Monte Carlo par lédiais des méthodes de
réduction de variance et par la simplification de& géométrie du fantéme

L’'optimisation des étalonnages numeériques nécessite plus d’'un fantdme réaliste et
personnalisé, des simulations MC fiables et rapitlestravail réalisé a donc porté sur la
réduction du temps de calcul par I'application dithndes de réduction de variance ou par la
simplification de la géométrie du fantéme.

4.1 Problématique et objectifs

La variation de l'efficacité de comptage en fonatite I'énergie, représentée dans la Figure 5
par exemple, montre une dépendance directe egnerfjie du photon et le comptage. En
effet, on distingue sur cette figure trois régiati§érentes : les trés basses énergies (< 30
keV) ou l'efficacité est minimale, les moyennes r@nes (30 a 356 keV) ou l'efficacité est
maximale et les tres hautes énergies (> 356 keVgticacité de comptage observée décroit
a nouveau. Cette variation de l'efficacité de cagptest particulierement due a I'atténuation
significative des rayonnements de plus basse énedgitre un pouvoir de pénétration trop
important pour ceux de trés haute énergie.

Dans ce travail, des méthodes de réduction de namiaont utilisées afin d’augmenter le
pouvoir de pénétration des photons de basse énergieur favoriser les interactions des
photons de haute énergie dans les détecteurs. S€etraduit par une amélioration de la
statistique aux énergies considérées. Par aillpots, les photons dont I'énergie varie entre
30 et 356 keV, les techniques de réduction de negiant été introduites afin de limiter le
nombre de particules simulées a ces énergies ratopaéquent réduire le temps de calcul.
Cependant, l'introduction des techniques de réduoatie variance (RV) ne doit en aucun cas
biaiser les résultats et conduire a de faussesecgences. Pour cela, le résultat des
simulations avec RV sera comparé a celui de référpour chacune des méthodes utilisées.
Enfin, il s'agit d’identifier les méthodes de RV Ipkis simples a mettre en place pour une
utilisation en routine et de tester leur effica@iéec deux fantbmes différents en termes de
nombre de structures et d’'organes mais aussi aveombre de voxels et une taille de voxels
bien différents. Dans cette partie, on a compaffidacité des méthodes de RV a accélérer le
calcul pour un modéle voxélisé du fantdme physitjieermore et le nouveau fantdéme
féminin de référence de la CIPR.

4.2 Principe et fonctionnement des méthodes de réchion de variance

La réduction de variance a pour objectif de favamria propagation des particules ayant la
plus grande probabilité de participer au résul¢ux catégories de techniques ont été
utilisées les « Modified Sampling Methods » paresiquelles la « cell importance card» et les
« Weight Windows » et les « Population Control Mets » dont les cartes de biaisage de la
nature et de la direction de I'émission de la seuta carte de collision forcée et la carte «
exponential transform ».

4.2.1. Cell Importance (IMP)
Une importance est systématiquement associée aiehegjlule et est utilisée lors de la
propagation des particules. Le devenir d’'une paldidépend du rapport entre la cellule ou
elle entre et celle qu’elle quitte. Si ce rappattupérieur a 1, la particule initiale est divisée
suivant la fonction de division appelée « Splitting autant de particules fille que la valeur
du rapport d'importance de cellules. Le poids dasigules filles engendrée par cette division
est égale au poids de la particule mére divisélgpamombre de particules filles crées. Par
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ailleurs, si le rapport des importances entre édisiles est inférieur a 1, une fusion a l'aide de
la fonction « Russian Roulette » est opérée afimedgouper plusieurs particules de méme
énergie et le poids est aussi ajustée.

Pour ces simulations, I'importance associée auferdifites cellules a été triplée dans la
direction des détecteurs. En effet, 'importance detules poumons (organe source) a été
fixée a 1, celle du tissu résiduel du thorax afiéee a 3, pour la plague thoracique (cas du
Livermore) et pour les poitrines (cas du fanténmaifén) I'importance des cellules était de 9
et celle de la fenétre d’'entrée du cristal détectgait de 18. Pour le fantdme féminin,
I'utilisation de cette carte reste plus délicatefdi de la présence de 198 cellules dans le

fichier MCNPX pour lesquelles I'importance a assodoit étre minutieusement choisie.

4.2.2. Weight Windows (WW)
Pour contrdler les fluctuations du poids des paleis a la suite des différentes interactions,
les fenétres de poids ont été utilisées. La gedties fluctuations utilise également les
processus de Splitting et de Russian Roulette. Damsemier cas, il s’agit de diviser des
particules dont le poids dépasse la limite hautéad&W, les particules fils se partagent le
poids de la particule mere. Dans le second cdsjeltif est de fusionner des particules dont
le poids est inférieur a la limite basse de la WAMsi le poids des particules résultantes
représente la somme des poids des particules pesn&ies WW sont générées d’abord d’'une
facon aléatoire par le code MCNPX en utilisant ahlytf6 puis plusieurs itérations sont
répétées afin de les optimiser pour le tally féaggéométrie considérée. Pour cette étude, les
WW ont été créées en utilisant des maillages sphésiou rectangulaires couvrant le fantéme
(spherical or cylindrical mesh-based weight windpws

4.2.3. Source biasing (SB & VEC)

Cette carte est I'une des premieres méthodes detiéd de variance mise en place pour le
code MCNPX. Elle est simple d'utilisation et perntket modifier la nature et la direction
d’émission de la source. En effet, grace a l'utiiea de cette carte, il est possible
d’augmenter la proportion de particules émises a énergie donnée (notée SB) ou de
favoriser les émissions vers les détecteurs (NGE€E). Ainsi, avec la SB, le nombre de
particules de trés basse énergie, particulierermtds émises a 15 keV, a été multiplié pour
augmenter la probabilité d’en collecter a la sodie fantobme. Par ailleurs, le nhombre de
particules simulées de moyenne énergie (30 a 3%p &&té sensiblement réduit pour gagner
du temps tout en conservant une trés bonne effécdei comptage. De plus, avec VEC, les
particules simulées ont toutes été émises danktegontenant les détecteurs ; celles allant
vers le dos du fantbme ayant une tres faible prittéatle diffuser et revenir aux détecteurs.

4.2.4. Forced collison (FCL)
Les photons de tres haute énergie (>356 keV) omqtourvoir de pénétration trés important et
traversent tout le corps et méme les détecteurs tawe peu d’interactions. Pour favoriser la
collecte des photons de ces énergies, la collsidonc été forcée dans les cellules sensibles
des détecteurs. L'utilisation de cette carte esaletgent tres simple puisqu’il suffit
d’identifier les cellules concernées par la cdiisforcée (cellules actives en germanium) et
de changer la probabilité de collision des photpris/ rentrent.

4.2.5. Exponential transform (EXT)
Cette carte permet de faire varier le libre parsauoyen des particules et a été implémentée
pour favoriser la pénétration des structures detadlEsque les os par les photons de faible
énergie. Pour appliquer cette méthode, il s’agidetitifier les cellules concernées puis de
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définir une direction vers laquelle les particutiesvent étre favorisées (généralement vers le
centre des détecteurs) ainsi qu'un facteur d’augatienm du libre parcours moyen.
L'utilisation de cette carte aboutit cependant & torte fluctuation du poids des particules
d’'ou la nécessité de lui associer des WW. Enfirgsil a noter que cette carte est d’'une
utilisation plus difficile & mettre en place entyae.

4.3 Résultats des méthodes de réduction de variance

Les différentes méthodes de RV ont été testéesithatillement pour étudier leur effet sur le
temps de calcul, I'efficacité de comptage et I'arrstatistique associée. De plus, les cartes ont
été combinées afin de vérifier gu’il est possibée lEnéficier de I'apport de chacune des
méthodes et que ces derniéres restent compatibles leiaisent pas le résultat quand elles
sont combinées entre elles.

Les différentes méthodes de RV appliquées ontenfié le temps de calcul, l'incertitude
statistique et I'efficacité de comptage. Certaimethodes, comme le biaisage de la nature de
la source ainsi que le biaisage de la directiom@sion, ont sensiblement réduit le temps de
simulation (jusqu’a un facteur 20). D’autres métmdcomme la carte de collision forcée et
la carte d’augmentation du libre parcours moyer, samtout amélioré I'erreur statistique
associée au calcul. Enfin, quelques méthodes comsné@/W et I'importance des cellules ont
montré des résultats plutét décevant. Le Tableau M$ume les différentes grandeurs
d’intérét obtenues avec le fantome féminin de IRRCEt les combinaisons de méthodes de
RV. Ces résultats sont donnés uniquement pourhietops de 15 keV, ces derniers étant les
plus difficiles a simuler. Pour toutes les autresrgies, I'écart relatif maximal observé entre
I'efficacité de comptage sans et avec RV reste gb#ble que soit la méthode utilisée.

Tableau VIII. Résumé des valeurs obtenues, en combinant |€gatites méthodes de réduction de
variance, pour le fantdme CIPR féminin et les phstde 15 keV. (L’étoile indique une combinaison
par exemple, FCL= SB + FCL)

Méthode Efficacité comptage Erreur relative ,E,cart ala ] Facteur
(coups/s/gamma) statistique (%) référence (%) réduction temps
SB 4. 68E-05 3.31 353 10.6
FCL' 4.63E-05 2.95 -2.51 10.6
VEC 4.35E-05 3.03 3.84 19.8
IMP’ 4.04E-05 2.34 10.72 7.3

La combinaison des méthodes de réduction de variamermis de bénéficier de I'apport de
chacune des cartes pour optimiser les simulatioes.méthodes les plus faciles a mettre en
place pour une utilisation en routine sont celkdatives au biaisage de la source (nature et
direction d’émission) et la collision forcée. Lestras cartes utilisées sont plus difficiles a
mettre en ceuvre et restent d’'un intérét limité.efet, le recours a des itérations multiples
pour générer les meilleurs WW réduit I'intérét paette carte surtout que I'on cherche a
réduire le temps de simulation. Cette observatmmcerne également |'utilisation de la carte
EXT qui fait aussi appel aux WW. Pour la carte IM& choix manuel de I'importance des
cellules reste délicat et la complexité augmenex dé& nombre de cellules concernées.
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Enfin, une version parallélisée du code MCNPX a iétplémentée et les calculs sont
désormais lancés sur 32 processeurs en paralléisi #n calcul Monte Carlo comprenant
I'utilisation de différentes combinaisons de médwmdde RV et parallélisé sur les 32
processeurs nécessite seulement 1 a 2 h de siomglajuand, auparavant, 7 jours de calculs
étaient nécessaires pour obtenir le résultat requis

4.4 Simplification de la géométrie du fantéme

En plus des facteurs liés au code de calcul Montk Gdes facteurs liés aux détecteurs et au
fantdme peuvent étre considérés pour réduire lpdede calcul. En effet, le fantdme voxelisé
Livermore est beaucoup plus simple que celui dEIRR et contient moins d’organes et de
structures, mais le nombre de voxels contenus kahs/ermore est beaucoup plus élevé.
Pourtant, le temps de simulation reste relativensemilaire avec les deux fantdmes. En
conséquent, le gain de temps da a la simpliciteidermore est malheureusement compensé
avec le temps perdu a cause du nombre de voxefardame. Ainsi, I'accélération des
simulations par la simplification de la géométrie fdntbme a été envisagée. Les opérations
de simplification comprennent le rajout de plansmgortance nulle et la réduction du nombre
de voxels du fantdme a 'aide de la fonction rebin.

4.4.1. Plans d’'importance nulle
Les particules allant vers la téte, vers les pietislans le dos du fantdme ont peu de
probabilité de revenir par diffusion aux détectedissi, afin de gagner du temps en évitant
de propager de telles particules, des plans d’itapoe nulle ont été rajoutés. Ces derniers
arrétent toute particule le traversant. L’introdioictde ces plans est tres simple et trés facile a
mettre en place. Les résultats ont montré une tisiudu temps de simulation d’'un facteur
1.3 et sans impact sur l'efficacité de comptages flans peuvent également étre utilisés en
association avec les méthodes de réduction denearigour une réduction supplémentaire du
temps de calcul. Cependant, il faut noter que cetéthode annule toute possibilité de
diffusion des particules vers les détecteurs atem pas compte de I'ensemble des murs et de
tout objet « diffusant » présent dans la cellulendsure.

4.2.4. Fusion de voxels
Cette étude cherche a minimiser le temps de simuolagtr la réduction du nombre de voxels
contenus dans le fantéme. Pour cela, une procé@dété développée, sous IDL, qui utilise la
fonction « rebin » pour fusionner les voxels etuiéal la taille de la grille de moitié. Pour
maintenir un volume d’organe correct, la taille doxel élémentaire est nécessairement
doublée. De plus, I'option « /sample » de la famctk rebin » a été utilisée afin que la fusion
de voxels ne résulte pas en la création d’'une neuesuleur. La fonction rebin a été
appliguée au fantéme voxelisé Livermore et a cdkiila CIPR et les fantdmes fusionnés
résultants ont été validés par la comparaison dksnes de toutes leurs structures avec les
modeles initiaux. Les résultats montrent que I'aién de fusion de voxels n’a pas induit des
différences de volume de plus de 1% sur la plugast organes des deux modeéles. Seules
quelques différences significatives (> 5%) ont @ébservées pour les petites structures du
fantbme féminin (la partie corticale du sternum @eemple) mais ces derniéres ont un impact
limité sur la simulation des mesures anthroporaétangues. Les résultats observés montrent
une réduction du temps de calcul d’'un facteur 2ir pme réduction du nombre de voxels de
moitié. Les simulations avec les fantdmes fusioretdes méthodes de réduction de variance
ont confirmés l'intérét et la cohérence des opénatisur la géométrie et sur le code lui méme.
Cependant, il faut noter que l'utilisation de landdon «rebin » réduit sensiblement le
nombre de voxels du fantdme et résulte par une geaghificative de résolution spatiale.
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4.5 Traitement des fichiers de sortie MCNPX

Par ailleurs, un algorithme de traitement des éichide sortie a été développé (Linux/Unix)
pour automatiser I'extraction des valeurs des afiiés de comptage. En effet, le résultat des
simulations Monte Carlo, donnés dans le tally érésente un nombre de coups collectés par
les détecteurs pendant une seconde et pour unguparsource émise (efficacité en
coups/s/gamma). Cependant, il est nécessaire ithr tratte valeur d'efficacité de comptage
afin d’en déduire la contribution du Compton. Cesi particulierement important dans le cas
ou plusieurs photons sources de différentes éreegpat simulés dans un méme fichier.
L’algorithme développé commence le traitement dhiér de sortie par la recherche des raies
simulées puis calcule pour chacune des raiesdadfieé de comptage et I'incertitude associée.
Cet algorithme fournit également I'équation polynale d’ordre 6 régissant la variation de
I'efficacité de comptage en fonction de I'énerdign sortie, I'algorithme de traitement écrit
deux fichiers, le premier présentant les valeursdrigques simulées et calculées (fichier .txt)
alors que le second fichier présente la variatiorfamction de I'énergie en comparant les
données simulées a celle de I'équation polynondéleloppée (cf. Figure 8).

Input request ~ Output evaluation Efficiency value Equation validation
Req_MRJ ¥ ) Sim_MRJ Effic_counts S.R.E, || Counting_EFf,  C_EFF_Uncert, Eqt_Eff_wal R.E. 8.01¢ .
0,0153100 1 || 1,5384E-02 1,15007E-04 0,022 |{ 0000045211500 0,046124491056 || 0,0000456106 -0,88 L
0,0221600 1 || 2,2220E-02 1,70474E-03 0.0032 || 0001535005000 0,003629248274 || 0,0015570956 2,38
0,0334400 1 || 3,3500E-02 7,37533E-03 0,0015 |{ 0007109900500 0,001612692645 || 0,0071886227 -1.20 | .|
0,0401200 1 |} 4,0165E-02 9,70331E-03 0,0013 |{ 0009439764000 0,001373414969 || 0,0096206459 -1,91
0,0535400 1 || 5,9564E-02 1,31797E-02 0.0011 || 0012884903000 0,001151802435 || 0.0129500253 -0,50
0,0810000 1 (| 8,1013E-02 1,46974E-02 0,001 [} 0,014466453500 0,001134118307 || 00141945085 1,88 | |
0,1220600 1 |11,22026-00 1,48410E-02 0,0011 || 0014537477500 0,001120803559 || 0,0143964770 2,08 '
0,1658600 1 || 1.B587E-01 1,35213E-02 0.0011 || 0013432254000 0,0011145876358 || 0.0132139477 1,63
0,1857200 1 |11,8578E-01 1,25750E-02 0,0012 || 0012512278500 0,001211664083 || 0,0124918095 0,17
0,2447000 1 || 2, 4474E-01 1,00280E-02 0,0013 || 0010092399500 0,001308510674 || 0.0103254307 -2.30 o0t
0,35650100 1 |} 3.5609E-01 7,24600E-03 0.0015 || 0007229318000 0,001506813681 || 0.0072825641 -0.,72
0,5110000 1 |} 5,1102E-01 5,33103E-03  0,0018 |{ 0005321510000 0,001806389358 || 0,0051174690 3,84
0,6616600 1 || 6,6168E-01 4,33728E-03 0,0020 |[ 0004332037500 0,002004599351 || 0.0041454353 4,31 | e.oef
0,8348400 1 |1 8,3483E-01 3,B6930E-03 0.0022 || 0003665475000 0,002204430825 || 0.0035773844 2,41
1
1

1,1732300 1,1733E+00  2,91008E-03 0,0024 | 0002907504500 0,002404278583 || 0,0029122110 -0,16

1,2745400 1,2746E+00  2,75500E-03  0.0025 || 0002754269000 0,002501318634 || 0.0027100703 161 | 00|
1,4080100 1 |} 1.4080E+00 2,57536E-03 0.0025 || 0002575343000 0,002600033920 || 0.0024167995  £.16

st = -675,396 +/- 24,4 (4,242) o.004 L
¥l = 72,207 +/- 32,53 (4,8392) '

w2 = -328,282 +/- 17,65 (5,381%)

%3 = 84,9064 +/= 5,005 (5,8952)

x4 = -12,2337 +/= 0,7813 (E.3862) 000 1}
®5 = 0,929127 +/- 0,06378 (6.BB4%)

w6 = -0,0290325 +/= 0,002129 (7.3342)

[

L L L L L L L
[ 200 400 600 00 1000 1200 1480 1600

|
Figure 8. Les deux fichiers de sortie fournis par I'algonith de traitement des fichiers MC.

5. Prise en charge des contaminations complexe eéthodologie de mesure
pour la cartographie d’activité dans le corps

La troisieme partie de la these porte sur I'étude chs complexes de contamination ou trés
peu d’'informations sont présentes sur la locabisadét la nature de la contamination. Dans ce
cas, il est trés difficile destimer [lactivité iogorée par de simples mesures
spectrométrigues comme par exemple dans le cag diieille contamination. Ici, il est
proposé de remonter a la cartographie d’activitdsdehaque organe par l'utilisation des
calculs Monte Carlo couplées a des mesures expéidhes.

5.1. Méthode pour déterminer la répartition de I'adivité

La méthode consiste a séparer la contribution anptage total, de chacun des organes

potentiellement contaminés. En effet, pour une neepuimonaire par exemple, les détecteurs

collectent I'ensemble des radiations émises paptesnons, les cétes, le foie ou tout autre

organe chargé. Pour déterminer correctement liéetprésente dans chaque organe, il faut
absolument séparer le nombre de coups en provermEncbacun. Dans ce cas, le taux de

comptage total n’est autre que la somme des comptagalisés quand chacune des sources

est présente seule suivant la formule ci-dessous :
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det ector . position

Texp = yizorgan 'Aorgan 'gorgan (Equation 2)
Ou 7,,,est donné en coups/s, le rendement de la raeefyy/désintégration nucléaire,
I'activité en Bq et 'efficacité de comptage, i@efficient de contribution au comptage, en
coups/sy.

Pour deux organes chargés et deux positions detagmette relation s’écrit :

det posl det.posl det. posl

Texp _ gpoumondroit ‘gpoumomgauche Apoumondroit

Z_det pos2 | 7i| _detpos2 gdet. pos2 A (Equation 3)
exp poumondroit poumongauche poumongauche

La résolution de ce systeme nécessite donc autantedures que d’organes potentiellement
contaminés. Les mesures donnent le taux expériindataomptage qui integre I'ensemble
des coups collectés par les détecteurs et issumrgases chargés. Par ailleurs, les simulations
MC fournissent les coefficients de la matrice destibutions. Ensuite, le systeme de
'Equation 3 est inversé pour déterminer la régartitde la contamination. Pour cette
méthode, il faut donc, au départ, identifier legames de rétention plausibles.

5.2. Etude de faisabilité et mesures expérimentales

Pour valider la méthode de séparation, des mesmtesté effectuées a I'IRSN en utilisant le
fantdme Livermore et des poumons radioactifs cleaey@c de I'américium. Le Livermore
permet une séparation physique de la contribut®nhaque organe puisqu’il suffit d’utiliser
séparément chacun des poumons pour déterminernddreaode coups qui en provient au
détecteur. L'activité des poumons américium utiigéait de 34,6 kBq pour le poumon droit
et de 25,7 kBq pour le gauche. Par ailleurs, pesrroesures, un détecteur de type LOAX
dédié pour les mesures spectrométriques bassegigner été utilisé. Ce détecteur a été
positionné a 2 cm de la peau de facon a couvrimauwx le poumon chargé. Un temps de
mesure de 40 min a été considéré afin de garamtireureur statistique sur la mesure < 1%.
Pour une position donnée du détecteur (en faceadumpn droit par exemple) les deux
poumons ont d’abord été chargés simultanémentraekure réalisée. Ensuite, deux mesures
ont été effectuées pour le méme positionnement angs cette fois un seul poumon. Le
Tableau IX présente le résultat des mesures poutiffésentes positions du détecteur et les
différentes configurations de poumons chargés.

Tableau IX. Taux de comptage (coups/s) mesuré avec le LOAXeudx positions distinctes et
différentes configurations de poumon chargé.

Organe chargé 2 poumon#oumon droit seul Poumon gauche seul

Détecteur droit 97,84 91,04 4,46
Détecteur gauche 45,86 10,57 35,65

Les valeurs de ce tableau sont ensuite reportéesl@uation 3. Le comptage obtenu quand
les 2 poumons ont été chargés a la fois représetaex expérimental. Les configurations ou
un seul poumon est chargé a la fois déterminemdtriice des coefficients de contribution
apres normalisation par l'activité du poumon en stjoe (contribution en coups/s/Bq).
Ensuite le systéme est inversé et I'activité darsjoh poumon est estimée. Dans ce cas, la
méthode donne une activité de 35,54 kBq pour lermoudroit et 25,26 kBg pour le poumon
gauche. Ces valeurs sont a moins de -2,7% d’éeartgpport aux valeurs réelles ce qui
démontre I'efficacité de la méthode pour détermlaggépartition de I'activité.
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Par la suite, I'influence du positionnement du diger sur I'estimation de la répartition de
l'activité a été étudiée. Les résultats ont dénwqure I'activité peut étre sous estimée avec
22% d’erreur du fait d’'un mauvais choix de positiement des détecteurs. De méme, des
sources ponctuelles perturbatrices ont été insééns le fantobme afin de représenter par
exemple des ganglions lymphatiques contaminés euwigille contamination dans l'os. Les
résultats ont montré que de telles sources pettigbs biaisent sensiblement les mesures et
faussent I'estimation de l'activité. Cependantiéthode a démontré des capacités limitées a
identifier la présence de telles sources uniquerdans certaines configurations (source trés
proche du détecteur). Enfin, 'adéquation des maddmcinétiques qui déterminent la
répartition de la contamination a été étudiée.’dgis dans ce cas, d'étudier I'effet sur
I'estimation de l'activité, d'un organe potentiglient chargé non pris en compte dans les
hypotheses sur la répartition de la contaminati@s. résultats ont clairement montré que de
telles erreurs faussent complétement I'estimati@n l'dctivité mais restent facilement
identifiables.

5.3. Simulations Monte Carlo et test de la méthode

Séparer les contributions de chague organe reptndant impossible quand il s’agit d'une

personne contaminée puisque I'on ne peut isolargane a I'intérieur du corps et le compter

seul. D'ou I'intérét des simulations Monte Carla germettent le calcul des coefficients de

contribution en utilisant un modele voxelisé deésonne concernée créé a partir d'images
médicales. Pour appliquer cette méthode, cependaatreproduction exacte des conditions
de mesure est nécessaire et la modélisation desteléts utilisés doit étre aussi bonne que
possible.

Pour valider la méthode Monte Carlo du calcul dastributions, les mesures réalisées avec
le Livermore ont été simulées. Dans ce cas, urdfa@tvoxelisé Livermore a été créé a partir
d'images tomodensitométriqgues du mannequin physigimsuite, I'activité a été chargée
successivement dans chacun des poumons et lesedéseant été positionnés conformément
aux mesures expérimentales. Le Tableau X présenteokfficients de contribution obtenus
par simulation ainsi que I'écart par rapport auleues expérimentales. L'utilisation de ces
coefficients dans I'Equation 3 a pour résultat des$zr I'estimation de l'activité des poumons
puisque des différences allant jusqu’a 16% onbégervées. Ces erreurs sur I'estimation de
I'activité proviennent essentiellement des valealstenues pour les simulations avec des tirs
croisés, i.e. dans le cas ou le détecteur est@nda poumon non chargé, et remettent en
cause la modélisation du détecteur. Un travail efmsitionnement des détecteurs lors des
simulations et de correction de I'épaisseur deolache morte périphérique du détecteur ont
éte réalisées. Le modele amélioré réduit les esrsur I'estimation de l'activité a moins de
5% et permet de démontrer la faisabilité de la wadglméme quand des matrices calculées de
contribution sont utilisées.

Tableau X. Matrice des efficacités de comptage (coups/déterminée par calcul Monte Carlo et
représentant la contribution de chaque organe waeiposition donnée du détecteur.

Poumon droit seul  Poumon gauche seul

Coeff.  Diff. (%) Coeff. Diff. (%)

Détecteur droit 2,73E-03 -3,7 1,96E-04 -13,3
Détecteur gauche 5,17E-04 -69,2 1,38E-03 0,8

Organe chargé
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5.4. Application a d’autres systémes de comptage @tutres protocoles de mesure

Deux études supplémentaires ont été réaliséesapauite afin de tester I'efficacité de la
méthode avec d’autres sources (europium, uraniumn), efifférents organes radioactifs
(poumons, foie etc.), mais aussi divers systemes cdeptage avec différents
positionnements. Ainsi, une premiére série de nessarété effectuée au CIEMAT (Madrid)
avec des poumons chargés simultanément avec dediam et de I'américium ainsi qu’un
systeme de 4 détecteurs germanium. De méme, desramesnt été réalises au KIT
(Karlsruhe) en utilisant des poumons et un foier@ds avec de I'américium et un détecteur
germanium haute pureté afin de valider la méthade fyois organes simultanément chargeés.

Les résultats obtenus ont démontré I'efficacitélalenéthode quelque soit le systéme de
mesure utilisé, le radionucléide concerné et le rentd’organes chargés pourvu que des
mesures adaptées soient réalisées. Bien quedaiidn des simulations Monte Carlo pour la
détermination des matrices de contribution monee timites (mauvaise gestion des tirs
croisés, reproduction du positionnement des déiesjteles résultats obtenus ont démontré
I'intérét de la méthode pour déterminer la cartpgra de I'activité incorporée.

6. Conclusions et perspectives

6.1. Chaine de traitement pour les étalonnages numgues

Dans ce travail, 24 fantdmes thoraciques fémininis &é créés aux formats 3D flexibles
Mesh et NURBS pour représenter les mensurationsples communes. Ces modéles
combinent différents tours de poitrines (85-120hnrets (A-F), organes internes et
morphologies et compensent I'absence des modélesopies féminins pour I'étalonnage des
installations d’anthroporadiamétrie.

Les simulations MC ont été réalisées pour les éeeitgs plus communément utilisés pour les
étalonnages anthroporadiamétriques. De plus, ueregsde comptage typique formé de 4
détecteurs germanium a été utilisé. La réductiobeffecacité de comptage de ces détecteurs
avec l'augmentation de la taille du bonnet et dur tte poitrine a ainsi pu étre quantifiée. Par
la suite, la mise en équation de la variation @dfitacité de comptage en fonction de la
morphologie a été réalisée. L'influence de la w@rade I'épaisseur extra thoracique et du
volume de l'organe chargé sur le comptage a égrm@iee. Enfin, I'équation établie a été

reliée aux mesures obtenues avec le fantbme Livermbdes recommandations ont été
données pour généraliser son utilisation a toutsop@e surveillée.

Les étalonnages numeériques étant directement ligddiabilité et la rapidité des simulations
Monte Carlo, la suite du travail a donc porté sacdélération des calculs par le biais des
méthodes de réduction de variance ainsi que mamglification de la géométrie du fantdme.

La réduction de variance a pour objectif de favarig propagation des particules ayant la
plus grande probabilité de participer au résultas cartes de biaisage de la nature et de la
direction de I'émission de la source, la carte diiston forcée et les cartes de « fenétres de
poids » (Weight Window) couplées a la carte « eential transform » ont été testées.
Celles-ci ont permis d’augmenter le nombre de codpes les détecteurs en biaisant
I’émission, en favorisant les interactions des phstde haute énergie dans les cellules des
détecteurs et/ou en augmentant le pouvoir de @#trdes photons de basse énergie pour
atteindre les cellules actives des détecteurs. rhéshodes appliquées ont permis une
réduction totale du temps de simulation d'un fact2Q avec des valeurs d’efficacité de

XXI



Résumé de la thése / French summary of the thesis

comptage en accord avec les situations de réfé{eans RV) puisque I'écart relatif maximal
observé reste <5% quelle que soit I'énergie duoradiléide simulé. La simplification du
fantdme, quand a elle, a compris l'introduction pdans d’'importance nulle qui arrétent la
propagation de particules qui y arrivent et la cédun du nombre de voxels par I'utilisation
de la fonction de fusion « rebin ». La premieréragion a donné un facteur 1.3 de réduction
du temps de calcul alors que la fusion des voxe&lait de moitié le temps. Cependant, ces
opérations restent d’'un intérét limité puisque dengremier cas aucune particule diffusée
n'est collectée et dans le second, la résolutiofadidme est sensiblement perdue.

Enfin, les mémes gains en temps de calcul ont é&nob pour le fantdme voxel équivalent
Livermore et le modéle beaucoup plus complexe duathde la femme de référence de la
CIPR. Par ailleurs, un algorithme de traitement febiers de sortie a été développé
(Linux/Unix) pour automatiser I'extraction des vale des efficacités de comptage et pour
fournir I'’équation polynomiale de degré 6 donnamtvhriation de I'efficacité de comptage

avec I'énergie. De plus, une version paralléliseecdde MCNPX a été implémentée et les
calculs sont désormais lancés sur 32 processeyraraltéle, ainsi un facteur de réduction de
temps de 20 a 30 a été obtenu selon la complexiti€lier d’entrée.

6.2. Prise en charge de contaminations complexes

Les mesures anthroporadiamétriques sont souveatteffes sous des hypothéses d'une
distribution connue de l'activité. Cependant, las complexes de contamination impliquant
plusieurs voies d’incorporations avec un mélangdédhents radioactifs de différents types et
solubilités sont particulierement difficiles a gerde plus, quand on ne connait pas

précisément la date d’incorporation le positionnetmides détecteurs reste délicat. Dans ce
cas, il est proposé de remonter a la cartograpaaivté dans chaque organe par l'utilisation

des calculs Monte Carlo couplées a des mesuresimgrdales. La méthode consiste a

séparer la contribution au comptage total, de anaes organes potentiellement contaminés.

Pour valider la méthode, une série de mesure sféétuée au LEDI avec le fantbme
Livermore qui permet la séparation physique de datribution de chaque organe. Les
premiers résultats démontrent la faisabilité detecehéthode puisque les activités des
poumons ont été estimées avec seulement 3% de&cartilisant les mesures Livermore. Des
cas plus complexes de répartition d’activités datréalisés par l'utilisation d’un foie chargé
et de différents types de poumons radioactifs (EuropUranium etc.). Ces travaux ont été
réalisés en collaboration avec le KIT a KarlsruhdeeCIEMAT a Madrid. Les mesures
réalisées ont permis de valider la méthode pountda systémes de comptage et avec un
positionnement différent des détecteurs. De mérsee anéthode a montré une grande
efficacité a gérer des situations comprenant 3 rmgaadioactifs simultanément chargés.
Ainsi, la méthode a été considérée valable queknpiele nombre d’organes contaminés
pourvu que les mesures adaptées soient réalisées.

Par ailleurs, quand le calcul Monte Carlo a étiésatpour estimer I'activité des poumons, les
simulations ont donné un écart inacceptable (> 10@ette erreur sur l'estimation de
I'activité provient essentiellement des valeurseobes pour les simulations avec des tirs
croisés, dans le cas ou le détecteur est en fag@mulmon non chargé, et remet en cause la
modélisation du détecteur. Plusieurs mesures dorescont été envisagées comprenant la
correction du positionnement des détecteurs, l@tian des inclinaisons des détecteurs et la
modification de la taille de I'épaisseur de la zanerte du cristal. Lors de toute nouvelle
modélisation de détecteurs, il a été décidé dasmerables expériences avec des sources
ponctuelles excentrées afin de modéliser correctehas tirs croisés.
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6.3. Perspectives

Pour aller plus loin dans la démarche de perscsatain de la mesuri@ vivo, un projet en
cours vise au développement d’'une plateforme dg®maiements a partir de cas qui permet de
sélectionner dans une base de données (la libd@kieloppée), le fantdme le plus similaire
pour chaque sujet surveillé (Bopp et al. 2009, rataal. 2011, Henriet et al. 2010). Le choix
du fantéme le plus similaire se base sur la cong@mades caractéristiques de chaque
fantdbme (taille, poids, age, volume pulmonaire)eicacelles du sujet surveille. Ce modele est
par la suite adapté a la morphologie de la persann&ide des réseaux de neurons
(Makovicka et al. 2009). Pour ce faire, I'algoritenapprend les coordonnées de points
caractéristiques définissant chaque organe et geommsuite, a travers les réseaux de
neurones, l'information relative aux caractéristigudu sujet surveillé (taille, morphologie
etc.) afin d’'ajuster ces coordonnées.

L’efficacité du raisonnement & partir de cas danshbix du fantéme le plus similaire a atteint
les 85% quand le fantdme équivalent personne éxssion les criteres de choix retenus. Par
ailleurs, I'adaptation via les réseaux de neurasiest avéré étre un processus tres efficace
puisque le code a réussi a reproduire correcteteevlume cible (erreur <1%) pour les 8
fantdmes utilisés (Laurent et al. 2010). De pliagldptation est tres rapide puisque la position
de plus de 2400 points caractéristiques est caamequelques dizaines de millisecondes en
utilisant un processeur double coeur trés communGRiz).

Enfin, 'IRSN a développé des moyens mobiles d’'weetion en cas de crise dont le
Laboratoire Mobile d’Anthroporadiamétrie (LMA). Afid’optimiser le suivi des travailleurs
surveillés par le LMA, la modélisation du systéneecdmptage a été entreprise pour réaliser
des étalonnages numériques. En effet, grace audledMonte Carlo, des facteurs correctifs
seront donnés pour une meilleure prise en charda derphologie du travailleur. Ceci est
d’autant plus stratégique que I'IRSN a été amep#ectuer plusieurs expertises et mesures
anthroporadiamétriques avec le LMA pour des tréeaais de différents services hospitaliers
de médecine nucléaire. Ainsi, une estimation des pEalistes de I'activité incorporée
pourrait étre donnée par le LMA quand les mesumrestro classiques (urines, selles) restent
peu efficaces dans la détection de la contamination

XX






List of notations

AF-RCP
ANN
CBR

CT
CWT
DICOM
EXT
FCC
FCL
HPGe
ICRU
ICRP
IDL
IRSN
IMP
MRI
LANL
LEDI
MC
MCNP(X)
Mesh
MIRD
NPS
NURBS
OEDIPE
PHT
Rhino 3D
RR
SAM

SB

Sl

SP
Tally
TPS
Vec
Voxel
VR

Ww
WWG
WWP

List of notations

Adult Female Reference Computational Phantom
Artificial Neural Network

Case Based Reasoning

Computed Tomography

Chest Wall Thickness

Digital Imaging and Communications in Medicine
Exponential transfrom

Forced Collision Control

Forced Collision

High Purity Germanium

International Commission on Radiation Units and sneaments
International Commission on Radiological Protection
Interactive Data Language

French Institute for Radiological Protection andchéar Safety
Cell Importance

Magnetic Resonnance Imaging

Los Alamos National Laboratory

Internal Dose Assessment Laboratory

Monte Carlo

Monte Carlo N-Particle (eXtended)

Triangular Mesh geometries

Commitee on Medical Internal Radiation Dose

Number of Starting Particles

Non Uniform Rational B-Splines

Tool for personalized internal dosimetry evaluation
Pusle Height Tally

Rhinoceros 3D modeling software

Russian Roulette

Medical Analyses Department at AREVA NC La Hague
Source Biasing card

Source Information card

Source Probability card

MCNP(X) simulation result

Treatement Planing System

Emission direction vector

VOlume X ELement (the three dimensional equivatdmixel)
Variance Reduction

Weight Windows

Weight Window Generator

Weight Window Parameters



List of figures

List of figures

Figure 1.1. Summary of the main routes of intake, transfetsexcretion (Davesne 2010).

Figure 1.2.Typicalin vitro urine sample measurement.

Figure 1.3.Typicalin vivowhole body counting (left). Measured spectrum @ied using Genie
2000 (right).

Figure 1.4. The SCHMIER bottle phantom used for whole bodybcations representing a 90 kg
adult male subject.

Figure 1.5. The IGOR bricks used for whole body calibratiorisaaypical counting system (left);
Different configurations of the IGOR bricks represieg respectively a 70 kg, 24 kg and 12 kg subject
(right).

Figure 1.6.The Livermore physical torso phantom with its cohest plates.

Figure 1.7.Visualisation of the Monte Carlo simulation chaimd of the OEDIPE software
components and functionalities (Lamart 2008)

Figure 1.8 Left: MIRD adult mathematical model develope®&NL. Middle: Adam and Eva
mathematical adult developed at HMGU. Right: thehmmatical 9 month pregnant female developed
at ORNL.

Figure 1.9.Examples of voxelized models developed at diffemestitutes starting from CT scan or
MRI medical images (taken from a presentation bykhkl 2010;
http://www.enea.it/com/web/convegni/ComputationadDaetry081007/Zankl.pgif

Figure 1.10.The new ICRP AM-RCP (left) and AF-RCP (right).

Figure 1.11.BREP representation of a sphere using NURBS (@eft) Mesh geometries (right);
Visualisation using the Rhino 3D modeling software.

Figure 1.12.Comparison between three models of the gastratingd tract for the new-born: (left)
Stylized phantom or mathematical (ORNL); (middlepxélized phantom (UF); (right) Hybrid
Phantom (UF). (Lee et al. 2007a)

Figure 1.13.Frontal views of the UFH-NURBS female newborn pgban(Lee et al. 2007b).

Figure 1.14. Models of the pregnant woman at 3, 6 and 9 monthgregnancy respectively and
visualization of the fetus’ Mesh polygons (Xu et2007).

Figure 1.15.Left: RPI Mesh-based adult mal and female phant@hang et al. 2009); Right: FASH
and MASH Mesh models of the FAX and MAX voxel phans (Cassola et al. 2010).

Figure 2.1.IDL® plotting of the Livermore lungs using the xvolufoection.

Figure 2.2.Visualization of the Rhino 3D software and theiklde surface modification tools.
Figure 2.3.Viewvox visualization of voxelized ribs obtainesing the Binvox program.

Figure 2.4.The Binvox program input and output functions,rapée of using the ignore function
when three structures are present in the inputdilee voxelized.

Figure 2.5.3D phantom creation from medical images

Figure 2.6.3D phantom creation from voxel model

Figure 2.7.Rhino 3D steps for the generation of NURBS sudastarting from Mesh triangulations
and using the loft tool.

Figure 2.8.Rhino 3D visualisation of Mesh surface intersedibetween ribs (grey) and lungs (red).
Figure 2.9.Variation of the counting efficiency (counts/s/gaa) with energy (keV), for the ICRP
AF-RCP reference model (black symbols) and the fertimsso core model (white symbols).

Figure 2.10.Rhino 3D visualization of the operated manualtsigfof the Splines control vertices to
realize cup size change.

Figure 2.11.i) position up: Rhino 3D visualisation of the 9(Bft), 100C (middle) and 110 D (right)
created models; ii) position down: OEDIPE visudiima of the voxelized models of chest girth 90 and
of cup size ranging from A to E.

Figure 2.12.Steps for the generation of the library of fenmaledels starting from the deformable core
model.

Figure 3.1. OEDIPE visualization of the detectors’ positionfiog phantoms of cup size C and a chest
girth of 90, 100 and 110.

Figure 3.2.Schematic method to switch from a simulated spatto a calibration curve.

XXVI



List of figures

Figure 3.3.Counting efficiency (counts/s/gamma) variationhagnhergy (keV) for the chest girth of
90 and all cup size# (dots),B (squares)C (diamonds)D (triangles).E (inverted triangles).
Figure 3.4.Example of two different breast shapes createdpresent a female subject having a
chest girth of 90 and a C cup size breast; visatiin using OEDIPE.

Figure 3.5.Counting efficiency (counts/s/gamma) variationhnéhergy (keV) for the phantoms of
cup size D and various chest girths (85-120) ndmedlto the 85 chest girtB5 (dots),90 (squares),
100 (diamonds);110 (triangles), 120 (inverted triangles).

Figure 3.6. Counting efficiency (counts/gamma) variation withtp thickness (cm) for the
Livermore mesh model. Linear fit calculated usinigidsoft Excel 2008": y=0.0077026*exp(-
0.2116x).

Figure 3.7.Counting efficiency of the three different detecaorays (50, 70 and 85 mm diameter) at
60 keV as a function of lung volume (both lungsjdier and Capello, 2005).

Figure 3.8. Counting efficiency (counts/gamma) variation witteggy (keV) for the different Mesh
models: 0.85 contracted (black diamonds), contdagtikack triangles), 0.95 contracted (black inverte
triangles), reference (black squares), 1.05 dilatdtte inverted triangles), 1.1 dilated (white
triangles), 1.15 dilated (white diamonds). Valukswse 800 kev not shown in this plot.

Figure 3.9. Counting efficiency (counts/gamma) variation witle inverse of lungs volume ). for
photons of 30 keV (dots), 60 keV (diamonds) and 5@ (triangles). Linear fit calculated using
Microsoft Excel 2008": 30 keV: y = 0.0026807 x — 0.000649, R2 = 0.9856QkeV: y = 0.0053597

X +0.00010445, Rz = 0.9972850 keV:y = 0.0031493 x + 0.00014296, R? = 0.99634.

Figure 3.10.Linear regression giving thg parameter for the 90 chest girth phantom; simuouesti
normalized to the 85A phantom values. Linear fitetated using Microsoft Excel 200& 90A
(diamonds) y = -0.6025x, R2 = 0.98F&B (triangles) y = -1.2576x, R2= 0.99&0C (squares) y = -
1.3966x, Rz = 0.99430D (circles) y = -1.6433x, R2 = 0.99380E (inverted triangles) y = -2.0526x,
R2 =0.9944.

Figure 3.11.Counting efficiency (counts/s/gamma) variationhagnergy (keV): Comparison between
MC simulated values (black symbols and solid lireg] the estimated ones (white symbols) for the
models: 85B (diamonds), 90C (triangles), 100D (segla 110E (dots) and 120F (inverted triangles).
85A being the reference for calculation.

Figure 3.12.Variation of the natural logarithm of efficiencatio as a function of the mass attenuation
coefficient (cm?/g) for plate P1 (black diamondsyiglate P4 (white diamonds).

Figure 3.13.Variation of counting efficiency (counts/s/gamnaa)a function of energy (keV):
comparison between MC simulated values (black sysrdoad solid lines) and the calculated values
(white symbols) for the 85A model (diamonds), 98Bafgles), 100C (squares), 110D (dots) and
120E (inverted triangles). The Livermore phantorthvplate P4 is the calculation reference.

Figure 3.14.Variation of the natural logarithm of the ratiotbe 105D efficiencies to the 105AA
values (white diamonds) and those of the ratideft05D efficiencies to the 105A values (black
diamonds) as a function of the mass attenuatiofficeat (cm?/g). Linear fit calculated using
Microsoft Excel 2008": 105AA reference y = x +, R2=0.9105A reference y = x +, R2=0.98.

Figure 3.15.Variation of ¢ (g/cm?) as a function of breast weight differengefér chest girths from
85 to 90 (dots), 100 chest girth (squares), 118tafieth (diamonds) and 120 chest girth (triangles)
Linear fit calculated using Microsoft Excel 200885-9Q y = 0.0016 x + 0.4034, R2 = 0.950Q y

= 0.0009x + 1.2424, R2 = 0.99410 y = 0.0008x + 3.7414, R2 = 0.95820 y = 0.0006x + 6.1098, R2
=0.961.

Figure 3.16.Variation of ¢ (g/cm?) as a function of chest wall thickness \#ra(cm) for the
Livermore measured data and the 85A simulatioreBsence. Linear fit calculated using Microsoft
Excel 2008": y = -1.2084 x + 1.0658; R2 = 0.99217.

Figure 3.17.Variation of ¢ (g/cm?) as a function of breast weight differengefor the Hegenbart el
al. (2008) data and the AA reference breasts. kifieealculated using Microsoft Excel 2008 85-

90: y = 0.029094 x + 13.65; R2 = 0.955.

Figure 3.18.Variation of g as a function of £(g/cm?2) for chest girths of 100 (triangles), 140t6)

and 120 (squares), with all cup sizes represehtadar fit calculated using Microsoft Excel 200/8

y =-0.0656 x + 0.8574, R?=0.9728.



List of figures

Figure 3.19.Counting efficiency (counts/s/gamma) variationhnenergy (keV) with the source
distributed: (i) following the volumetric proporticf each compound (black diamonds), (ii)
uniformly in the four compounds (white diamonds).

Figure 3.20.Counting efficiency (counts/s/gamma) variationhnenergy (keV) with the detectors
positioned: (i) facing the breasts (black diamongB)at the sides (white triangles), (iii) in thack of
the phantom (inverted triangles).

Figure 4.1.Representation of the analog random walk of an & Narticle (Booth 1992).

Figure 4.2. Representation of the random walk of an MCNPXiplartwith VR splitting (Hendricks
and McKinney 2005).

Figure 4.3. MCNPX plotter of a lung counting in @igimulation with: (1) a point source located near
the detectors and with small attenuation; (2) a®ource located far from the detectors and Suoffer
consequent attenuation (Lamart 2008).

Figure 4.4. MCNPX plot of the energy spectum obtained for etiéint VR methods; (1) in black:
analogue calculation; (2) in green: biasing at 1q@¥#bability towards a fictitious sphere around one
detector; (3) in red: biaising towards a fictiticgghere around the four detectors; (4) in bluesinig
towards a fictitious sphere around the four detsotgth weight windows (Lamart 2008).

Figure 4.5. Variation of simulated counting efficiency (coulgismma) with energy (keV) for the
ICRP reference female.

Figure 4.6.Principles of splitting (1) and Russian roule® (Breismeister 2000).

Figure 4.7.Input parameters of cell importance card (right) achematic representation of the
Livermore phantom (left).

Figure 4.8. Weight window principles: particules are represdnty spheres as their size is
proportional to their statistical weight (Lamart03&).

Figure 4.9.MCNPX code for a rectangular WW (left) and MCNPMtfer visualisation of the

defined rectangular WW (right).

Figure 4.10.MCNPX code for a spherical WW (left) and MCNPX fw visualisation of the defined
spherical WW (right).

Figure 4.11.Comparison of the variation with photon energy(thj:the inverse of counting efficiency
and of (2) the germanium energy-dependant maswatien coefficient.

Figure 4.12.Two examples of the Source Biasing cards useaviorflow energy photon emissions. In
the first case (left), 15/51 photons start at 18 while in the second case (right) this proporti®n
equal to 15/37.5.

Figure 4.13.MCNPX command of the source Vec card for direcBamission biasing (left) and
visualization of the particles tracks with a 180he directional biasing (right).

Figure 4.14. MCNPX command of the source Vec card for direcgamssion biasing (left) and
visualization of the particles tracks with the éonbus exponential biasing (right).

Figure 4.15.The FCL input parameters for the ICRP female pivant

Figure 4.16.EXT input parameters for the Livermore phantom mvapplied to the chest plate only.
Figure 4.17.EXT input parameters for the Livermore phantom mvapplied to all internal organs and
to the front dead layers of the used detectors.

Figure 4.18.Counting efficiency ratio of the values obtaineithvthe VR methods to the reference
values obtained without VR and associated uncéiairresults at 15 keV (left) and 59.5 keV (right)
and the ICRP female phantom.

Figure 4.19.MCNPX plotter of a typical sphere of work insidewhich the transport of particles is
followed (right) and introduced void plans kill piales going in undesired directions (righ).

Figure 4.20.Schematic visualization of the rebin functioningamhtwo adjacent voxels with similar
(left) and different (right) colors are fused tdust

Figure 4.21.Errors on the organ volume caused by the rebieMuosion.

Figure 4.22.Example of an MCNPX input file and highlighted stegd the inputs identified
by the script.

Figure 4.23.Visualisation of the “txt” output file of the sptisummarizing the requested inputs, the
simulated outputs, the processed counting effigieatues and the polynomial equation parameters as
well as validation for the ICRP female referencewgation.

XXVII



List of figures

Figure 4.24.Visualisation of the “png” script output file reggenting the counting efficiency
(counts/gamma) variation with energy (keV) and carmg the simulated values (red) to those given
by the polynomial equation (green) for the ICRP démreference simulation.

Figure 5.1.Visualization of a typical in vivo pulmonary measment and schematic representation of
the possible organ sources which contribute taletectors’ count.

Figure 5.2.2*’Am biokinetics and retention organs days afterrtamination by inhalation (Lamart
2008).

Figure 5.3.Photos of the three different germanium countiysjeans used for this study: IRSN’s
LOAX (left), CIEMAT's 4-LEGe (middle) and KIT’s HP& (right).

Figure 5.4.Visualization of the LOAX experimental positionifigft) and of the MCNPX simulated
one (right).

Figure 5.5.Visualization and designation of the detectors thiedt positioning with various
angulations to cover at best the lungs.

Figure 5.6.MCNPX translation card and visualization of thevéw pair positioning (shielding in
yellow).

Figure 5.7.Operated positioning of tHé’Eu point source on the left and right side of tharom at
the level of the liver.

Figure 5.8.Plot of particles tracks with the ParaView softevegpresenting different organ
contribution curves: Left: Liver and right lung wi80-15% proportion; Right: Liver, right lung and
left lung with 80-15-5% proportion.

Figure 5.9.Positioning of the point perturbation source ofetat KIT. Left: simulated tracks to
determine the position for which there is an equailtribution of each organ; Right: positioning
within the Livermore phantom.

Figure 5.10.Detectors positioning operated at KIT.

Figure 6.1.Photos of the IRSN LMAn vivo mobile unit and of the two installed germanium
detectors.

Figure 6.2.Visualization of the experimental measurementsdeith point sources (left) and with
the IGOR phantom (right).

Figure 6.3.MCNPX visualization of the activity distributioms the ICRP male reference phantom for
the®'Cs (left) and®™Tc (right). (red = 95% activity, blue = 5% activjity

Figure 6.4.MCNPX counting efficiency values for the ten plans. Inset: Example of several
phantoms representing adult male individuals dedént height and weight.

Figure 6.5.The CBR cycle: problem definition (new case), mate (most similar case from the
database), reuse (previous solution), revise (atlap) and retain (storage in the CBR database).
Figure 6.6.The EquiVox graphical comparison of the CAESERdnwith case-base model 85A
(left) and model 120F (right).

XXIX



List of tables

List of tables

Table 1.1.Reference values for the radiation weighting fexc{(¢CRP 2007).

Table 1.2.Reference values for tissue weighting factors fCRO07)

Table 1.3.Typical detection limits according to ICRP (1997).

Table 1.4. Uncertainties involved in the calibration @f vivo counting systems fof**Pu
(Razafindralambo 1995).

Table 2.1.Chest girth designation according to the Europesmmittee for standardization.

Table 2.2.Bra size designation according to the Europeamdittee for standardization

Table 2.3.Composition of the deformable female core modai&asts.

Table 2.4.Densities of the deformable female core modeksbts, compounds are named according
to their designation in the ICRP AF-RCP.

Table 2.5.Composition of the deformable female core modetsrnal organs.

Table 2.6.Densities of the deformable female core modeltsrimal organs, compounds are
named according to their designation in the ICRPRAEP.

Table 2.7.Composition and density of the deformable femake enodel’s residual tissue.

Table 2.8.0rgan volume of the reference ICRP female andiéiermable core model and associated
relative error.

Table 2.9.Tissue weight adding per cup size change accotdiffgirner and Dujon (2005).

Table 2.10.Weight, density and composition of the createdsie

Table 2.11.Weight factor applied to the organs and tissudhetreated models, 90B modaken as
reference.

Table 2.12.Residual tissue’s composition and density forfémeale library phantoms as a function of
chest girth.

Table 2.13.General features of the created models.

Table 2.14.Volumetric comparison of the created breasts.

Table 3.1.Counting efficiency and associated statisticabreobtained with the MC simulations for
the 85 chest girth and the different cup sizesddionuclides of particular interest.

Table 3.2.Counting efficiency and associated statisticabreobtained with the MC simulations for
the different breast morphologies of the 90C phanand the radionuclides of particular interest.
Table 3.3.Counting efficiency and associated statisticabreobtained with the MC simulations for
the C cup size and the 5 different chest girthkjaggiven for the following radionuclid€sU,

2Am, %'Co, *'Cs and®Co.

Table 3.4.Values of the paramete;s for the 85 and 90 chest girths and associatedh&z2dleft).
Comparison of the MC and calculated efficienciesiie 90E model at various energies (right).
Table 3.5.Values of the parametersand ¢ for the 100, 110 and 120 chest girths and
associated R? and (left). Comparison of the MC and calculated effiraies for the 120F
model at various energies (right).

Table 3.6.Parameters of the sixth-order polynomial equadiescribing the counting efficiency
variation with energy, measured for the Livermonamtom and the associated plates.

Table 3.7.Comparison of simulated counting efficienciestfug 85A female model and measured
values obtained for the Livermore with plate P1 associated difference (relative error).

Table 3.8.Values of the cand ¢ parameters for the different Livermore plates assbciated
determination coefficient obtained from linear eeggion.

Table 3.9.Values of ¢ and ¢ parameters for all cup sizes (A to G) with theoaigted R2 ang?

values (left). Comparison of published and caladatalues of counting efficiency with the assodate
difference (%) for the Am-241 photons at 59.54 Keght).

Table 3.10.Conversion factors to correct the Livermore P1sneament as a function of female size
(Ex = E4 Livermre / factor).

Table 3.11.Comparison of simulated counting efficiencies oi#d for the photons at 59.54 keV with
the artificial 17 photon source and the natural 241- source; results for the ICRP female torso.
Table 4.1.Study of the impact of the WWP on the simulatiometand on the counting efficiency
values at 15 keV when spherical WW are used anditteemore phantom.

XXX



List of tables

Table 4.2.Number of collisions obtained for three differ&@C values and the ICRP female torso
phantom.

Table 4.3.Statistical relative error (%) obtained for thdiferent FCC values and the ICRP female
torso phantom.

Table 4.4.Number of simulated particles for the applied \Rhniques to save time and guarantee
reliable MC values.

Table 4.5. Statistical relative error on the photoelectrialpat 15 keV obtained for the applied VR
techniques and both phantoms.

Table 4.6.Comparison of the reference organ volumes andesized phantom and associated
relative error.

Table 4.7.Comparison of the reference organ volumes withrésezed phantom and associated
relative error.

Table 4.8.The FOM value obtained for the applied VR teche&and both phantoms.

Table 4.9.Counting efficiency values and associated stadibtelative erro obtained for the 110 chest
girth phantoms and the combination of Vec, EXT WA/ VR cards.

Table 5.1.Experimental counting rate of the LOAX detectotamhed for the Livermore phantom and
different configurations of loaded americium lungs.

Table 5.2.Experimental counting rate (counts/s) obtainedHerLivermore phantom and different
configurations of loaded Americium lungs with th@AX detector positioned over the heart and liver.
Table 5.3.Experimental counting rate of the LOAX detectotamhed for the Livermore phantom and
different configurations of loaded americium lufysadding a perturbation point source at the level
of the heart.

Table 5.4.Experimental counting rate of the LOAX detectotamhed for the Livermore phantom and
different configurations of loaded americium lufysadding a point source at the level of the liver.
Table 5.5.Simulated counting efficiencies (counts/Bq) foe tonsidered detector positioning and the
two configurations of loaded Americium lungs.

Table 5.6.Effect of the errors in the detector positionimgtbe simulated counting efficiency for
cross fire situations.

Table 5.7.Effect of an increase in the side dead layer tiésk on the simulated counting efficiency
for cross fire situations.

Table 5.8.Experimental counting rate (counts/s) obtainedlierCIEMAT four-germanium counting
system and different sets of loaded lungs.

Table 5.9.Linearity check for the CIEMAT system and the @ted detector positioning.

Table 5.10.Activity estimates and differences to referenceies for various combinations of
detectors’ counts.

Table 5.11.Simulated counting efficiency for the CIEMAT deties and difference to reference
values.

Table 5.12.Experimental counting rate (counts/s) obtainedherCIEMAT four-germanium

counting system and different sets of loaded lwigis the adding of the point source on the lefesid
of the phantom.

Table 5.13.Experimental counting rate (counts/s) obtainedherCIEMAT four-germanium

counting system and different sets of loaded lwaigfs the adding of the point source on the righesi
of the phantom.

Table 5.14.Impact of different possible combinations of détex on the activity estimates and on
their differences to the reference values wheniat gource was added on the left side of the
phantom.

Table 5.15.Impact of different possible combinations of dete on the activity estimates and on
their differences to the reference values wheniat gource was added on the right side of the
phantom.

Table 5.16.Experimental counting rate (counts/s) obtainedli@tfor different detector positioning
and various organ configurations.

Table 5.17.Linearity check for the KIT system and the opettatetector positioning.



List of tables

Table 5.18.Simulated counting efficiencies (counts/Bq) obtairat KIT for different detector
positioning and various organ configurations.

Table 5.19.Experimental counting rate (counts/s) obtaingdliatfor various organ configurations
when the point source was added.

Table 5.20.Experimental counting rate (counts/s) obtainediatfor the new detector positioning
and the various configurations of loaded organs.



General introduction

General introduction

In the nuclear industry, the exposition to ionizingdiation can be either by external
irradiation or by internal contamination after itdtaon, ingestion or wound. The occupational
exposure is assessed using collective or individmalasurements to demonstrate the
compliance with regulatory requirements and to glesan adapted monitoring program.
Individual measurements include vivo counting and bioassays that enable the assessinent
the retained activity. The typical calibrationinfvivo counting systems often relies on the use
of physical phantoms that remain of limited anatahirealism. Moreover, no physical
female phantom has been developed for the caldoradf in vivo counting installations. An
alternative to the use of physical phantoms camsistomputing the calibration coefficients
using a 3D model of the monitored subject and M&ddo calculations.

Voxel phantoms, created from CT scan or MRI medicages, were first introduced to
realize Monte Carlo calculations. The constructioh v@xel phantoms is however
significantly time consuming and the final moddlaxibility is considerably limited. New
3D formats, developed for computer graphics andgdesvere thus introduced to create an
extended library of female torsos. The models warefally designed to represent the most
common female morphologies based on plastic surgedyrelevant recommendations. The
library was next used to realize the numerical bzation of a typical four-germanium-
detector counting system for which the effect &fdst size and chest girth was quantified.

Furthermore, numerical calibrations require rapmtl aeliable calculations in addition to
realistic anthropomorphic phantoms. The MCNPX Mof@arlo code, used for these
simulations, enables the calculation of the cafibracoefficients through the use of pulse
height tally. For this latter, several new featunege implemented in the newest versions of
the code to improve the efficiency of the calculatand to reduce the simulation time. Thus,
the work investigated the use of the developedamag reduction methods and some
geometry simplification operations to acceleratenkdCarlo calculations.

Finally, the know-how and developed tools were b application to improve the
management of complex contaminations. In this caseethod was developed to enable the
activity mapping by associating Monte Carlo simigias to in vivo measurements. The
method is based on separating the different carttabs to an experimental count through the
use of Monte Carlo calculations. The feasibilitytbis method was investigated by using
experimental measurements with the Livermore plarand 3 different counting systems.

Chapter 1 starts with an overview of internal dastityp and presents the principlesiof
vivo monitoring. Next, the basics of numerical calitmas and the available formats for
anthropomorphic human phantoms are presented wittxtensive study of the features and
applications of each of the available formats.

In the second chapter, the development of a Medi\&WRBS-based female torso library
is presented. A special attention is paid to thierta and target values for the design of the
female morphologiedll these topics are investigated along with a asston of the possible
improvements to be done.

The aim of chapter 3 is to realize a numerical catibn of the AREVA NCin vivo
monitoring installation using the designed librafre work also includes a careful study of
the morphological parameters and mainly cup sizd ahest girth. This led to the
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parameterization of the morphology-induced variataf counting efficiency from which
practical recommendations were given to correcttypecal calibration coefficients to fit the
morphology of any female worker monitored with tkREVA in vivo counting system.

Chapter 4 deals with optimizing the efficiency obMe Carlo calculations when assessing
the calibration coefficients with the use of vadarreduction techniqgues and some geometry
simplification operations. The work introduces thiedent methods available for the pulse
height tally, the aim and mean of each of the nuthand the use for this particular
application. This work highlights the methods magsprapriate and easy to use for routine
calibration of in vivo installations. In this chapter, an algorithm wdsoadeveloped to
automatically treat the MCNPX output file and pllo¢ simulated calibration curve.

In chapter 5, Monte Carlo simulations are introdues a mean to improve the activity
mapping in the case of complex contaminationshis ¢hapter, the developed method is first
introduced along with the available tools. Nextfeasibility study is conducted using
measurements with the Livermore physical phantatipwed by a validation of the method
when using Monte Carlo simulations. At last, thetlmod’s validity is demonstrated for
different counting systems, measurement protoaadscantamination scenarios.

Finally, chapter 6 summarizes the obtained resutliscusses the methods and
improvements to be done and introduces the peigpsand future steps following this work
which include the development of a case-based naagplatform.






Chapter 1
Issues and challenges oh vivo measurements



Chapter 1: Issues and challenges of in vivo measurements

In vivo spectrometry measurements is a very efficient atgtiused for the monitoring of
workers with internal contamination risks, that lelea the assessment of incorporated activity
and, in some cases, its distribution inside theybdd/pical calibration of the counting
systems relies on the use of physical phantomsatieadf limited anatomical realism.

This chapter introduces the principles of internakichetry, the generalities ah vivo
monitoring and focuses on the female monitoringof@matic. Moreover, the tools used in
this work are introduced; these include numericabnk Carlo calculations and 3D
anthropomorphic phantoms.

|. Overview of internal dosimetry

Internal dosimetry involves situtations where radibve materials are present inside the
body. This section presents first, the differenttaannation scenarios in the nuclear industry,
then, the biokinetic models established to desctifbe transfer of radionuclides once

incorporated. Next, the dose definition and caliooitaare given along with the radiological

protection and individual monitoring principles.

I.1. Internal contamination of nuclear workers

1.1.1. Radionuclides involved in internal contamin&ion situations

Several radionuclides can be involved in accideimtdrnal contaminations in the nuclear
industry and in the nuclear medicine medical depants.

In the nuclear industry, fission reactions inducthg production of electric power result in
the generation of a big number of radionuclideshwiarious physical and chemical
characteristics. These radionuclides are dividetiree categories depending on the modality
and nature of production (Ecole Joliot Curie 2008jese include actinides that are generated
when atoms of important weight are bombarded widutrons or accelerated charged
particles, fission products generated by decaynshai the primaf**U nuclei and activation
products created when stable nuclei capture nesitron

In nuclear medicine medical departments, variodgegtive elements are daily manipulated
by medical staff for therapeutic or medical imagipgrposes. These elements can be
generated on site or provided by an external utgtih. The most commonly used
radioelements includ&’ for therapeutic purposes afftiTl and**™Tc for medical imaging.

1.1.2. Incorporation pathways

Handling uranium, transuranic elements, fission amtivation products, cleaning or
dismantling facilities can lead to irradiation oontamination at the workplace. External
irradiation is caused by a radioactive source lyntside the body while contamination is the
incorporation of a radionuclide through inhalatiorgestion or wound.
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For workers in nuclear medicine or medical imagdepartments, the same incorporation
routes are identified and may occur while prepathegradiopharmaceutical, i.e. associating
the radioactive element to a vector, or even whimimistrating the radiopharmaceutical to
the patient.

* |nhalation

In the nuclear industry, the fabrication of radibae fuel implicates the manipulation of
oxide powders and solutions of nitriate or uraniflonide and other transuranian solutions.
From these powders and solutions, fine particles,aerosols, can be suspended in the air.
The inhalation of such aerosols is considered tthbanost probable incorporation pathway
for actinides in radioactive fuel processing labonas (Bhattacharyya et al. 1995). For
nuclear medicine medical departments, inhalationrasfioactive elements constitutes an
evident risk for the primary work chain implicatittie association of the element to a vector.

In both cases, radionuclides are always manipulatednclosed glove box. However, a
confinement breach can occur and lead to an aitaognation. Nevertheless, the activities
that can be inhaled remain low thanks to the ilestaprotection system including the
enclosedepressurization systems, the radioactive partad¢sction system and the operator
breathing masks (Métivier 1997).

Finally, for public, a contamination by inhalatiaran occur following the dispersion of
radionuclides in the atmosphere.

* Ingestion
For the workers, the incorporation by the digesatt can occur following the epuration of
inhaled particles. For the public, the principléeimal contamination pathway is through the
ingestion of soiled food alimentary or beverages.

+ Wound

For worker, a wound can accidentally occur in maages as for example following a bad
manipulation of sharp/cutting objects containingtirades like uranium, plutonium or
americium. It can also occur when the worker israfyeg near the reactor circuit involving
the incorporation of fission and activation produstuch as cobal, chrome or ruthenium
(Bhattacharyya et al. 1995).

Wounds are mostly found on hands. In these caseskin does not play its role as a natural
barrier limiting the transcutaneous penetratioragionuclides into the organism. Wounds are
very rare when compared to inhalation contaminateses, but can nevertheless induce more
significative incorporations (Métivier 1997).

[.2. Biokinetics of radionuclides

Incorporated radionuclides are transferred througlioe body organs and tissue following
biokinetic mechanisms. This section introduces tifferént biokinetic models developed to
describe the becoming of radionuclides after timeiorporation.
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[.2.1. Transfer in the systemic circulation

Following the incorporation by inhalation, ingestior due to a wound, a part of the activity
is stopped by the tissue of the input pathway mrally eliminated by the organism; whereas a
second part is transferred through the blood. Thstegyic circulation distributes next, the

radionuclides in different body tissues where it ba retained for a period depending on the
element. The radioculide retention is highly depemd® the organ’s metabolism and the
similarity of the radionuclide to a natural elemersually drained by the organ from the

blood. For exampl€*'Am is preferably retained by the liver and the sk@h wherea$®*'Cs

is mainly retained in the muscles (ICRP 1995; Leggal. 2003).

The radionuclide is progressively eliminated by thrganism through desintegration or
excretion (urine or feces). The incorportation afioauclides has been studidtburoughly

by the International Commission on RadiologicaltBection (ICRP) who has defined different
models for each incorporation pathway. After isnsfer to the blood, the becoming of the
radionuclide and its elimination are highly departdan the considered element itself, on its
radioactive period and its chemical composition.tdake into account all these parameters,
the ICRP has defined a biokinetic systemic modelefach element or group of elements of
similar chemical properties. These models desctibeekchange between blood and tissues,
the retention of activity in organs and the exomin urine and feces as functions of time (cf.
Figure 1.1).
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Figure 1.1. Summary of the main routes of intake, transfesexcretion (Davesne 2010).

1.2.2. Biokinetic models

The behaviour of radionuclides from intake to eliation is described by biokinetic models.
These are made of compartments corresponding ton®rgassues, metabolic states or
fractions of activity within a tissue. Activity tnafer between compartments is governed by
first order kinetics with constant rates estimabenn animal experiments or follow-up of
human contamination cases. They allow predictingnfr@ given intake, the retention of
activity in organs and the excretion in urine aadefs as functions of time.

Specific models are recommended by ICRP to destndenovement of radionuclides in the

site of entry following inhalation, ingestion oretio a wound, its entry into the blood, the

element-specific systemic kinetics of exchange betwblood and tissues and the excretion
process. The main biokinetic models include the hunegpiratory tract model, the gastro-

intestinal tract model, the human alimentary tracidel, the wound model and the systemic
model.
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These models give the user a fairly realistic aretise mean to determine the received dose
from the product of the dose coefficientojeand the intake. The dose coefficienty, deduced
from biokinetics, is highly dependent on the sditpiof the radioactive element (Fast,
Medium or Slow), its size (Activity Median Aerodymé& Diameter for aerosols) and
concentration.

1.3. Internal dose definition, principles and calcuation

Radiological protection of workers aims at prevegtand managing the internal and external
exposure to ionizing radiation to guarantee thetgadf each worker. lonizing radiations are
responsible for the destructive biological effee$smost of the damage caused to the cells is
assumed to be through the alteration of DNA (Méti@006). Moreover, radionuclides have
different radiotoxicity depending on their physichéalf-life, the nature of the emitted
radiations and the retention/clearence of the elnmethe organism (ICRP 2008). However,
repair processes come into play to reduce the DalAate.

Specific values, based on the absorbed dose defirand calculation, were thus introduced
to determine the risks and radiation effects. Thesee divided to deterministic effects that
are recorded within a few hours or months afteadiation and to stochastic effects that
appear randomly after a few years or few decaddh Wwequencies depending on the
exposure. It is believed that the risk of stocltastfects is proportional to the dose down to
the slightest irradiation: this is known as theén-non-threshold model (ICRP 2007).

1.3.1. Dose definition

The exposure to ionizing radiation is defined by these concept (ICRP 2007). The
International Commission on Radiation Units and saeaments (ICRU 1998) also introduces
the concept of absorbed dose.

* Absorbed dose

lonizing radiations interact with matter and depesiergy. The absorbed dose is defined as
the quantity of imparted energy by unit of mass andiven in J.kg; generally known as
gray (Gy). It is an average of deposited energybint interactions over a defined volume
and time per unit mass. For radiation protectiorppses, the absorbed dose is averaged over
an organ (liver), a tissue (muscle) or sensitivgatcells within a tissue (endosteal surfaces
of skeleton) when those are identified.

* Equivalent dose

When considering the relative biological effectigses of different types of radiations, some
are found to be more harmful than other. Indeegarticles are particularily toxic due to the
high Linear Energy Transfer rate (LET). Their toxiagyto be considered only in the case of
internal contamination since such particles hawy genall range (few centimeters in the air
and about 40 microns in water). Moreoeemmiters have a smaller LET but a higher range
of about few metres in the air and a few millimstne water. For particles however, a very
high penetrating power is observed with a smakll@nergy deposition in material along the
particle path. Therefore, the concept of equivatiErste (H) in an organ or tissue is defined as
follows:
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Hy => wiD; ¢ Equation 1.1
R

where O r is the average absorbed dose in the target ongéissoe T, due to radiation of
type R. w is the radiation weighting factor for radiation(&f. Table 1.1) representing the
biological damage caused by the latter. The unéqfivalent dose is the sievert (Svk i8
equal to 1 for photons arfidwhile its value is set to 20 farparticles.

Table 1.1.Reference values for the radiation weighting fec{tCRP 2007).

Ratiation type Radiation weighting factorgw
Photons 1
Electrons and muons 1
Protons and charged pions 2
Alpha particles, fission fragments, heavy ions 20
Neutrons Energy dependent

 Effective dose
In order to account for the fact that some tissales more radiosensitive than others, the
concept of effective dose is used. The effectiveedddss defined as a weighted average of
equivalent doses to radiosensitive tissues of tly las follows:

E=) wHy => > wwD, g Equation 1.2
T T R
where w is the tissue weighting factor for T, with the sofrwr being 1 (cf. Table 1.2). The
values of w are set on the basis of epidemiological data ebstima-Nagasaki survivors

considering the frequency of stochastic effects it severity in the different tissues at a
given level of exposure.

Table 1.2.Reference values for tissue weighting factors fCR07)

Tissue Tissue weighting factor {v
Bone marrow (red), _colon,_lungs, stomach, breast, 012
remainder tissue
gonads 0.08
Bladder, oesophagus, liver, thyroid 0.04
Bone surface, brain, salivary glands, skin 0.01

"Adrenals, extrathoracic region, gall bladder, hdadneys, lymphatic nodes, muscle, oral mucosa,
pancreas, small intestine, spleen, thymus, uterus

Moreover, the concept of committed equivalent ddg@) (akin to committed effective dose)
was introduced since incorporated radionuclides irragliate the tissues for days, months or
years depending on their physical half-life andirth®ological retention. The committed
equivalent dose Hr) is defined as the total dose delivered in a ésswer the time period
following intake of a radionuclide. The time periods usually set to 50 years for adults;
whereas, for children, the equivalent dose is sudhoril the child reaches the age of 70 to
cover life-long irradiationCommitted effective dose is calculated from comalittquivalent
doses accounting famtakes occurring over the years.
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It should be noticed however that equivalent arfdcéfze doses are related to the risk of
stochastic effects for a reference person afterdose irradiation (ICRP 2002). These doses
are defined for radiological protection purposes &m enable the comparison of different
sources of exposure. Effective dose is definecafoeference person, by taking into account
the conditions of exposure but not the charactesistf a specific exposed individual, such as
sex, age or health status. Therefore, it cannotskd tor individual risk assessment. Instead,
the effective dose is a tool used in the managementdiation protection for prospective
dose assessment in order to plan and optimize ghrate and for retrospective dose
assessment in order to demonstrate compliancedeghl constraints and limits.

1.3.2. Dosimetry models

When an internal contamination occurs, each loamtgen constitutes a source of radiations
that irradiates the body compounds. In order tesseffective dose, dosimetric models are
used to calculate the absorbed doses in each .ti¥beeabsorbed dogk ., in the target

region r due to radiation type R, is calculated using tH&Mformalism (Bolch et al. 2009):

D, = ZA(rS,TD )s(r, < r.) Equation 1.3

WhereA(rS,TD) is the time-integrated activity (or total numberrfclear transformations) in

the source regionsrover commitment period pl A(rs,TD) is calculated by integrating over
To the activity in g predicted by the biokinetic models. Moreo&r, - r.) represents the

mean absorbed dose, specific for each radionudlide,to radiations of type R in the target
region (k) per nuclear transformation in the source regign G(rT - rs)is evaluated by:
Yri X Eg; X¢(r; < rg,Eg))
S(ry —rg)=Y - R T T SR Equation 1.4
(rr s) IZ M(r,) q
where &, and Ys; are respectively the energy and yield of theradiation of type R,
or; ~ rg,Eg;) is the absorbed fraction, Mfris the mass of target regionin the reference

individual. The absorbed fraction is the fractioh emergy ; emitted within g that is
deposited in+ (ICRP 2008). For penetrating radiations, it is akdted by applying Monte
Carlo radiation transport codes to anthropomorptomputational phantoms representing
reference individuals for which organ sizes andsdess are representative of the adult
population (ICRP 2002).

1.3.3. Internal dose calculation

Biokinetic and dosimetric models enable the caloateat a given moment of the activity
retention and excretion. In order to quantify tkpasure of workers, the measurement of
retained or excreted activity must be interpreteterms of committed effective dose.

Practically, the dose is assessed in two steps:

» the intake | is estimated by dividing the valueaofivity M measured t days after
incorporation by the retention or excretion funotma(t):

10
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| = M Equations 1.5

- m(t)
= the committed effective dose E is calculated bytiplying the intake by the dose
coefficient gq:

E=1xg, Equations 1.6

The dose coefficient is the committed effectiveedoeceived by the reference man for a unit
intake. The retention and excretion functions dreddose coefficient depend on:

= radionuclide(s),

= jsotopic composition,

» intake time(s) and type: chronic or severe,

= intake route(s): inhalation, ingestion, wound,

= physico-chemical properties of the radioactive makeabsorption type, AMAD for

an aerosol.

These parameters are often unavailable; theretbee]CRP recommends reference values
corresponding to a mean of the litterature obs@mat For example, fd**Am, the reference
absorbtion type is M and the recommended AMAD i§ gim (ICRP 1998).

To each combination of parameters a series oftieteand excretion functions is available at
a given time following the incorporation (ICRP 1998he DCAL software (Eckerman et al.
2006) enables the calculation of these fuctionsrfore operator-specific imput parameters.

1.4. Radiological protection and individual monitoring of workers

For situations in which there is a risk of radiole intake by workers, the occupational
exposure must be assessed to demonstrate the aonglith regulatory requirements.
Workplace studies are carried out to determineoterall radiation protection program, to
assess, identify and quantify the likely intake raflioactive material and the resulting
committed effective dose received. From this waakpl study, an adapted monitoring
program can be designed based on collective oviohehl measurements.

This section introduces first, the principles oflicdogical protection and then, presents the
available monitoring techniques. Next, the useughstechniques to estimate incorporation is
discussed with the definition of the decision thidd and detection limits.

1.4.1. Radiological protection
A system of radiological protection was developgdhe ICRP in order to limit the exposure
of workers and members of the public to ionizingliation. However, the benefit from
practices involving ionizing radiation should na bnnecessarily limited. Planned exposure
to ionizing radiation should follow the three piiples of justification, optimisation and
limitation (ICRP 2007).

« Justification

Only useful or needed practices involving exposlreuld be performed. Furthermore, these
should achieve sufficient individual or societahbét to offset the detriment they cause.

11
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* Optimisation
Exposure should be kept As Low As Reasonably Adbé (ALARA), taking into account
economic and societal factors. The individual desilting from exposure to a given source
should be restricted below a dose constraint byeraking actions such as shielding,
reduction of exposure time or confinement of radmites.

¢ Limitation
The total dose should not exceed a dose limit fixeednsure that occurrences of stochastic
effects are below unacceptable levels and thatidgiggactions are avoided. The annual
effective dose limit for workers is 20 mSv (Code tdavail 2008) while it is of 1 mSv for
members of the public.

Radiological protection policies have been developece the 1920's to protect people
against health effects of ionizing radiation. TERP publishes recommendations based on
the available scientific knowledge. National auities, Autorité de Sdreté Nucléaire in
France, ensure that radiological protection prograsefining the dose limits and constraints,
are respected.

1.4.2. Monitoring and measurement techniques

Monitoring the exposure and the intake risks ineatwllective and individual measurements.
Workplace monitoring evaluates exposure for a grafuporkers assuming identical working
conditions. It uses measurements made in the wgprkmvironment such as air monitoring to
assess the air contamination and surface activitirevidual monitoring gives information
needed to assess the exposure of a single workendaguring individual body activities,
excretion rates or inhaled activity (using persaaialsamplers)in vivo counting enables the
assessment of the activity retained in the bodghattime of measurement. Meanwhiie,
vitoro bioassay permits the determination of the actiiitgxcreta (ICRP 1988). Below is a
summary of the principles of each method.

 |nvitro bioassay analyses

In vitro (or indirect) measurement is the analysis of eaope another biological sample (nose
blow, nasal smear, blood or biopsy) during a samgpleriod (on a monthly basis for
example). It is the most adapted measurement agipréar radionuclides which emit
nonpenetrating radiation (mainly alpha and betatensi but rarely photons). Urine and feces
measurements are widely used because of their $egisitivity and applicability to any
radionuclide (cf. Figure 1.2).

12
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/

Figure 1.2.Typicalin vitro urine sample measurement.

For X andy emitters, High Purity Germanium (Ge-HP) detectmes often used to realize the
spectrometry measurements. Moreover, fgrarticles, proportional counters or scintillation
detectors are more appropriate than Ge detectorally; o spectroscopy usually focuses on
measuring the activity of the sample using a pridpoal or a scintillator detector or by alpha
spectrometry using silicium semi-conductors prededy a radiochemical purification
process. This technique requires a one-week-loegnal process and sample counting for
severadays.

For actinides, the sample weight can be determityeelementary techniques like the Kinetic
Analysis of Phosphorescence (KAP) and Mass Speetryrmsing Inductive Coupled Plasma
(ICP-MS). This latter technique is very sensitivapid and particularly adapted for the
monitoring of uranium isotopes (Bouvier-Capely le2804).

Even ifa spectrometry is highly sensible and enables a Msvydetection limit (as good as 1
mBg.L"), the protocols to use this technique are compledk time consuming (6 days are
required to prepare and measure one sample ofjurine

Moreover, estimating the initial incorporation wispectroscopy is highly dependent on the
biokinetic models used. These can have large wmngds depending on the variability of
excreta and the sampling procedure. New protoaeldeaing developed based on the use of
calyx-6-arene extraction molecules to reduce tine tiequired for the chemical preparation of
the sample (Boulet et al. 2007).

* Invivo spectrometry measurements
In vivo measurement is the direct measurement of the boakent of radionuclides thanks to
detectors set outside the body (Figure 1.3). lvides a quick (20-30 minutes) estimate of
activity in the body or in a specific organ. Howevéhis technique is only feasible for
radionuclides emitting radiation that can escajebibdy such as X, or energeti@ particles.
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Chapter 1: Issues and challenges of in vivo measurements

Figure 1.3.Typicalin vivowhole body counting (left). Measured spectrum @ied using Genie
2000 (right).

When the measured spectrum is analysed, this gob@nables:
» the identification of the radionuclides involved the contamination through the
energy of the photoelectric peaks,
» the quantification of the retained activity in arfmalar organ or in whole body
through the intensity of the peaks and its height.

From the spectrum presented in Figure 1.3 for exantipe user can easily identify/Cs and
®0Co emissions at 661.6 keV and 1.17 MeV and 1.33 M@ area of these peaks is used to
calculate the activity of the radionuclide detected the monitored regionln vivo
measurements are often conducted in sealed chanrbersler to reduce the background
generated by natural radiation.

1.4.3. Decision threshold and detection limits

The main challenge of both vitro andin vivo monitoring techniques is to identify if a peak
on the measured spectrum refers to a true contéionnar not. Indeed, the difficulty in any
radioactivity measurement is the presence of naharekground radiation caused by cosmic
and telluric radiation for the most part. The ohjex is thus, to separate between natural
radiations and those resulting from an internal taonation. In addition, the natural
radioactive elements present in each monitorecestibjtroduce noise to the measurement.

To limit the contribution of the background, cosmadliation can be reduced, for example, by
shielding. Still, the sensitivity of the measureméschniques depends on the remaining
background. Two situations are therefore considseparately.

First, since the background is variable, a measuload but positive count may be the
consequence of a simple fluctuation of the backggoather than the presence of an activity
of interest. Therefore, a Decision Threshold (DBsvintroduced to give a clear and decisive
indication if the sample or the body contains aigadclide. It is calculated under the
hypothesis of a Poisson background by:

1

DT =K, X Ro(tl +t_j Equation 1.8
0

S
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Where K, is the desired &-percentile of the Poisson distribution, Re background effect
counting rate, otthe duration of the background measurement gnsl the duration of the
gross-effect measurement. This means that if tihebew of counts is higher than DT, a wrong
decision occurs with the probability that there is a sample or body contribution when,
fact, only a background effect exists (ISO 201ID). is the highest number of counts which
would be interpreted as an absence of the activiiyterest.

In the second situation, a true contamination cdaddnterpreted as being part of the noise
because of the overall variability of the countihgthis case, it is erroneously deduced that
the radionuclide of interest is absefitr{sk of false negative). A Detection Limit (DL) wa
hence defined to specify the minimum sample or boalytribution which can be detected
with a given probabilityf of error using the measuring procedure in questidnder
assumption of Poisson background, DL is given using

DL = (K, + Ky ;)X Ro(tithiJ Equation 1.9
0

S

This allows a decision to be made as to whethereasoring method satisfies certain
requirements and is consequently suitable for thengpurpose of measurement or not (ISO
2010). The DL refers to the smallest expectatiothefnet counting rate for which a wrong
decision occurs with a probabilitp that there is no sample contribution but only a
background effect.

DL is directly dependent on the measurement timehlvtioes not exceed 30 min as it should
remain reasonable for both the monitored subjedtfan the availability of the monitoring
installation.Typical DL forin vivo andin vitro measurements of various radionuclides can be
found in Table 1.3 (ICRP 1997).

The decision threshold and the detection limitgatt@rize each counting system for a given
counting geometry and a particular photon energy/ lalp give a reliable indication on the
existence of any contamination.

Table 1.3.Typical detection limits according to ICRP (1997).

Radionuclide Method of measurement Typical DL
19706 y-ray spectrometry in vivo Whole body 50 Bq
Radiochemical separation amday spectrometry Urine 1 BgL
o Lung 20 Bq
y-ray spectrometry in vivo Skeleton 20 Bg
241
Am
. . . Urine 1 mBq.L*
Radiochemical separation angay spectrometry Faeces 1 mBq
y-ray spectrometry in vivo Lung 2000 Bq
2Py Urine 1 mBg.L*
Radiochemical separation angay spectrometry Faeces 1 r:Bq
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[l. State of the art ofin vivo measurements

The speed and simplicity of X and gamma spectromatialyses as well as the direct and
efficient access to the incorporation makerivo measurements a more convenient individual
monitoring technique when comparednoritro bioassay analyses.

However,in vivo measurements require a careful choice of the apgstopriate detectors and
of there positioning while the calibration procesth physical phantoms remains delicate.

1.1. Choice of the counting system

Spectrometry detectors are based on scintillatiwhi@nization phenomena. The choice of the
counting system, adapted for a particular radiadeglis highly dependent on the energy of
the emitted X and gamma radiations.

For high energy emitters such ¥4Cs and®Co, the sensitivity of the detectors should be
localized at the high energy range. Thallium dof@mtium lodide Nal(TI) scintillation
crystals are often used for such radionuclides. él@r, such detectors are of limited interest
for low energy X and gamma emitters because of thedbr energy resolution. This makes
them unable to differentiate between the charatterenergy lines of actinides for example.

For actinides, the main emissions are alpha pestisith a mean energy of 5 MeV. However,
as such particles have a limited transport (fewroms) external spectrometry measurements
detect only low energy X and photons associatethéoalpha desintegrations. Therefore,
detectors with semi conductor crystals were deadp improve the detection of low energy
photon emissions for actinides. The most commoni seanductor detectors are those
involving germanium (Ge) crystals. The detectiochteque is based on the ionization
phenomenon which separates low energy X photonmkshi® an excellent energy resolution
within few keV. These crystals are however contuslp cooled with liquid azote and require
thus expensive support systems.

New series of semi-conductor counting systems fanictg at room temperature such as
silicium (Si) and cadium-telluride (CdTe) are beuhgyveloped in order to prevent the use of
the cooling systems (Franck et al. 1997). Moreos#igium crystal has a higher sensibility

(up to three times) when compared to germaniumtaly$his enables a better distinction of
the low energy photons emitted B{Pu and®*Am for example. Finally, detectors equipped
with electric cryostats are being developed toaeplliquid azot cooling systems.

11.2. Positioning of the counting system

The positioning of the detectors is chosen depe&ndimthe incorporation pathway, the nature
and biokinetics of the incorporated radionuclidd #re incorporation date.
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For high energy gamma emitters (> 200 keV), thenaiation is of poor effect on the photons.
Therefore, the activity estimate can be given wathvery good precision using vivo
spectrometry measurements. In this case, a whalg taunting is privileged as the detectors
can be positioned within few centimetres away fritvea skin at the level of the thorax or
facing the abdomen. These are the typical positisesl when monitorin§*’Cs and®Co
involved contaminations.

Since inhalation is the most common way of inteagmadtamination for workers, lower photon
emittors, such as actinides, are often involvetha accidental incorporation. In genetal,
vivo lung counting measurements are conducted in #sg csing Ge detectors positioned
touching the thorax. Nevertheless, this positionggften only appropriate in the early days
following the incorporation since actinides arengjported with time to the bones and skeleton
(long term retention organs). Therefore, more adtgun vivo counting of bone can be
operated at the level of the knee or the headXamgle in the case of an old contamination.

Finally, in the case of a wound, the retention rneadocal in the early stages and can be
measured with the detectors positioned directlyntathe wound and the closest possible to
the skin.

11.3. Calibrating the counting system

To correctly relate the number of counts in theedietrs to the incorporated activiy (cf. Figure
1.3), the used detectors must be calibrated. Gaidor is defined by detectors’ counting
efficiency which represents the ratio between thenloer of particles collected in the
detectors at a given energy and the number ofgestiemitted from the source. Counting
efficiency depends on the energy and number oftedhparticles, on the source distribution
in the body, on the geometry of the measuremensitipn of the detectors) and on the
counting time. It is given by the following equatio

N
g(E) = —uns Equation 1.7.
AXY xXT

where NountsiS the number of counts collected in the detecbthe photoelectrick peak; A is
the retained activity (Bq); Y is the yield of the & gamma emission (photon/nuclear
disintegration) and T is the measurement timeTg efficiency of detection, or calibration
coefficient, is evaluated for one or multiple détes and should be assessed for each photon
energy and each counting geometry.

The calibration procedure consists in reproducwithh the maximum realism, the geometry
of the actual measurement. Hor vivo measurements, calibration is done using physical
anthropomorphic phantoms similar in composition amatphology to the human body and
containing sources of known activity and distribati

There are various physical phantoms dedicatechiocalibration ofn vivo counting systems.
The bottle phantom SCHMIER has long been used #&bizee whole body calibrations
(Schlagbauer 2006). It consists of cylindrical lhd 2-L polyethylene bottles filled with a
radioactive solution includind’K, *'Cs, and®Co with ten different possible configurations
representing persons of various weights and he{ght&igure 1.4).
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Figure 1.4.The SCHMIER bottle phantom used for whole bodybeations representing a 90 kg
adult male subject.

The IGOR phantom was introduced to further imprtwe whole body calibrations (Kovtun
et al. 2000). It consists of several parallelepipeissue-equivalent bricks of two sizes
(16.5*11*55 and 16.5*11*25 ci) in which cylindrical sources (16.3 cm long an@ @m
radius) can be introduced (cf. Figure 1.5).

165x11x56cm
N & /)
i A
I -_ ] | J‘.{KL .
: H_:x ",L Source
A
ml ;_]' ,:' '“"-Jr
H & o
M 0kg | 24 kg ] 12xg

Figure 1.5.The IGOR bricks used for whole body calibratiohs typical counting system (left);
Different configurations of the IGOR bricks repretieg respectively a 70 kg, 24 kg and 12 kg subject

(right).

For in vivo lung counting studies, the counting system isbcated using the Livermore
physical phantom (Griffith et al. 1978, Newton €tX984). This is a male-equivalent torso
phantom including several organs and compounds asi¢he lungs, the liver, the heart, the
ribs and the sternum. The activity is uniformlytdisuted in the lungs and the liver, which
can be separately used depending on the study. pftaatom is also given with several
thoracic plates that can be used to representreliffechest wall thicknesses (cf. Figure 1.6).
Indeed, as photon attenuation is directly dependmmtthe tissue thickness, several
combinations of chest plates are used to obtaiibresion curves for different chest wall
thicknesses. When a real measurement is done,higst wall thickness of the monitored
subject is estimated as a function of body heighit\eeight using biometric equations (Pierrat
2005). The calibration curve to be used for thavagt estimate is then chosen when
comparing the individual's chest thickness to aemore-equivalent chest thickness. Other
phantoms including head and neck phantoms (withottlygland as a main organ) and leg
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phantoms (USTUR) were developed and used for thigragon of in vivo counting systems
(Gualdrini et al. 2000; Lopez-Ponte et al. 2011).

Figure 1.6.The Livermore physical torso phantom with its cohest plates.

1.4. Measurement uncertainties

Radioactivity measurement is subject to differenirses of uncertainty which will impact the
activity estimate and consequently the determinadiothe contamination.

The first uncertainty comes from the random tramefdion of radionuclides according to a
Poisson distribution (ISO 2010). Moreover, the bgital excretion of trace elements
fluctuates randomly around a log-normal distribat{tJsuda et al. 2002).

Forin vitro countings, the chemical preparation of samplesired to evaluate the quantity
of radionuclide in the original sample, also intwods an uncertainty since a precise
determination of the yields is required (Hurtgerd a@ossonet 2003). Furthermore, the
normalisation of a measurement of the bioassay kamtgpthe daily excretion rate also
introduces a substantial uncertainty (Davesne 2010)

In the case oin vivo measurements, the counting system calibration wegoseveral sources
of uncertainty. Indeed, calibration is carried aging physical phantoms which can have
important morphological differences when comparethe measured person. Moreover, only
few organs can be uniformly loaded with radionuesid Many studies have proven that
measurement geometry is critical (Lopez-Ponte aadaiNo 2003; de Carlan et al. 2007). For
instance, the uncertainty on the thoracic thickn@gssnbination of muscular and adipous
tissue) attenuating radiation can lead to uncdresras high as 80% on lung measurement
(Franck et al. 1997). Moreover, the source digtrdn has also shown to be responsible for
uncertainties as high as 66% (Kramer and Burns 199 work by Razafindralambo (1995)
has distinguished between two categories of unoéega: those related to the measurement
called metrological errors (due to calibration ortthie geometry of the counting system) and
those related to the person (due mainly to theibietics and the heterogeneous distribution
of the contamination) (cf. Table 1.4).
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Table 1.4.Uncertainties involved in the calibrationiofvivo counting systems féf*Pu
(Razafindralambo 1995).

Relative standard deviation

Source of uncertainty (% at 16)*
0 9

Detectors’ positioning 9
Variation of the loaded organ volume 4
- biometric equations 19
ggﬁasr;wvivr? ;laltit Qri]c:c(rr;erz::s - ultrasound measurements 11
- magnetic resonance imaging 3
Variation of the adipose tissue percentige 13
Distribution of the contamination (biokinetics) 33
Global uncertainty 41 @) / 82 (d)

*¢ is the standard deviation, estimated using gansk&iribution, quantifying the dispersion
of measurements around the true value.

To minimize these uncertainties, the Monte Carléhme has been successfully introduced to
realize numerical calibrations of typicad vivo counting installations (Franck et al. 2003;
Kramer et al. 2003a). These include a statistiggdr@ach for particles transport and the
development of anthropomorphic human phantoms eftgr anatomical realism when
compared to physical phantoms; these are introdunct following sections.

l1l. Basis of the numerical calibration

Transport phenomena such as heat transfer, massetrafluid dynamics etc. are generally
described by a generic scalar transport equatiarmerfin 2010). To solve such transport
problems numerical methods were developed suchhed-inite Volume Method (FVM)
(LeVeque 2002) and the Discrete Ordinates Metho@NI) (Lathrop and Carlson 1965).
These methods offer a good compromise betweenamcand computational requirements.

However, deterministic algorithms are sometimedficient to compute an exact result or to
even modelize complex problems. The Monte Carldhogktwvas thus introduced to bring an
answer to such transport problems.

l.1. Monte Carlo approach for particles transport

Monte Carlo methods are a class of computatiorgdrethms that rely on repeated random
sampling to compute their results and are moseduithen the deterministic methods fail to
give reliable results (Metropolis and Ulam 1949).

The following subsections explain how the Montel@anethod can efficiently resolve the

transport equation. Next, the MCNPX code, usedis $tudy, is presented and its precision
and uncertainties are discussed. Finally, the implgation of the Monte Carlo method to
simulatein vivo measuremnts is reviewed.
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1.1.1. The Monte Carlo method

Radioactive transformations and inherent nuclesintiigrations and rearrangements involve
statistical processes. This is also the case fordliation interactions with materials and the
inherent parameters such as the absorbed dosedrgan or the measured energy spectrum
by a detector. The value of interest, the energyosié in a given cell for example, can be
written as a theoretical mean of random variabfesits estimation is equivalent to solving a
statistical problem that requires computing angrdaécalculation. For a big sample (N high
enough), the central limit theorem indicates thatrdaegral can be calculated by a numerical
method, the Monte Carlo calculation.

The Monte Carlo method is a statistical approactttie interaction of radiation with matter
that can efficiently resolve the transport equatimyn simulating histories of particle. To
resolve the transport equation, the Monte Carlohotetsimulates individual particles and
records their average behavior. It uses then thzaldimit theorem to determine the behavior
of particles in the physical system.

Different Monte Carlo codes have been developedirtwlate the particles transport. The
main existing differences between the availableesodre on the source data used (cross
sections mainly) and on approximations (on the jisysf interactions) realized to transport
the particles. The most famous MC codes used @mat dosimetry are:

= MCNP (Briesmeister 2000) and MCNPX (Hendricks 2004)

= EGS4 (Nelson et al. 1985) and EGSnrc (KawrakowRogers 2001),
» PENELOPE (Salvat et al. 2006),

= GEANT4 (Agostinelli et al. 2003).

1.1.2. The MCNPX code

For its internal dosimetry-related research adésitthe LEDI has privileged since 1998 the
use of the Monte Carlo N-Particles code (MCNP) atsd eXtended version MCNPX
developed at the Los Alamos National LaboratoryAUSACNPX can simulate the transport
of 34 different types of particles including neutsp photons, electrons and charged alpha
particles. This code enables:
= Modeling all elements included in any experimentalvivo measurement (person,
detector, seat etc.),
= Simulating a wide variety of sources (photons, teters, neutrons, charged particles
etc.) which distribution can be extremely heteragrrs and covers an energy range
from 10 keV to 100 GeV,
» Simulating the particles transport in different nae@ir, tissue, water, detector etc.),
= Obtaining multiple outputs and simulation resuliscliding the energy deposit
spectrum, the dose cartography or particles’ fleestc.)

MCNPX also presents new geometry representatioikedcdattice (3D mesh grids)
particularly adapted for the description of voxetizphantoms (Hendricks 2004). The latest
versions of the code enable also variance reducabremes that could be applied for the
simulation ofin vivo measurements (Hendricks and McKinney 2005). Is thork, the
MCNPX 2.6¢c and 2.6f versions of the code were used.

21



Chapter 1: Issues and challenges of in vivo measurements

1.1.3. Monte Carlo precision and efficiency

Monte Carlo is designed to solve complicated tlteeensional, time-dependent problems
and allows detailed representation of all aspedtphysical data. When resolving the

transport equation, the Monte Carlo method pregisiad efficiency should be discussed.
Since the MCNPX code was used in this study, tBeudision involves the output parameters
of this particular code.

e Precision of the MCNPX code
The MCNPX results, also called tallies, represestords of the average behavior of
simulated individual particles. These records covarious quantities such as the surface
current, the flux of particles at a given pointe thnergy distribution of pulses in a detector
etc. and are normalized to be per starting partiClly resutls are printed in the output
accompanied by a second number R, which is theattd relative error defined as:
S
R=—= Equation 1.10

X

Where S is the standard deviation of the me‘;(b.(R represents the estimated relative error

at the f' level. For a well-behaved tally, R will be proportal to 1/~/N where N is the
number of histories. Thus, to halve R, the totahbar of histories must be increased by a
factor four. For a poorly behaved tally, R may @ase as the number of histories increases.
An R value below 0.1 is necessary but insufficienprove that the Central Limit theorem is
fulfilled.

The estimated relative error can be used to defimdidence intervals around the estimated
mean, allowing one to make a statement about wWiettrue result is. The Central Limit
Theorem states that, as N approaches infinitygettser

* a 68% chance that the true result will be in thlg&;((li R) i.e. within one standard
deviation of the mear x),

= a 95% chance that the true result will be in tmge;((li 2R) i.e. within two standard
deviations of the mea&[),

= and a 99% chance that the true result will be &g x(1+ 3R) i.e. within three
standard deviations of the me:x)(

Therefore, to increase the precision of a MC calmoh (R), the standard deviation of the
mean should be decreases |, this is equivalent to:

» increasing the number of stochastic historiehedample (N) which would increase
drastically the simulation time,

= reducing the distribution of the samples (S), Wwhis equivalent to reducing the
variance of the sample. This is typically done gsiariance Reduction (VR)
techniques.

Finally, it is extremely important to highlight ththese confidence statements refer only to
the precision of the Monte Carlo calculation itsaetid not to the accuracy of the result
compared to the true physical value (Breismeisf#02. A statement regarding accuracy
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requires a detailed analysis of the uncertaintteshe physical data, modeling, sampling
techniques, and approximations used in a calcuatio

« Efficiency of the MCNPX code

At the end of each MCNPX output file, 10 statisticlhhecks are made on the Tally
Fluctuation Charts (TFC) to identify the statistipsoperties of Monte Carlo solutions. The
quantities involved in these checks are the esichatean, the statistical relative error (R),
the Variance Of the Variance (VOV), the Figure Oéml (FOM), and the large history score
behavior of the slope. The results of these checkside the user with more information
about the statistical behavior of the result inTHe€ bin of each tally (Breismeister 2000).

Among the quantities implicated in the 10 statadtichecks, the FOM is considered to be a
tally reliability indicator in the sense that ifethally is well behaved, the FOBhould be
approximately a constant as a function of the nunabenistories (N). FOM is defined as
follows:

FOM = L

R2T
Therefore, as the estimated relative error squéRéllis proportional to 1/N and since the

computer time (T) is directly proportional to NetkROM should be approximately a constant
within any Monte Carlo run.

Equation 1.11

The FOM is also used to optimize the efficiencyhe Monte Carlo calculation with variance
reduction (selecting the method with the largesMyQA third use for the FOM is to estimate
the computer time required to reach a desired vaiirR (by using T ~ 1/R2FOM). The more
efficient a Monte Carlo calculation is, the lesd® computer time required to reach a given
value of R becomes and thus the larger the FOMbeill

.1.4. Application of MC simulation for in vivo measurements

The MC method is a statistical approach that sitesléhe transport of particles throughout a
three dimensional (3D) geometry taking into accalhpossible interactions with matter.

Basic nuclear and anatomic data such as interactioss sections, interaction type and
location, energy loss or exchange, secondary gestefgzarticles etc. are often taken from
available libraries to determine the probabilityhsig¢y function of a random variable which
characterizes a history, a particle or a track R@908).

Starting from this basic data, the transport ofiplas is treated differentely depending on the
case in which:

= A charged particle is followed (electron, positam etc.).
= A non-charged particle is followed (neutron, phgton

In the first case, the physical pheonomena invol@drather complex. For example, electron
can interact: 1) by elastic collision with the reud and changes it propagation direction; 2)
by inelastic collision with the electronic cloudrsaunding the nucleus which slows it down;
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3) by acceleration when interacting with the nuslelhese three interactions generate either
charged or non-charged daughter particles. Thespah is thus realized using
approximations relative to both diffusion and slogvdown processes.

For non-charged particles, however, the Boltzmajuaton is used to simulate the transport
of such particles in matter. Neutrons interact iyostith nuclei by elastic or non elastic

diffusion, by radiative capture, by fission and @ipsion. Photons however interact mainly
with the electronic cloud following photoelectribsorption, coherent diffusion process,
Compton scattering or pair production.

Applying the MC method foin vivo counting measurements consists of:

*» Modeling the nature and distribution of the intéroantamination in a numerical
anthropomorphic phantom,

= Positioning the MC model of the used counting syséecording to real measurement
procedures,

= Generating with MC calculations the pulse heiglgcsa (in the detectors).

Considering the simulated source activity, the tmgrefficiency coefficient is assessed from
the simulated spectrum. The MC method enables ghasimerical calibration oin vivo
counting installations where experimental valuesdifficult to assess or even inexistant.

1l.2. Tools for Monte Carlo numerical calibrations

To generate the MCNPX input file and realize a nuca¢ calibration of a givenn vivo
installation, the OEDIPE software was used with elized anthropomorphic phantoms. A
breif overview of the OEDIPE software and of theelization principles are given here.

1.2.1. The OEDIPE software

At first, a graphical interface called ANTHROPO wa@esveloped to optimize the calibration
of in vivo counting systems (Borisov et al. 2002). The fiori and tools of this interface
were next enlarged to estimate the internal doskthe software was renamed OEDIPE
(Outil d'Evaluation de la Dose Interne Personna)iseé tool for personalized internal
dosimetry evaluation.

OEDIPE offers a graphic interface that enablesrtiwgleling of an internal contamination
which includes the choice of the phantom, the se)¢ the detector(s) and the counting
geometry (folin vivo measurements). OEDIPE contains three main funadilires:

» the creation of a numeric voxelized phantom stgrtiom medical images,

= the creation of an MCNPX input file for Monte Cadwnulations,

» and the processing of the MCNPX output file.

Using OEDIPE, it is possible not only to load amyxelized phantom but also to generate
anthropomorphic personalized models starting fromilable CT scan or MRI medical

images. This can be done either by loading the DMQ@edical images and segmenting the
organs inside OEDIPE or by loading the organ castauth a manual segmentation using
any Treatement Planing System. Two applicationsnasé possible with OEDIPE. Indeed,
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the user may select to simulate ianvivo spectrometry measurement and in this case the
detectors are loaded from a predefined library positioned to cover at best the monitored
organ. While in the second application, the detentay choose to calculate the delivered
organ or tissue-doses by selecting a radiopharmiaakof interest and distributing it inside
the phantom. In addition, OEDIPE automatically geates the MCNPX input file for Monte
Carlo calculations. Finally, using OEDIPE it is piide to process the Monte Carlo ouptut
files in order to visualize the simulated energectpum of the detectors or the organ-dose
delivery. Figure 1.7 resutmes the whole Monte Cailaulation chain and highlights the
OEDIPE contribution throught the modeling of théemnmal contamination, the automatic
generation of the MCNPX input file and the procegsif the simulation results.

(T <ran or MRl imacec ISOgrayTM Detector model
G\ Contours
1 | |
o l ¥ ¥
Voxel phantom Source: Detectors

Segmentation mp

- nature

librarv

- distribution

Monte Carlo calculation
with the MCNPX code
Q Results processing and analyse e ——— MCNPX output =

>

6 Automatic generation of the MCNPX input file mmp

In vivo measured spectrum > Doses assessment : file

- Organ dose

- Isodose plots

Comparing simulations to measurements

Figure 1.7.Visualization of the Monte Carlo simulation chaimd of the OEDIPE software
components and functionalities (Lamart 2008).

OEDIPE has proven to be an efficient tool for theuation ofin vivo measurements, for the
improvement of calibrations (Franck et al. 2003p20and for the calculation of organ-
specific doses following accidental or therapeutternal incorporation of radionuclides (de
Carlan et al. 2003; Chiavassa 2005).

Multiple improvements have been achieved in OEDI®Benerate MCNPX input files in the
“repeated structures” format (Chiavassa 2005; &i€2005) that has proven to be faster for
MC simulations. Work has also focused on simplifyihe source definition (especially for
those of multiple radionuclides) and reproducing liokinetic distributions of radionuclides
to further optimize the numerical calibration pres€Lamart 2008).

1.2.2. Voxelization process

The available Monte Carlo calculation codes, incigdMNCPX, recognize voxel geometries
as the main format for geometry representations @adicle transport. Therefore,
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anthropomorphic human phantoms used for numera@rations are often voxelized before
running Monte Carlo simulations. A voxel (volumetgixel or volumetric picture element) is
a volume element, representing a value on a reguidrin three dimensional space. This is
analogous to a pixel, which represents 2D imaga oaa bitmap. Similarly to 2D images, a
voxel representation of a model is a regular gfidedls (elementary cubes or parallelepipeds)
in which each elementary volume or voxel contairdeasity value of O for an unoccupied
space or of 1 for a filled space. Moreover, as wittels, voxels do not typically have their
position (their coordinates) explicitly encodedrgjonith their values. Instead, the position of
a voxel is inferred based upon its position relatis other voxels. Thus, voxels are good at
representing regularly sampled spa€snmon uses of voxels include volumetric imaging in
medicine and representation of terrain in gamessandlations.

Meanwhile, the voxelization process consists inveoting geometric objects from their
continuous geometric representation into a sebgéls that best approximates the continuous
object. More specifically, voxelizing a 3D elemertdnsists in differentiating between a
coding voxel and a non coding voxel i.e. differatitig between an elementary volume inside
the element’s volume or outside of it. A commonged algorithm called the “Thin Shelled
Voxelization” attributes to each voxel on the soegaedge a non null value and then
eliminates all the other voxels. Thin-shelled vizagion is performed by finding the distance
between a given voxel and the nearest polygon (Ntbn and Turk 2003). A thin-shelled
representation of a sphere, for instance, wouldatomonzero voxels only near the sphere’s
surface. Such a sphere would have a large regi@erofvalued voxels inside its boundary.
Another surface classification method called tharity Count Method” looks for the number
of times a ray, starting from the center of the eloto be classified, intersect with the
polygonal model. An odd intersections number mehasthe voxel is inside the model while
a pair number of intersections means the voxelnishe outside surface. The parity count
method was also upgraded to work well for polygoamaldels having various degeneracies
such as cracks or holes in the surfdaevoxelize such models, the parity count method wa
extended by using k different directions (typically) of orthographic projection and by scan-
converting the model once for each direction. Eaththe k projections votes on the
classification of a voxel (interior or exterior)nch the majority vote is the voxel's final
classification (Nooruddin and Turk 2003). Last, tlieay Stabbing Method” is used for
polygonal models that are double-walled or thatehamtersecting surfaces or several
interpenetrating subparts. For instance, an uppernaight be placed so that portions of its
surface are inside the torso. This is not a prolifene are just rendering such a model. The
parity count method, however, would incorrectlyssidy the overlapped portions of the arm
and torso as being outside of the model. The mybshg method consists in cutting/stabbing
the surface in two opposite directions and all V®xzesent deep between two opposite rays
are considered to be inside the model (Nooruddid &ark 2003). In addition, rays of
different projection directions are used to redileeclassification errors (up to 13 directions).
The algorithm choice depends on the required gmecighen eliminating non coding voxels,
on the nature and characteristics of the surfadbeopbjet to be voxelized (a clean and error
free model where no leaks or holes are availablehensurfaces). More details on the
voxelization algorithms can be found in (Nooruddird Turk 2003).

Different voxelizing software were considered amongich the “Voxelizer” program
(http://techhouse.org/~dmorris/projects/voxeliyend the “Binvox” program by Dr. Patrick
Min (http://www.cs.princeton.edu/~min/binvgxBinvox showed to be of simple functioning
and handling with satisfying output voxel definitiand was privileged in this study.
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I\VV. Anthropomorphic human models

To reduce the systematic uncertainties inhererheotypical calibration process, numerical
phantoms were introduced to give a realistic and@wlized representation of the monitored
subject (Kramer and Burns 1995; Pierrat 2005).

This section introduces the two available categooie3D representations and gives examples
of the most famous anthropomorphic phantoms deeelagsing each representation along
with some of their applications.

V.1 Constructive Solid Geometry representations

Constructive solid geometry (CSG) is a proceduradieiing technique used in 3D infography
and in Computer Aided Design (CAD) that enables ¢heation of surfaces or complex
objects by combining easier shapes with Booleamabpes.

The simplest solid objects used for the represiemtaif CSG are called primitives. These
objects have typically a very simple shape suchca$es, cylinders, prisms, pyramids,
spheres, cones etc. Each primitive can be deschiped“procedure” which involves certain
parameters. For instance, a sphere can be descthigiekls to the coordinate of its center and
the value of its radius. These primitives can belmined, using Boolean operations such as
union, intersection or difference, to form the stuwes of objects. Therefore, starting from
very simple shapes (or primitives), it is possilol€reate structures and very complex objects.
The user can modify these complex shapes eithadjugting the position of the primitives or
by modifying the Boolean operations used on therdat

CSG methods are patrticularly interesting when gkmrgan geometry is desired and when
the exactitude of mathematical structures is reguifhe most important advantage of CSG
is that the user can easily check if the defingéaibs a solid and that it does not contain any
defaults or holes in the model. This is particylamhportant in the case of organ modeling for
dosimetric studies. Moreover, with CSG, it is etsglassify the position of points relative to

the object and to check if a point is interior ategior to the CSG solid. This represents a
major asset for surface voxelisation or for theedibn of surface collisions for example.

IV.1.1. Phantoms developed using the CSG format

Many research groups have been working on desigmmalgdeveloping CSG phantoms. The

ICRU report 48 (ICRU 1992) distinguishes mathenatxhantoms from voxelized ones. The

following paragraphs first introduce the mathenatghantoms and some of the most famous
voxelized models with a brief overview of their #pations.

« Mathematical phantoms

Mathematical phantoms, also called stylized phastoose simple geometric figures to
describe the organs such as spheres, cones @eslliphe first mathematical phantoms were
primarily developed (Snyder et al. 1978) for dodiystudies mainly by the Medical Internal
Radiation Dose committee (MIRD). The aim was to ragpnate the main organ
characteristics (shape, size, localization) witlsyedo use equations to minimize the
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calculation time. Most of nowadays mathematicalnpbians are based on Snyder’s phantoms
presented in Figure 1.8 which represent a hermdgbr&Caucasian adult. The Oak Ridge
National Laboratory (ORNL) developed mathematicabhqtoms representing children of
different age (Cristy 1980). Male and female agiiantoms called Adam and Eva of the
Helmholtz Zentrum Minchen (HMGU) have been elalstdtom the MIRD model (Kramer
et al. 1982). Body height and weight as well as ¢ihgan masses of these MIRD-type
phantoms are in accordance with the Reference M (ICRP 1975). Stabin et al. (1995)
developed a Caucasian pregnant female adult phaattdinnee different gestational stages (3,
6 and 9 months). Clairand (1999) also defined thne¢e and three female phantoms with
different dimensions. In addition to all these pteams which represent Caucasian human
being, a Korean adult male phantom was develope®dk et al. (2006) and a Japenese
phantom was elaborated for Hiroshima survivors’imiesry studies (Saito et al. 2001).
Finally, a 4D Mathematical Cardiac Torso (MCAT) pt@am was developed to model
respiratory mechanisms and organ motion (Pretoeusal. 1997, Segars et al. 2001).
Nevertheless, these mathematical descriptions rermmary simplified and approximate
(Lemosquet et al. 2002).

Figure 1.8.Left: MIRD adult mathematical model developed &Nb.. Middle: Adam and Eva
mathematical adult developed at HMGU. Right: thehmmatical 9 month pregnant female developed
at ORNL.

» Voxelized phantoms
Due to the advances in computer technology, it passible to create more complex figures
representing realistic 3D organs by the mean ofellb&d geometries. Such models are
elaborated using medical images like the Computechdgraphy (CT scan) images or the
Magnetic Resonance Images (MRI) ones and usindi@a@pedic or cubic basic elements.

Tomographic or voxel phantoms were first introdutgdGibbs et al. (1984fo determine
patient dose from dental radiography. This work weast extended by the development of
two children voxel models: one representing antergdek-old subject called BABY, and the
other one a seven-year-old subject called CHILDII{sivins et al. 1986; Zankl et al. 1988;
Veit et al. 1989).
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Zubal et al. (1994) created a model called VOXELMAfdrting from thoracic and head CT
scan images of a 35-year-old patient having a heijh78 cm and a weight of 70 kg (4 mm
length cubic voxels). This phantom was next upgildseadding arms and legs derived from
the “Visible Human” project (Spitzer and WhitlocR98). The model was then made to fit the
ICRP89 (ICRP 2002) recommendations regarding omngaights and a new phantom call
MAX was generated (Kramer et al. 2003b). MAX, foxample, has the following
characteristics: 175 cm height, 75 kg weight, ZBdint organs. It contains 487 axial slices
with a resolution of 196*96 voxels and a voxel sifeé.36*0.36*0.36 mm A female model
of the MAX phantom was also developed at the Bi@ziDepartment of Nuclear Energy and
was baptized FAX (Kramer et al. 2004). FAX, howeweas created from CT scan images of
a 37-year-old female individual of 165 cm and 6834 MAX and FAX were long considered
to be representative of the reference individual.

Other phantoms were developed at the Health Protegtigency, NORMAN (for NORmal
MAN) (Dimbylow 1995) and NAOMI (aNAtOMiIcal model@imbylow 2005), starting from
MRI images of healthy volunteers. The voxel dimensiof the male model have been scaled
to match the body height and weight of the Refezdvian (ICRP 1975), that is a body weight
of 70 kg and a body height of 170 cm. Jones (188@j modified the NORMAN phantom to
match the newer referential (ICRP 2002) body hemgmd weight (176 cm, 73 kg). The
ADELAIDE voxel phantom represents a 14-year-old, gised to determine the absorbed
organ doses from computed tomography examinatiGasr{ et al. 1999).

The VIP-Man (Visible Photographic MAN), part of théisible Human” project (Spitzer and

Whitlock 1998), was created at the Rensselear &diytic Institute (Xu et al. 2000) starting
from colored photographic images obtained after dissection of a human donor. The
HMGU digitized a male Golem segmented from wholeéipbmnedical image data of a 38-
year-old living person who had external dimensicltse to those of the ICRP Reference
Man (Zankl and Wittmann 2001). Other voxel femaled@ls were developed at HMGU

including Helga, Donna, Irene and Regina which wesgt upgrated to represent the ICRP
reference female phantom (ICRP 2009). Finally, & Xu (2004) developed a 30-week-
pregnant female voxel phantom from CT images. e these voxelized phantoms are
shown in Figure 1.9 and information is shared anlat the Consortium of Computational
Human Phantoms (http://www.virtualphantoms.hrg/
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Figure 1.9.Examples of voxelized models developed at diffemsstitutes starting from CT scan or

MRI medical images (taken from a presentation bykhkl 2010;
http://www.enea.it/com/web/convegni/ComputationaDaetry081007/Zankl. pilf

Voxelized anthropomorphic phantoms were also desigio fit subjects of various ethnic

origins and not only Caucasian individuals. Thesgenalso modeled starting from medical
and anatomical images of Asiatic subjects. CNMAM oxelized phantom developed at the
Chinese Radiation Protection Institute (Zhang et 2007) starting from available

photographic images of a Chinese adult male cad@& cm, 65 kg). In this model, 29

different tissues and structures were segmentedratey and the voxel resolution of
0.16*0.16*1 mni was considered. Other Japanese and Korean phamterasalso designed

to fit the Asiatic population and its particulardyotype and morphology (Saito et al. 2001,
Sato et al. 2007). These were created from whot-0T data of patients with external

dimensions (height and weight) close to the JagaRe$erence Man (Saito et al. 2001).

The ICRP has developed new voxelized models toefgrence anatomical measurements
(ICRP 2002) and represent the standard adult nmmadefemale subjects (ICRP 2009). These
were created from CT scan images of a 38-year-aitke reukemia patient and from CT
images of a 43-year-old female patient. The voeéliphantoms were created at the HMGU
starting from CT scan images of individuals havitng characteristics of the standard
individual. In these phantoms, over 140 differettuctures were defined to fit, with
maximum realism, the reference individual. Figur&Olpresents the new ICRP reference
male and female phantoms respectively named AdaleMemale Reference Computational
Phantom. These phantoms match the human subjegctnhpoin terms of organ geometries
and shapes, but also in regards of different nmedgerdensities and chemical composition to
create correct organ weights and simulate realiati@tion interaction with matter.
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Figure 1.10.The new ICRP AM-RCP (left) and AF-RCP (right).

Other research groups focused on the developmeranohal voxelized phantoms for
environmental dosimetry studies among which thei@aAnatomic Phantom designed by
Padilla et al. (2008). More details about the ctigmstics and availability of voxel phantoms
can be found in the reviews by A. Lemosquet andaildi (Lemosquet et aR003; Zaidi et al.
2007).

IV.1.2. Applications of CSG phantoms

Mathematical phantoms, introduced in the early §@sg first approximations for the human
anatomy and enabled dosimetric studies for ionizand non-ionizing radiation applications.
For internal dosimetry studies, the MIRD phantonswaed to calculate the dose distribution
in the body from a gamma-emitter organ (Fish angd®n1967) and to estimate the specific
absorbed fractions for monoenergetic photon soudtstsbuted inside the body (Snyder et al.
1978). Mathematical phantoms have also been usedexternal dosimetry studies to
determine the effective dose in the case of extexx@osures in nuclear power plants (Xu et
al. 2006). Moreover, stylized phantoms were adoptediuclear medicine research activities
(Tsui et al. 1993; 1994) specifically Single Phot&mission Computed Tomography
(SPECT) and Positron Emission Tomography (PET). Sh#ware OLINDA, based on
MIRD-5 Mathematical phantoms, remains widely used Nuclear Medicine applications
mainly for internal dose calculations for radiophaceuticals (Stabin and Siegel 2003).

Voxelized phantoms, introduced in the early 80syeh@roven to significantly improve

internal and external dosimetry when combined Wi simulations (Lemosquet et al.

2003). The reliability and interest of such reprgagons in radiation protection have been
extensively shown in many studies. Frank et al08&nd Kramer et al. (2003a) have used
voxel geometries to improve the vivo monitoring of nuclear workers. Meanwhile, Petoussi
Henss and Zankl (1998) have used such phantomgcad for internal dosimetry, radiology

and radiation protection (Zankl et al. 1988) and éovironmental exposure applications
(Petoussi-Henss et al. 1991). The new ICRP refereroxelized phantoms were used to
review the previous dose coefficients establishadtlee use of mathematical phantoms.
Important and relevant differences were noticedstome specific organs (ICRP 2009) and for
the fetus (Taranenko and Xu 2008), newborn (Statal. 2006) or pediatric cases (Lee et al.
2006a). The radiation protection consequences @fbtidy type difference between Asian
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models and their ICRP or Caucasian counterpartg heen illustrated (Saito et al. 2001,
Kinase et al. 2003, Lee et al. 2006b, Zhang e2@0.7). Finally, voxel geometries were also
used in accidental dosimetry reconstruction situgtito improve the dose delivery estimation
by the means of a personalized phantom and a t@osdioning of the soure (Lataillade et
al. 2007; Courageot et al. 2010).

Although such models have great anatomical realifmey continue to represent one
particular morphology, and thus, should not beeysttically used for all human subjects.
Moreover, the construction of the voxelized phargoraquires a careful segmentation of
medical images, which is significantly time consngiidepending on the desired accuracy
and the image modality and quality. Neverthelesis clear that accuracy in calculations is
increased when personalized and realistic phantamsused. Hence, additional phantom
adjustment is required to further match a given ammwictim. This is made possible with the
Boundery representations approach.

V.2. Boundary representations

Recent studies cover another possible tridimentiadescription of the anatomy: the
Boundary REPresentation (BREP) which was introduedeplace rigid voxel grids with
flexible structures (Stroud 2006).

BREP phantoms, like voxel phantoms, are createm fmeedical images and allow accurate
representations of complex volumes. However, sarfaocdeling with boundaries allows an
easy modification of these volumes. BREP has begerldped in the beginning of the 1970’s
by lan Braid (1973) and Baumgart (1975). This métl® based on the fact that a solid
divides the space in two continuous sets sepatated surface boundary. The BREP model
describes the boundary as a juxtaposition of séwerented surfaces, bounded by summits
and interconnected to reconstruct the desired veluldvanced BREP models include Non
Uniform Rational B-Spline (NURBS) and polygonal Mesurfaces. NURBS surfaces are
defined by spline curves smooth tridimensional aues, and their shape is determined by
control points, parameters and equations definirgrelation between these control points
(Xu et al. 2007). Control points are always eitbennected directly to the curve/surface, or
act as if they were connected by a rubber band~{glire 1.11 left). Modeling the NURBS
can thus be extremely easy by acting on the coptiwits. Meanwhile, a polygon Mesh is a
collection of vertices, edges and faces that defiree shape of an object (cf. Figure 1.11
right). The faces usually consist of triangles, djiaterals or other simple convex polygons.
Various operations can be performed on meshes dimguBoolean logic, smoothing,
simplification, ray tracing, collision detectioncetMesh models are commonly used to
represent complex geometries.

However, Mesh modeling remains more delicate whenmpared to NURBS representations
and the management of Mesh geometries is heaviee $i requires all data regarding the
coordinates, connectivities of the triangulationsl aheir normal vectors. Moreover, surface
deformation with NURBS geometries is much easianttith Mesh surfaces thanks to the
presence of control points (too important defororai can destroy the topology of Mesh).
Meanwhile, thanks to the high density of triangolas, Mesh models reproduce complex
geometries better than NURBS curves. Besides, wdwenparing the Mesh and NURBS

performances against voxel geometries, it is ndtib@t BREP representations outperforme
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voxels when modeling geometry deformations. Indedden representing geometries with
high gradient and curvatures, voxel geometries l@adtep functions and discontinuities
especially when considering the voxel size andtéchiresolution. This is not the case for
Mesh and NURBS analytical formats.

Figure 1.11.BREP representation of a sphere using NURBS @eit) Mesh geometries (right);
Visualisation using the Rhino 3D modeling software.

Iv.2.1. Phantoms developed using the BREP format

* NURBS phantoms

The NURBS-based numerical phantoms are called thyd@cause these have concurrently the
advantages of the mathematical phantoms and thibosleeovoxelized phantoms. As with
stylized phantoms, these models are defined byenalical equations which render a very
smooth shape for tissues and allow an easy motidicaof the morphology. However,
contrary to the mathematical phantoms, the shadepasition of the organs and tissues are
modelized in a realist way, similarly to voxelizekdantoms (Figure 1.12).

(a)

Esophagus
Stomach

Esophagus
Stomach

Large intestine

Small intestine Large intestine

Small intestine

Stylised phantom Voxel phantom Hybrid phantom

Figure 1.12.Comparison between three models of the gastratingd tract for the new-born: (left)
Stylized phantom or mathematical (ORNL); (middle)Xélized phantom (UF); (right) Hybrid
Phantom (UF). (Lee et al. 2007a)
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Segars (2001) was the first to demonstrate thehiiéigsof this type of advanced phantoms
with the development of the 4D NURBS-based carthaso (NCAT later upgrated to
XCAT) phantom for nuclear medicine imaging using Wisible Human Project CT data set.
This phantom was developed using a set of medicafjes including gated MRI images and
3D angiogram data to accurately represent humagsland heart during the different stages
of respiration and heart beat. Segars et al. (26@4¢ also developed a NURBS-based 4D
digital mouse phantom called MOBY for molecular gimy research.

At the University of Florida (Lee et al. 2007a, Leeal. 2007b), NURBS geometries have
been applied for the creation of new-born phantaringse anatomy has been adjusted to the
reference morphology defined by the ICRP 89 pubbca(ICRP 2002). By design, the
NURBS surfaces in the UFH-NURBS newborn phantonidyienproved continuity and
smoothness in the abdominal anatomy, especiallysiina! intestine and colon as shown in
Figure 1.13. This figure also highlights the flaktlp of this BREP representation when
modifying the morphology and posture of the phantbtare details about the characteristics
and availability of Mesh and NURBS phantoms carfdaend in the Handbook by Xu and
Eckarman (2009).

>

S female newborn pban(Lee et al. 2007b).

e Mesh phantoms

Mesh triangulations were found to yield better anatal accuracy than NURBS geometries
and were particularly introduced to represent csgah complex topology such as the
skeleton, lungs and liver (Xu et al. 2008).

The Ressenlear Institute has constructed severahemcal phantoms using this

representation. First, the VIP-Man chest phantors @dended to 4D with respiratory motion
simulation using mesh modeling techniques (Xu ahd 2005). Next, three models were

created representing a pregnant woman at 3, 6 ambréhs of pregnancy (Figure 1.14).

These were called RPI-P3, RPI-P6 and RPI-P9 whgdd wconcurrently NURBS surfaces
(female body) and Mesh polygons (fetus). Organghefmother and the fetus were adjusted
to match ICRP-89 recommendations (ICRP 2002).
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| I .
Figure 1.14.Models of the pregnant woman at 3, 6 and 9 moatipsegnancy respectively and
visualization of the fetus’ Mesh polygons (Xu et2007).

Also at Ressenlear Institute, Zhang et al. (20@)ehdeveloped a pair of mesh-based, size-
adjustable, adult male and female computationahfamas called RPI-AM and RPI-AF (cf.
Figure 1.15). These were created from mesh anaabmuwodels (Anatomium™ 3D
www.anatomium.comthat were adjusted to match the ICRP-89 recomut@nts on organ
weight and size (ICRP 2002). Finally, using a cambon of 3D modeling software
(MakeHuman, Blender, Binvox and ImageJ), Cassoll.€R010) have developed two adult
Mesh phantoms called FASH (Female Adult meSH) a#®M (Male Adult meSH) starting
from anatomical atlases to be equivalent to the FkXI MAX voxelized phantoms (cf.
Figure 1.15).

Figure 1.15.Left: RPI Mesh-based adult mal and female phant@hang et al. 2009); Right: FASH
and MASH Mesh models of the FAX and MAX voxel phams (Cassola et al. 2010).

IvV.2.2. Applications of BREP phantoms

The application of BREP geometries goes beyondimhiés of mathematical and voxelized
phantoms of CSG type in modeling the anatomy inhtmman body. Organs or tissues are
precisely represented with smooth surfaces and shape can be easily modified to adapt the
desired morphology. Using BREP respresentationsis itpossible to create numerical
phantoms for several morphologies starting fronmgpke and unique MRI or CT acquisition.
However, for radiation transport simulations, tfan®ing BREP surfaces into voxel grids
remains mandatory since, until now, the MCNPX csdgports only voxel geometries.
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A few examples of the applications of NURBS and Mghantoms are given here. The
NCAT phantom with beating heart and breathing luagd the MOBY mouse were used to
optimize nuclear medicine imaging and dosimetrygése 2001, Segars et al. 2004). The
UFH-NURBS newborn phantoms were used to evaluatatran dose distributions in human

anatomy (Lee et al. 2007b). RPI mesh phantoms wsed for organ dose calculation from
monoenergetic photon beams (Zhang et al. 2009).4Th¥IP-Man (Xu and Shi 2005) was

used to study external-beam treatment plannin@ flong cancer patient (Zhang et al. 2008).
Finally, Badal et al. (2008) have introduced Mesomgetries for brachytherapy imaging
studies.

Mesh and NURBS geometries have applications inouarifields other than radiation
dosimetry. Several projects, such as the Virtuamifa Project, have been developing
phantoms used for the non-ionizing radiation comityu¢Christ et al. 2010). For example,
BREP models have proven to be very useful to imptbe knowledge of the electrical fields’
distribution in the human body (Sachse et al. 2080¢h models are also extensively used for
computer-aided design in automobile or aeronantiastry, in mechanical studies (Behr et al.
2003) or thermal effect applications (WainwrighOR{.

The actual work focuses on the creation of refexdifizaries representing a wider population
using Mesh and NURBS techniques (when compare@R#Ireference individuals). Johnson
et al. (2009) have recently released 25 adult madeels and 15 pediatric female models
corresponding to percentile individuals. Na et (@010) have also developed morphing
algorithms to create percentile individuals of elifint height and weight.

V.3. Discussion of the 3D representations

Computer graphic designers have defined two tydesemresentations, CSG and BREP,
which are commonly used to realize modeling andgdestudies. However, it is not always
easy to distinguish between these representatibhs is particularly the case when
comparing a mathematical phantom to a Mesh or NUR®8el since these representations
are based on mathematical equations. The key pdfetentiating between CSG and BREP
lies in the definition of each representation. kdie*solid” volumes are used for CSG while
“empty” surfaces are considered for BREP. Howeserface and volume definitions are very
similar and connected. The main and most obvioiferdnce comes from the format and
style in which the data is encoded. Triangular Mgebmetries are written in virtual reality
modeling language (.vrml) or polygon file formatlyjp NURBS models are written as
wavefront objects (.obj) while woxel geometries arestly raw (.raw) type files.

Various modeling software have been developed toergge 3D represenations. The
Rhinoceros 3D modeling software (http://www.rhina2mn) remains one of the most
commonly used software with a set of deformatiod geometry modification tools. RPI
Mesh phantoms, FASH and MASH phantoms, NCAT and MQ@iBe examples of phantoms
created with this software. Other modeling toolshsas Blender_(http://www.blender.org/
and 3D-Doctol (http://www.ablesw.con)/have also been used by the radiation dosimetry
community to develop anthropomorphic 3D phantonthsas the UF newborn phantoms.
When compared to CSG representations, BREP repati®ers are more flexible and allow a
wider set of morphing operations which makes themnenappropriate for CAD.

Nevertheless, these still suffer from a major latidan rising from the voxelization process to
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comply with Monte Carlo simulation requirementggebmetry definition. Indeed, each
model generated with Mesh and NURBS geometriesldtoutransformed into voxel grids
before running the MCNPX simulations. Some Monté&ansport codes such as Geant 4
(geant4.slac.stanford.edu/SLACTutorial07/Geomeppt).and Penelope (Badal et al. 2008)
were upgrated to handle Mesh representations. Henvthe simulation time with these
geometries is sensitively increased, up to ordemsagnitude, which makes the feature of
limited interest.

Finally, Mesh and NURBS geometries offer definatipre appropriate definitions of 3D
surfaces when compared to voxel representationsvelder, it should be noticed that the
visualized images of 3D models, presented in Figude8 for example, do not faithfully
represent the quality of the phantom. Indeed, suelyes are obtained with surface rendering
software that produce 2D images from 3D represensby adding lights, texture and bump
mapping, shadows etc. The produced image looksstiesdnd even ideal as would an “artist”
picture a scene. Therefore, the data containetienptimal file is often improved with the
rendering process showing the Mesh and NURBS ge@sdar more “perfect” than what
they really are.

V. Female workers andin vivo monitoring

One of the main drawbacks in the calibration of itowg systems is the use of physical
phantoms of limited realism in regards to the humaatomy. Fom vivo lung monitoring of
female workers, no physical female phantom dedicdta the calibration ofin vivo
installations exists. The use of the typical madsdud calibration coefficients results in high
uncertainties on the activity estimate, and coneetiy on the dose calculation for female
workers. Therefore, numerical calibrations basedi@ calculations are needed to optimize
the monitoring of female workers usimgvivo spectrometry measurements.

Moreover, simulating ann vivo counting requires massive and performing calcofati

potential and significant time. Clusters dedicated Monte Carlo simulations are often
needed to run the statistical calculations and edgenphe result. However, the simulation
result may sometimes be required, in emergencwatsitus for example, to take the correct
decontamination action. Accurate and rapid MontddCsimulations are thus required while
maintaining statistically reliable results.

Finally, the management of complex internal contetion situations remains critical
particularly when very few information is availala the number, nature and distribution of
the incorporated radionuclides. In this situatiom,vivo measurements remain of limited
efficiency when determining the activity distribani because of the multiple contributions of
several organs to the counting. Biokinetic modeisain up to now the only mean to establish
the distribution of radionuclides inside the bodyese models were however built from
animal experiments and can difficutly be verifiedpractice. Moreover, these models do not
account for the metabolism of each individual. iRgtMC simulations into benefit represents
thus a promising solution to accurately determimeedctivity mapping.

This PhD thesis has thus been undertaken withall@xing objectives:
= to develop of a library of female phantoms usingsMand NURBS geometries,
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» to realize the numerical calibration of the AREVACNkh vivo counting system and to
correct the typical calibration coefficients ob&inwith the male torso phantom,

* to establish an equation describing the morpholdgiependence of lung counting
calibration coefficients to give the AREVA NC medlcstaff, responsible for the
monitoring program, a mean to correct the calibrafor any female morphology,

= to improve the efficiency of MC simulations througie use of variance reduction
techniques and by simplifying the phantom geometry,

= to usein vivo spectrometry measurements coupled with Monte Canlations to
handle complex internal contaminations and to dates the activity distribution.
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Development of a Mesh and NURBS-based female torBbrary
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Chapter 2: Development of a Mesh and NURBS-based female torso library

To correct the typical calibration coefficients aibed with the Livermore male mannequin,
numerical calibrations using Mesh and NURBS reprieé®ns and Monte Carlo calculations
were required. This chapter focuses on the devetopwf an extended library of 24 thoracic
female phantoms, derived from the torso of the IGHBIt female reference computational
phantom, created to represent the most common éemaiphologies.

This chapter is divided into five main sectionseThist section introduces the available tools
used for the generation of 3D numerical phantonastha protocols established for the cases
in which medical images are available or not. Theosad section discusses the female body
type, measurement and definition. The third seqti@sents the method used for the creation
of a deformable female torso core model from wladibrary of female models was derived
by varying the cup size, the chest girth and thermal organ volume as shown in the fourth
section. The last section discussed the creatidhods and characteristics of the library and
compares it to existing models.

|. Generating 3D graphic phantoms

The following paragraphs introduce the tools usadtiie creation of 3D anthropomorphic
phantoms based on Mesh and NURBS representati@xs$, tie protocols established for the
creation of anthropomorphic phantoms using thesks tand starting from medical images or
from a voxelized model are discussed.

I.1. Tools for 3D models generations

[.1.1. Isogray

The Isogray Treatment Planning System (TPS) wasgldped in collaboration between the
“Institut Curie” and the “Institut Gustave Roussghd commercialized by DosiSoft since
2002 (http://www.dosisoft.com/index.htynlin this study, Isogray was considered for its
image treatment capacities mainly organ delineatiodd segmentation that are essential for
the simulation process. This software supports lEthscan images and MRI images and
enables automatic and manual organ delineationgénsegmentation using Isogray was
validated in a previous study (Pierrat 2002) by parmng numerical phantoms, reconstructed
from Isogray image segmentations, to experimen&gdsurements.

The first step in image segmentation is the autmnaalineation of the body surface. Some
organs such as the lungs are also automaticallistet] since they have a sensitively different
Hounsfield number, i.e. a density of about 0.3 d/anhich makes their differentiation easier
when compared to other tissue. Manual adjustmemstsh@wever, often required to further
improve the segmentation of such structures. Medawinost internal organs have similar
densities and require thus manual segmentationefieiess, the manual segmentation is
highly dependant on the image quality, contrastdafity, and above all on the user
experience and knowledge of the human anatomyrdgoglso enables a three-dimensional
visualisation of the segmented structures whicleg& rough representation of the phantom.
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Chapter 2: Development of a Mesh and NURBS-based female torso library

The more realistic the required phantom is, théadsighe number of segmented structures is
and thus the more the segmentation time increases.

1.1.2. IDL

The IDL® (Interactive Data Language) is an object orierietjuage used since 2005 at
LEDI for data treatment and visualisation (httpwiw.ittvis.com/ProductServices/IDL.aspx
The IDL® executable (extension “.sav”) can be run usinglBie® Virtual Machine (VM)
with free online access. With the VM, it is possiid make any ID® program accessible to
all interested parties without diffusing the soucoele and without requiring an ILicence.

In this study, IDI® was introduced for its excellent 3D visualisatimols and options (cf.
Figure 2.1). Indeed, IDL enables the plot of vasionput data formats among which the
“raw” files and the DICOM files (Digital Imagingna COmmunications in Medicine).
Dozens of routines were developed using the®Biol kits and functions that were essential
at different levels of the female library developmheAmong these routines, the most
important ones are relative to the visualisatiorvoxelized organs (cf. Section 1.1.4), the
generation of an OEDIPE input file format (cf. Sewtl.1.4), the calculation of vertices and
connectivities of 3D surfaces (cf. Section lll.1dappendix A.1l) the correction of
intersections and voxelization errors (cf. Sectibri and Appendix A.2), the addition of a
voxel layer representing the skin (cf. Sectiorillind Appendix A.3).

Figure 2.1.IDL® plotting of the Livermore voxelized lungs using tkvolume function.

[.1.3. Rhinoceros 3D

Rhinoceros 3D (Rhino 3D) modeling software (httwiv.fr.rhino3d.comy is a tool that is
widely used for computer graphics and design. RI8Bo has also been used to design
realistic and personalized anthropomorphic phantéonsdosimetry studies (Segars 2001;
Zhang et al. 2008; Lee et al. 2009).

Rhino 3D supports multiple input and output dateesy among which the Mesh (.wrl) and
NURBS geometries (.obj). It allows various surfac®difications and transformations
including Boolean operations, rotations, dilati@mizaction operations, surface
fusion/subtraction etc. (cf. Figure 2.2).
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Figure 2.2.Visualization of the Rhino 3D software and theikde surface modification tools.

1.1.4. The Binvox program

Mesh and NURBS surface voxelization was done uiegBinvox program. Once launched
(using Dos command), Binvox requires the user exrip the voxel grid dimension (default
128*128*128), the output file format (default .bow), the voxelization algorithm (default
both Ray Stabbing and Parity Count). Binvox supp®#drious input formats among which
the VRML2.0 (.wrl) obtained with Rhino 3D and repeating Mesh triangulations and the
Object (.obj) format representing the NURBS splif@hen polygons are used). Visualizing
the output files is possible with the Viewvox pragr, also developed by Dr. Patrick Min
(http://www.cs.princeton.edu/~min/binvgxfor the “.binvox” format files (cf. Figure 2.3).

Figure 2.3.Viewvox visualization of voxelized ribs obtainesing the Binvox program.

Before voxelizing, Binvox normalizes the Mesh stict it fits inside a 0.95x0.95x0.95 cube
ensuring an empty "shell" around the voxel modedhia unit cube. As a consequence, each
voxel in the model has coordinates inside the cuite. Nevertheless, the normalization in the
unit cube is independent from the real size of shecture. In other words, the Binvox
voxelization of a car and of the miniature of tb&s give identical representations having the
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same number of coding voxels. Thus, in order touens realistic representation of the
voxelized object, the elementary voxel dimensioassigned to meet with the real dimensions
of the object. Moreover, in the case where multgiteictures/organs are present in the input
file to be voxelized, Binvox transforms the suriade voxel grids while conserving the
relative positioning of each organ. However, Bimaikibutes to all coding voxels the same
value (one). This is a limiting factor since noedir distinction between the voxelized
structures/organs is possible. In order to sepdhaestructures using Binvox, Dr. Min has
agreed to modify the source code of Binvox by agdin “ignore” function that enables the
user to isolate a particular structure/organ anxelipe it separately from the compounds of
the Binvox input file. An example of the use of Bax with the ignore function is given in
Figure 2.4 where three structures are availableoahdthe third being voxelized.

D:vsemaine_5>hinvoxB.37.exe

——— [hinvox] mesh voxelizer, version B.37. bhuild #1580 on 2088-82-14 17:18:57
——— written by Patrick Min, 2004-2006

Error: missing model filename

Usage; hinvox [-d <voxel dimension>] [-t <voxel file type>] [-c] [-v] <model fi
espec

—d: specify voxel grid size {(default 128, max 1824)

—g: specify voxel file type {default bhinvox, also supported: hips. mira, vtk,.
au

—c z=huffer hased Lnru1ng method only

z=huffer based parity voting method only {default is hoth —-c and —-u2

Suppurted 3D model file formats:

URML U2 .8: almost fully supported

UG, OBJ. OFF, DKF, RGL, FOU, BREP. PLY. JOT: only polygons supported
Example :
hinvox —c —d 200 —t mira plane.wrl

D:ssemaine_S5>hinvoxB .37 . exe —ignore 1 —ignore 2 —c —d 256 —t raw input.wrl

Figure 2.4.The Binvox program input and output functions,ragée of using the ignore function
when three structures are present in the inputdilee voxelized.

Thus, the voxelization of an input file is repeatsimany times as the number of available
structures in the file and, as a consequence,uhwar of output files collected is equal to the
number of times Binvox was used with the ignorecfiom. Each of these Binvox output files
is imported to an IDP routine that assigns a density value to the codingls. The output of
the routine is thus a voxelized version of the 3Ddel with contrasted structures. The used
IDL® routine is given in detail in Appendix A.2.

1.2. Protocols for 3D models generation

Using the 3D tools introduced above, numerical pbmorphic phantoms were generated
following two protocols starting from medical imag& such images are available, or starting
from a reference voxelized model, if not.

1.2.1. Medical images available

The creation of 3D Mesh and NURBS personalized gmas starts with DICOM medical

images, mainly CT scan and MRI, from which anat@hidata can be extracted (Figure
2.5(a)). This guarantees a high degree of realisthfigelity in the modeling of the human
anatomy. Hence, the Isogray TPS was used to dé&dirtea organs of interest influencing the
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count (Figure 2.5(b)). Organ contours were thenartgal to the Rhino 3D modeling software
that enables the creation of Mesh and NURBS 3D tsq#égure 2.5(c)). Finally, the Binvox
program was used to transform 3D geometries ink@hgrids (Figure 2.5(d)).

Figure 2.5.3D phantom creation from medical images

1.2.2. Medical images unavailable

For the female phantom creation, a second protwesl| used since no medical images of a
female subject were available. In this case, vgxiels of the ICRP Adult Female Reference
Computational Phantom (AF-RCP) (Figure 2.6(a)) weaasformed to Mesh surfaces using a
routine developed in the IDL code (Figure 2.6(B)é¢xt, NURBS surfaces were created from
Mesh geometries using the Rhino 3D “loft tools” (ilrie 2.6(c)). Once the geometries
created, the Binvox program was again used to vaeéhe phantom (Figure 2.6(d)).

0PO0D@ T4 @

ll. Female body type, morphology and size designation

The aim of this work was to optimize the calibratiof in vivo counting systems to improve
the monitoring of female workers. Thus, it was rsseey to generate a library of female
phantoms representing the most common female hgebstand measurements. The first step
in the library creation is to identify the measuesits most likely to efficiently represent the
female workers’ community. These include the chgigh and cup size designation and
evaluation. The second step, however, consistglentifiying the methods to be used to
modify each parameter in order to create real@stit representative female models.

1.1. Chest girth designation and evaluation

The size designation norm of clothes published bg tEuropean Committee for
Standardization (CEN 2001) defines two dimension®i¢asure women’s breast size: the bust
girth (BG), which is the maximum horizontal girdind the underbust girth (UBG), which is
the horizontal girth just below the breast. Cheghds designated by numbers and appended
to the UBG (cf. Table 2.1). For example, if the UBGbetween 68 and 72 cm, the chest girth
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code is 85. Following the brassiere industry pcagctthe chest girth code number is given
without units. These measurements (BG and UBGj)aken for female subjects in a standing
position and have been used by the fashion indtsttyeate their brassiere models.

Table 2.1.Chest girth designation according to the Europmenmittee for standardization.
Code 85 90 100 105 110 120
UBG range (cm) 68-72 73-77 83-87 88-92 93-97 10B-10

For the created models, band size was calculatind dtase of the breasts as recommended by
the European norms cited above. This was done bptem the elementary voxels on the
outer periphery of the bust and calculating thength. For the ICRP AF-RCP for example,
the estimated band size was about 73 cm, so th&g@haeasonably corresponds to a small
90 chest girth (European Standard Clothing Uroide).

1.2. Cup size designation and evaluation

The ICRP, in its latest publication (ICRP 2009)s Ispecified the anthropometric data for the
average female breast organs in terms of dimensotal weight, tissue composition, and
density. The size designation norm of clothes distedd by the European Committee for
Standardization has also defined a secondary diorets measure women’s breast size. The
introduced parameter, called cup size (CS), chanzes the difference between BG and
UBG (CEN 2002, 2004). According to this committbeas are labeled compactly using a
letter code cf. Table 2.2.

Table 2.2.Bra size designation according to the European dts®rfor standardization
Code A B C D E F
CS range (cm) 12-14 14-16 16-18 18-20 20-22 22-24

However, breast structures vary widely dependingnaiitiple criteria like age, ethnic origin,
hormonal activity, corpulence, musculature, etcniatudies (Berger and Lane 1985; Lee et
al. 2004) tried to identify reliable anthropomeditianarks to quantify and describe breast
dimensions or even to develop empirical equationdetermine breast shapes. Moreover, the
definition of relevant parameters or landmarks thlédw a precise determination of breast
shape is still debated. As reported in the litegtutraditional brassiere-industry
measurements of breast size and chest girth arevgloat insufficient for correct and realistic
design of breast shapes. Brown et al. (1999) ifiedtll2 key landmarks for subjects sitting
upright. Vandeput and Nelissen (2002) used onlgnélinarks while Sigurdson and Kirkland
(2006) introduced 11 anthropomorphic measurememtassess the breast volumes for a
standing person. The design of breast shapes camieeeven more complex when position
(supine versus prone), age or ethnic origin aresicened (Fabié et al. 2006). The brassiere
industry organizes measurement campaigns in oadpraduce the most representative bras
fitting the most common sizes. Such statistics pi®\a reasonable estimate of the female
breast size distribution of a population and warestconsidered to identify the library models
to be created.
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For the considered routine vivo lung counting measurements, the monitored femaile &
supine position. Thus, depending on their weight alasticity, breasts take different shapes
over the chest. This makes the CS classificatiothateof little help to design breast models
in supine position. To overcome this difficulty, tking over breast volumes and weights to
estimate the correct cup size was considered. Eprsize calculation, the breast volume
measurements of different female populations werssidered (Loughry et al. 1989; Smith et
al. 1986; Warren et al. 2007). It was found tha #verage woman having breast weights
ranging from 350 to 650 g would represent a B cap subject. In this study, the ICRP
reference female model has a total breast weigabofit 500 g, thus it fitted a B cup breast.

[1l. Creation of a deformable female torso core model

The creation of a female torso library starts vilte generation of a deformable core model
whose geometry can be easily modified to cover dewiange of female body type and
morphology. The Mesh and NURBS torso core phant@s eveated from the ICRP reference
voxelized female. The creation of a torso core rhablicated for numerical calibration
requires the creation of a realistic geometry attebution of a correct tissue composition and
density. The created model was then compared toefieeence ICRP female to validate its
organ volume and MC simulation results.

.1 Geometry creation

First, an IDL routine was developed to transforre tloxel data of the ICRP AF-RCP to
surfaces in order to generate a Mesh model usiaghiade volume function (cf. Appendix
A.1). This step includes the selection of the thmraegion, the organ grouping, the Mesh
building (vertex, connectivity, normal vectors adltion) and the VRML writing. For this
study, the internal organs that were included erttodel are the ribs, sternum, spin, shoulder
blades, lungs, liver, heart and breasts. Nextptlkast and thorax contours were transformed
to NURBS surfaces to enable higher flexibility adefformation potential; this was done
under Rhino 3D loft tools. This is a four steps moet that consists first in isolating the Mesh
model of the organ of interest (Figure 2.7(a)) @cting the surface to have the optimal view
of the outer curvature (Figure 2.7(b)), cuttingtgets in the Mesh model to generate as many
slices as necessary to reproduce, with the maximaahsm, the organ shape (Figure 2.7(c))
and finally creating NURBS surfaces by linking tipenerated slices (Figure 2.7(d)) with the
loft tool. This method is particularly interestirsgnce the user can specify the number of
control vertices on each slice, i.e. Spline cuthet can be very helpful in the deformation
steps cf. Section IV.1.

Figure 2.7.Rhino 3D steps for the generation of NURBS sudestarting from Mesh triangulations
and using the loft tool.
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This generation method requires however two adwii@perations to complete the model:
correcting the surface intersections and addingske. Indeed, for the generated 3D Mesh
surfaces, organ intersections were observed unlki@oRD (cf. Figure 2.8). To correct these
intersections, an IDL routine was used to fusertfegging areas to one of the intersecting
organs using the voxelized model of the phantom Agfpendix A.2). Nevertheless, the
observed intersections did not involve a volumetuerlapping of more than 3% (case of the
sternum). Moreover, the skin is defined in ICRP elmed model by one voxel layer
surrounding the residual tissue of the trunk. TlaumsIDL routine was developed to generate a
voxel layer surrounding the trunk in order to coetplthe skin adding (cf. Appendix A.3).

R mm g
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Rl

Figure 2.8.Rhino 3D visualisation of Mesh surface intersedibetween ribs (grey) and lungs (red).

1.2. Tissue composition and density

To assign a correct and realistic tissue compasidiod density to the created organs, the
method used for the generation of each organ weakewed. Tissue composition was
attributed by considering the different compounasetl together to form the organ while the
density was fixed so that the created volume meéts the IRCP reference weight. In this
particular study, the breasts, the internal organd the residual tissue are considered
separately. The elemental compositions were takan the ICRP 110 (ICRP 2009).

.2.1. Case of the breasts

For the breasts, the only involved structures terte fused to generate the 3D model of the
organ are the ICRP breast adipose and glandukuess Since the glandular and adipose
tissues were fused, the tissue composition anditgenwsre attributed to the whole breast
volume and no regional considerations whatsoeverdeae.

As in ICRP AF-RCP, the weight proportion for theasts of the core model was maintained.
Namely, 40% of the breast tissue was of glanduéune and 60% was of adipose tissue
nature. This proportion affected the tissue contmwsiassigned for the generated breast
structurecf. Table 2.3.
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Table 2.3.Composition of the deformable female core modedéasts.
Model H C N O Na S Cl
Core phant. 11.40 53.78 0.62 34.02 0.06 0.06 0.06

After voxelization, the breast density was fixedisat the weight of the created breasts equals
that of the ICRP model (ICRP 2002). Namely, the RCBreast compounds -adipose and
glandular tissue- have a respective weight of I 200 g, meaning a total breast weight of
500 gcf. Table 2.4. The density was hence fixed at 0.9Yko that the created breast
volume corresponds to this exact weight. For tiRRCGAF-RCP, the densities of adipose and
glandular tissue are respectively 0.95 and 1.0513/@he fixed breast density value (0.99
g/cnt) seems reasonable since it is fairly equal tariean of the theoretical tissue densities.

Table 2.4.Densities of the deformable female core modeksabts, compounds are named according
to their designation in the ICRP AF-RCP.

Created Compounds Compound weight Total organ weight  Density®
organ (9) (9) (g/cnr)
Breast left adipose 150
Breast left glandular 100 0.990
Breasts _ _ 500
Breast right adipose 150
Breast right glandular 100

11.2.2. Case of the internal organs

The first step concerns the created “organs ofresté considered to have a potential
influence on then vivo counting efficiency simulation including the ribsternum, spin,
shoulder blades, lungs, liver, heart, breasts &nmd 3o choose the right composition and
density, the method used to create each organ gais taken into account as most organs
were created as a mixture of different compoundgaoious composition and densities. For
example, the spine was created as the sum of 6 @mamdg: thoracic spine cortical, thoracic
spine spongiosa, lumbar spine cortical, lumbar es@pongiosa, spinal cord and cartilage.
Hence, this organs’ final composition was definedhee mass contribution of each compound
to the final weight of the structuref(Table 2.5). This method was considered for aérmal
organs involved in this study.

Table 2.5.Composition of the deformable female core modetsrnal organs.

Model H C N O] Na Mg P S Cl K Ca Fe

Heart 10.28 12.13 3.14 73.45 0.10 0.00 0.14 0.2®60.0.24 0.00 0.06
Liver 10.20 13.10 3.10 72.40 0.20 0.00 0.20 0.30200.0.30 0.00 0.00
Lungs 10.29 10.73 3.21 7459 0.19 0.00 0.19 0.2800.0.20 0.00 0.01
Ribs 7.58 2754 322 4767 021 0.07 424 031 00406 890 0.06

Shoulder
blades

Skin 10.00 1950 4.20 6450 0.20 0.00 1.00 0.2000.».10 0.00 0.00
Spine 7.18 2652 335 47.13 020 0.10 476 0.3110.0.06 10.25 0.03
Sternum  9.66 2948 2.64 5348 0.23 0.00 1.70 0423 00.07 2.02 0.07

6.73 27.41 3.17 4442 024 0.12 552 031 0.07 0.0597 0.00

49



Chapter 2: Development of a Mesh and NURBS-based female torso library

Meanwhile, the mass proportion contribution cano®tconsidered for densities calculation.
As a consequence, densities were again calculatdthsthe created structures have the exact
organ weight as in the ICRP AF-RCP. Table 2.6 resuthe tissue compounds fused to create
each internal organ and documents the densitiggnask

Table 2.6.Densities of the deformable female core modetsrimal organs, compounds are named
according to their designation in the ICRP AF-RCP.

Created Compounds Compound Total organ Density
organ weight (g) weight (Q) (g/cn?)
Heart wall 250 1.046
Heart eartwa 620
Heart content 370
Liver Liver 1400 1400 1.048
Left lung blood 59
Left lung tissue 377
Lungs ) 951 0.413
Right lung blood 42
Right lung tissue 472
Ribs cortical 162
, , , 1.283
Ribs Ribs spongiosa 259 470
Cartilage 50
Clavicles cortical 23
Clavicles spongiosa 28
Humeri upper half cortical 56
Shoulder  Humeri upper half spongiosa 106 420 1.391
blades Humeri medullary 7
Scapulae cortical 102
Scapulae spongiosa 77
Cartilage 21
Skin Skin trunk 553 553 1.120
Thoracic spine cortical 204
Thoracic spine spongiosa 253
Lumbar spine cortical 90 1.309
Spine p. : 752
Lumbar spine spongiosa 142
Spinal cord 12
Cartilage 52
Sternum cortical 2
. 1.095
Sternum  Sternum spongiosa 47 70
Cartilage 21

11.2.3. Case of the residual tissue

In this study, when creating the deformable torse anodel, Mesh surfaces were generated
only for the organs having a significant influeraethein vivo count. As a consequence, all

internal organs that were not used in this studseviesed all together to generate a structure
representing the residual tissue of the core mddwd.residual tissue composition and density
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were again defined taking into account the mixtfrthe ICRP merged body compounds. The
composition was defined as the mass contributidnthe@ ICRP phantom gathered organs
whereas the density was fixed so that the genevatiedhe has the correct mass.

Table 2.7.Composition and density of the deformable female enodel’s residual tissue.

Composition Density

Model 0
C N O Na P S CI K Ca Fe | (dlcm)

pcr:]c;rni 10.8 347 20 517 01 01 02 01 02 00 00 O0.Q.017

1l.3. Validation of the torso core model

Once the core phantom was completed, it was validaly comparing the created organ
volumes to those of the ICRP model and the MC satiwh results with both models.

1.3.1. Volume of the created organs

For the volume comparison, the ICRP AF-RCP wasrtak® the reference model against
which the voxel version of the core model was cledckor each organ. The maximum

relative error in volume, around 3.3%, was obserfegdhe sternum structure. All internal

organ volumes matched reference values with leas th5% deviation (cf. Table 2.8). It

should be noticed however that, in this case, thekt cartilage was associated to the
generated bone structures. Namely, one third oftrilnek cartilage was added to the ribs,
another third was fused with the spine while tts third was equally distributed between the
sternum and the shoulder blades. The cartilagengdépresented 10% of the total weight of
the ribs, while this proportion was of 7% for th@re, 30% for the sternum and 5% for the
shoulder blades.

Table 2.8.0rgan volume of the reference ICRP female andléiermable core model and associated
relative error.

organ ICRP AF-RCP reference  Deformable core Relative Error
volume (cm) phant. volume (cfh (%)
Breasts 511.9 505.0 1.35
Heart 587.2 592.5 -0.91
Liver 1333.3 1336.4 -0.23
Lungs 2301.1 2301.7 -0.03
Ribs 366.3 364.6 0.46
Shoulder blades 304.4 302.3 0.71
Sternum 67.5 65.3 3.31
Spine 563.8 562.3 0.26
Skin 507.7 495.4 2.43
Residual tissue 10697.9 10530.4 1.57
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1.3.2. Simulation of in vivo counting efficiency

Monte Carlo simulations ah vivo counting were also used to validate the createsbtoore
model. Indeed, radiation interactions with mattee airectly related, through the mass
attenuation coefficient, to the tissue compositemd density. Bone structures of high
densities have a sensitive attenuation effect andoergy photons while adipose tissue is of
lesser effect. Thus, in order to validate the amsmigtissue composition and density, MC
simulations were conducted with the ICRP referemoslel and with the simplified female

deformable core model.

These simulations were carried out for radionuslidginterest{*Am, %%, ®°Co, **'Cs etc.).
The detectors that were used are typical germardetactors dedicated for in vivo lung
counting studies that were positioned identicatlypboth simulations. The OEDIPE software
(Franck et al. 2007) was used to create the samdelistribute it uniformly in the lungs and
to position the detectors. Counting efficiency easimilar to those obtained for the ICRP
phantom were thus expected in order to validatddhmle deformable torso core model and

particularly the attributed tissue composition aedsity.

Figure 2.9represents the counting efficiency variation witteigy for the ICRP AF-RCP

torso and for the flexible female torso core modi@r all energies greater than 40 keV the
difference in counting efficiency was less than 5P6r lower energies, the maximum

difference was as high as 35% at 15 keV. This diffee at low energy is presumably due to
the different types of materials used in the twargbms. In fact, the ICRP AF-RCP torso is
made up of 67 organs or tissues, while the flexfelmale torso model contains just ten
organs. The average tissue considered for thebfeexnodel is most likely responsible for the
observed differences. Nevertheless, these diffeeremain acceptable and validate the

choice of tissue composition and density.
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Figure 2.9.Variation of the counting efficiency (counts/s/gaa) with energy (keV), for the ICRP
AF-RCP reference model (black symbols) and the fertimsso core model (white symbols).
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I\VV. Phantom geometry modification

A library of 24 torso models representing most cannibreast morphologies was derived

from the validated flexible female torso core modEhis section resumes how the target
values for geometry modification were chosen. Thiea,method used to generate the various
morphologies and to attribute the correct tissuamasition and density are presented.

V.1 Target values for geometry modification

The steps involved in the creation of the femateddibrary are those relative to the variation
of cup size, chest girth and internal organ volume.

IvV.1.1. Chest girth modification

To realize chest girth modification, the targetbdst circumferences were fixed at the middle
of the UBG intervals indicated in Table 2.1. Nameatycreate the 85, 100, 110 and 120 chest
girths, final models’ band size was chosen to hektp 70, 85, 95 and 105 cm respectively.

Starting from the reference 90 chest girth, simgatraction and dilation operations were
applied over the Mesh phantom to create the 851@0dchest girths. For example, to switch
from a chest girth of 90 to another of 85, a twmensional (left-right and posterior-anterior)
contraction coefficient of 0.93 (70/75) was applifithis transformation induced a total
thoracic weight reduction by only about 2.3 kg, ¢teethe Body Mass Index (BMI) was not
significantly changed. For the 100 chest girth, @dir8ctional dilation was applied in order to
create a realistic phantom. Indeed, it is more gtde to have a 182 cm person with a chest
circumference of 85 cm (i.e. 100 chest girth cfbl€al) than a 163 cm person with such chest
girth. The change in phantom’s height was alstzeé to maintain the same BMI as for the
ICRP AF-RCP. More precisely, the thorax of the ICRBdel represented around 27.5% of
the total body weight. This weight proportion wasimained for the 100B chest girth
phantom. The operated 3D dilation of the 90B taesulted thus in a 74.7 kg and 182 cm
female subject having a chest girth of 100 and d 8\bout 22.6.

For the 110 and 120 chest girths, 3D dilation ojp@na would generate a 205 and 220 cm
height person to maintain a “normal” BMI. These eather rare measurements in reality, so
the Mesh surfaces were replaced by NURBS ones. fyindithe NURBS surfaces for the
creation of the two biggest chest girths was paldity advantageous since it enabled the use
of local and controllable deformation over the wvo&j leading to realistic shapes. Starting
from the 100 chest girth Mesh model, a NURBS medes created using Rhino 3D loft tools
and then the control vertices of the splines, nyathbse over the stomach, were manually
shifted in the correct direction to create the étéed chest girths (110 and 120). Phantom’s
height, however, was not changed and the 100, 4ad@ 20 chest girth models have the same
total height but different BMI. Indeed, about 5dgadipose tissue were added to increase the
chest girth from 100 to 110 (respectively abouk@io generate the 120 chest girth model).
Therefore, the models represented an 80 kg femidteanBMI of about 24.4 (respectively 86
kg and a BMI of 25.6).
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IV.1.2. Cup size modification

To realize cup size modification, breast weighiatesn was considered following plastic and
reconstructive surgery recommendations. It was dotlvat surgeons count mostly on their
personal experience to choose the right implanireaand volume. Regnault et al. (1972)
considered an addition of 100 &io increase chest circumference by 1 inch andstascup
size by one letter designation. While Pechter (1988nd that the volume needed would be
around 300 crh Yet others indicate that it depends significamtfy the implant location: if
the implant is under the muscles, an additionallampvolume of 75 crhis needed per cup
size change. To realize cup size change, the reemmations by Turner and Dujon (2005)
were followed especially since the authors quasditissue adding not only as a function of
cup size but also with respect to chest girthTable 2.9).

Table 2.9.Tissue weight adding per cup size change accotdiigirner and Dujon (2005).
Tissue weight to be added (g) per

Chest Girth cup size change
85-90 2 x 115
95 - 100 2 x 215
105 - 110 2 x 315
115-120 2 x 415

» 90 chest girth models

Starting from the reference 90B NURBS breasts @ieformable core model), and to create a
90C model, 2x115 g of tissue were added. For angtvest girth, cup size was modified by
adding the same amount of adipose tissue for eawkdse in cup size as recommended by
Turner and Dujon (2005). The additional tissue w@ssidered to be of adipose nature only to
simplify and ease phantom’s creation. The equitaleiume (of the 2x115 g amount of
adipose tissue) was then calculated. This volume agtded to the primary breast volume
(511.88 cm cf. Table 2.8) and the final targeted volume wiasd to about 754 ci Using
Rhino 3D, the NURBS breasts surfaces were thenfredddy manual shifting of the control
vertices in the posterior-anterior direction toatedhe target breast volume cf. Figure 2.10.
For greater realism, a left-right translation waplaed to simulate how breasts fall naturally
over the chest as the morphology of the breastsmadelled in the supine positione. in
vivo counting position. The larger the breasts, the emdifficult they are to model and
position correctly on the bust in the supine positiand realism may be affected as a result.
This manual morphology modeling technique was usexleate all the considered cup sizes.

Figure 2.10.Rhino 3D visualization of the operated manualtsigfof the Splines control vertices to
realize cup size change.
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» Other chest girth models

At this point, methods for varying cup size and ihadg chest girth are clearly defined. The
remaining problem is to fix a reference mass foe aup size of each chest girth. As
highlighted by Young et al. (1994), cup size vaéth band size, e.g., the cup of a 95C bra is
slightly larger than the cup of a 90C bra. Henogreate the new reference cup size for each
chest girth, breast’'s weight was fixed consideristatistical data, plastic surgery
recommendations and the creation method used. ©rote hand, for the 85 chest girth
models (respectively for the 100 chest girth maqdal)simple contraction (respectively
dilation) operation was used to vary band sizetistafrom the 90B phantom. Therefore, the
created cup volumes were considered to be the afakence ones representing respectively
an 85B and a 100B models. On the other hand, o 1®-120 chest girth phantoms, manual
operations were also required when varying bane, sieerefore the reference cup size was
chosen differently. Indeed, in this case a simpipiecal equivalence was used that relates
one combination of a letter (for cup size) and astlyirth to the next letter and the previous
chest girth, for example a 100E model has the daeeest volume of a 110D subject which is
also equivalent to a 120C breast size (Wood &x(418). Particularly, while creating the 110B
cup size (resp. 120C), the 100C cup (resp. 110B) weed as a morphology model; hence,
they were considered to have the same breast wdilgatcreated reference cup sizes for each
chest girth are thus the 85B, 90B, 100B, 110B &edl20C. They were used as a basis for the
creation of the other cup sizes with the recommeératiditional tissue of Turner and Dujon
(2005) given in Table 2.9.

For greater realism, we considered changing breastphology since it changes from one
person to another and even for the same persors ThAuadditional big cup sizes were
created. For example, three different breast modetsesenting a 90C female subject, were
created. The method used to create the first méoghd90C1) was to translate the vertices
of the 90B breast Mesh in their normal vector dicet The second morphology (90C2) was
created from the 90B by a 3D dilation. The final rptwmlogy (90C3), retained for the
simulations, was created by manual positioninghaf NURBS control vertices. The three
simulations were then compared to assess the mlogpheffect on counting efficiency.

IV.1.3. Internal organs volume variation

Standard anatomical tables of organ weights haes ldeveloped (Ludwig 1972). Recent
studies aimed to update these tables, to formstatedard reference values and to provide a
range of organ weight values (de la Grandmaisa.€1001). Other studies also investigate
existing correlations between organ weight/volumé axternal parameters such as sex, age,
height, Body Mass Index (BMI) etc. (Clairand et 2000). For example, it was reported that
organ weight decreases with age, except for the hed thyroid, and increases in relation to
body height and/or BMI (de la Grandmaison et aD)0Moreover, except for the heart, the
organ weight showed a better statistical corretatwth body height than BMI (Clairand et al.
2000). In this study, internal organs weight catieins to height were considered.

For the 85 and 90 chest girth, the total heighthef phantom was preserved so no internal
organs resizing was necessary. However, for theetbrggest chest girths, modifications in
the head-feet direction were applied modifying tkthes total height of the phantom. Hence,
internal organs were resized to meet a minimumismalvith a person of 100, 110 or 120
band size chest. Recommendations from Clairand. €2@00) were partially followed for
internal organ adjustment. Indeed, the publishedali equations, correlating internal organs
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mass and total body height, were considered anticplarly the one for the lungs. Those
experimental equations were adjusted to meet iatergan weights of the ICRP AF-RCP.
The new equations were then applied to the setezted phantoms to estimate the correct
internal volumes to be inserted into the 100, 140 420 bust phantoms. As for bones, the
work by Heymsfield et al. (2007) has proven that similar scaling destwere identinfied.
Thus, in order to remain realistic and simplifyeimtal organ relative positioning, the lungs
formula was applied by simple 3D dilations underRI8D to resize all internal organs.

Specifically, for the 100, 110 and 120 chest gptlantoms, the height of the model was
considered to represent a 182 cm woman. The clobittes height insures a body mass index
estimate roughly within the limits of a normal sedij (BMI between 18-25 kg/m?). As a
consequence, a mass scaling factor of 1.3 wasdmmesi for the heart, liver, lungs, bones
(ribs, sternum, spine, shoulder blades). Figurd 2lHows examples of different phantoms
with various cup sizes, chest girths and intermghos (cf. Table 2.10 and Table 2.11).

Figure 2.11.i) position up: Rhino 3D visualisation of the 9(Bft), 100C (middle) and 110 D (right)
created models; ii) position down: OEDIPE visudii@a of the voxelized models of chest girth 90 and
of cup size ranging from A to E.

IV.2. Creating the library

Figure 2.12 recapitulates the steps taken to cesath phantom starting from the deformable
torso core phantom. Three essential steps in ity creation are outlined in this figure. By
the end of each step a test is done to evaluatesidting phantom progressing.

» Step one is the elementary step where the targgesvare designated: chest girth, cup
size, internal organ volume and body shape.

» Step two is the manipulation step where the baststMand NURBS phantoms are
modeled, using the Rhinoceros 3D software, to geadtifferent morphologies. Other
transformations were considered as related to rbernal organ volume, thoracic
thickness, band size and shape and finally orgasgigning in the bust and over the
chest for the breasts. The output format resultrogn this step is a VRML2.0 file
supporting Mesh geometries.

» Step three is the phantom’s finalization step whdesh and NURBS formats are
transformed to voxel grids, using the Binvox prograto enable the MCNPX
calculations. An IDL routine is then used to tds¢ tvvoxel 3D matrix, verify and
correct any possible voxelization error and attebilhe dimension to each elementary
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voxel cube. By the end of this step, a temporargeV@hantom is generated. This
phantom is submitted to the final test where orgalumes and dimensions are
checked and validated in comparison to the thesayi targeted one. If any

significant difference (>5%) is noticed, the rettorstep two is mandatory. Otherwise,
the phantom can be imported into the OEDIPE sofwarfinalize the preparation to
Monte Carlo simulations with the source distribatiand the detector positioning. It
should be noticed that, while creating the bretsictires, any volumetric difference
exceeding 2% was rejected and the NURBS constructas restarted.

| Target Volume designation | Rhinoceros 3D Binvox + IDL routine

- Chest girth - Voxelization

- Breast design in

- Cup size NURBS format - Priority rules for
VRML 2.0| intersecting tissues

Deformable

- Internal organ volume - Internal organ
>

torso core
- Body shape resizing - Elementary voxel

phantom

- Torso shape size designation

adjustment

- Organ and breast

positioning

- Format conversion

Temporary

voxel

phantom

Incorrect

Volume and

size

Output

voxel

phantom

Figure 2.12.Steps for the generation of the library of fenmaledels starting from the deformable core
model.

IV.3. Tissue composition and density attribution

For each organ, the tissue composition and dessikgre again taken from the ICRP 110
(ICRP 2009) according to the weight proportion affe structure fused to create the organ.
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IV.3.1. Case of the breasts

For breast organs, the ICRP reference female yahahtom has a 60-40 % adipose-glandular
breasts composition as shown in Table 2.10. Thdiaddl adipose tissue, used for cup size
change, was taken into account to fix the breastposition. Breast tissue density was fixed
so that the final volume of the voxel model has @lkact targeted weight (original weight +

added adipose tissue weight). When the chest gigh changed, new reference cup sizes
were fixed and the composition of those breasts aswasidered to be equal to the one of the
90B voxel phantom. Namely the 85B, 100B, 110B amel 120C models have a 60-40 %

adipose-glandular breasts composition. Table 2utfnsarizes chest girth, cup size, breast

weight, density and breast composition for the P#m@nt 3D female phantoms.

Table 2.10.Weight, density and composition of the createdsie

Composition
Chest Girth  Cup Size  Breast weight (g) Density Adipose tissue  Glandular tissue
(%) (%)
A 197 1.015 13.5 86.5
B 427 0.967 60.0 40.0
85 C 657 0.968 74.0 26.0
D 887 0.961 80.7 19.3
E 1117 0.965 84.7 15.3
A 270 1.008 25.9 74.1
B 500 0.990 60.0 40.0
a0 C 730 0.982 72.6 27.4
D 960 0.970 79.2 20.8
E 1190 0.958 83.2 16.8
B 651 0.976 60.0 40.0
C 1081 0.973 75.9 24.1
100 D 1511 0.972 82.8 17.2
E 1941 0.969 86.6 134
F 2371 0.950 89.0 11.0
B 1081 0.964 60.0 40.0
C 1711 0.965 74.7 25.3
110 D 2341 0.959 81.5 18.5
E 2971 0.961 85.4 14.6
F 3601 0.959 88.0 12.0
C 2341 0.961 60.0 40.0
D 3171 0.959 70.5 29.5
120 E 4001 0.951 76.6 23.4
F 4831 0.957 80.6 19.4

IV.3.2. Case of the internal organs

Internal organs’ composition and density were ade&r@d to remain the same regardless of
any volume change as only 3D dilation operationsevapplied on these organs. Table 2.11
gives the mass scaling factors for internal orgainall created models considering the 90B

phantom as a reference.
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Table 2.11.Weight factor applied to the organs and tissughetreated models, 90B modaken as

reference.
_ Phantom weight factor
Organ Weight (g)
85 90 100 110 120

Breasts' 500 0.85 1 1.30 2.16 4.68

Heart 620 1 1 1.30 1.30 1.30

Liver 1400 1 1 1.30 1.30 1.30

Lungs 951 1 1 1.30 1.30 1.30

Ribs 470 1 1 1.30 1.30 1.30
Shoulder blades 420 1 1 1.30 1.30 1.30

Skin 553 0.85 1 1.30 1.47 1.69

Spine 752 1 1 1.30 1.30 1.30

Sternum 70 1 1 1.30 1.30 1.30
Soft tissue 10600 0.85 1 1.30 1.85 2.41

#The breast weight in this table is the weighthef teference cup size created for each chest girth.

IV.3.3. Case of the residual tissue

For the 85, 90 and 100 chest girths the compositias considered to be the same since they
were all created from the voxelized phantom witlnge transformations that preserve the
mass proportion of the different compounds. Forthé and 120 chest girths, the designed
band size augmentation was reasonably attributead fed increase. Thus new compositions
were calculated for the two biggest chest girtlicesiadipose tissue percentile changed cf.
Table 2.12. For each of the 24 generated phantantsaccording to chest girth, Table 2.12
resumes the different dimensions and particulalg thoracic height and weight, the
considered soft tissue composition and the lungisnve.

Table 2.12.Residual tissue’s composition and density forfémeale library phantoms as a function of

chest girth.
Model Composition Den;l?ty
C N O Na P s c K ca Fe | (g/cnm)

8?_030 108 347 20 517 01 01 02 01 02 00 0.0 0.@.017

110 110 419 16 449 01 01 02 01 01 0.0 OmO 0.986
120 111 458 14 411 01 01 01 01 01 0.0 0mO0 0.977

Table 2.13.General features of the created models.

Residual tissue compaosition

Thoracic Thoracic

Phantom height (cm)  weight (kg) Adipose tissue Muscular Other tissue VO:IJun:gs(L)
(%) tissue (%) (%)

85 37.3 14.7 45.5 38.2 16.3 2.3

90 37.3 16.3 45.5 38.2 16.3 2.3

100 40.7 21.3 45.5 38.2 16.3 2.9

110 40.7 27.5 61.6 26.8 11.6 2.9

120 40.7 34.8 70.5 20.6 8.9 2.9

&for the 85B, 90B, 100B, 110B and 120C models only.
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IV.4. Validation of the generated models

To validate the generated models, the comparisothe@fgenerated organ volumes to the
targeted values was done (cf. Table 2.14). Thispasreon particularly involves the breasts
that were manually modelled using Rhino 3D. As tloe chest girth, the created volume
agreed within 1% with the targeted one as autonzetitoperations (3D dilation, contraction,
shifting) were realized using Rhino 3D to reach tamgeted volumes. The target volume
validation was conducted with the voxel versiornha breasts since such geometry is used to
run Monte Carlo simulations.

Table 2.14.Volumetric comparison of the created breasts.

Targeted volume Created volume  Relative

Chest Girth Cup Size (cn?) (cn?) Error (%)
A 195.87 194.82 0.5
B 437.98 442 .44 -1.0
85 C 680.08 679.63 0.1
D 922.19 923.55 -0.1
E 1164.29 1157.87 0.6
A 269.77 267.81 0.7
B 511.88 504.97 1.3
90 C 753.98 743.64 1.4
D 996.09 989.23 0.7
E 1238.19 1241.62 -0.3
B 666.55 666.90 0.1
C 1119.18 1111.51 0.7
100 D 1571.82 1555.09 1.1
E 2024.45 2002.17 1.1
F 2477.08 2470.50 0.3
B 1119.18 1121.57 0.2
C 1782.34 1772.64 0.5
110 D 2445.50 2440.77 0.2
E 3108.66 3092.76 0.5
F 3771.82 3766.43 0.1
C 2445 .50 2435.27 0.4
D 3319.18 3306.99 0.4
120 E 4192.87 4207.29 -0.3
F 5066.55 5046.68 0.4

Regarding the attributed tissue compositions amgitles, MC simulations could not be used
to validate the considered hypothesis, as it was#se for the core model since no reference
model existed. Thus, a general observation was raadée variation of the organ densities
with the evolution of the adipose tissue proportiéts expected, the attributed density
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decreased with increasing adipose tissue propoftiomll the breasts and chest girths (cf.
Table 2.10 and Table 2.12).

V. Discussion and conclusion

The library of female models developed in this gtedmpensates for the lack of female
physical phantoms for the routine calibrationrof/ivo counting installations. This work used
the Mesh and NURBS 3D formats to create a flexiteale thoracic phantom from the ICRP
Adult Female Reference Computational Phantom. Udiegdeformable model, a library of
34 different thoracic female phantoms was createdhining different chest girths, cup sizes
and morphologies. The method consisted in fiximgt fa target value for organ volume and
modifying next the geometry to reach the desirellime. Next, the model is voxelized to
prepare MC simulations and validated by comparioumes to the targeted values. The
newly created phantoms represent the most commeasbmeasurements; their design is
based on the brassiere industry statistics, plastigery recommendations and other relevant
considerations to define internal organs volumeéatian with morphology.

To discuss the realism of this library of defornealiémale torso phantoms, the creation
methodology is reviewed. This includes the morpbglcelated operations for cup size and
chest girth variation and the attribution of tisseenposition and density.

V.1. Choice of the creation method

When investigating morphology-related operatiohshould be highlighted that the applied
geometry modifications were based on fixing a tavgéume for each structure and organ and
then by realizing manual and/or automatic transédroms using the Rhino 3D modeling
software. However the shape and morphology of eagan had to be modeled in the supine
position, i.e. the in vivo measurement positione Teast modeling was definitely the most
delicate because of the variability of the brease ®n the one hand and because of the
consequent breast tissue weight addition requoeddlize cup size change on the other hand.
Very little conclusive information was found regegl the anthropomorphic measurements
that can be used to define breast shape in theeyoisition. The morphology modeling was
hence done based on visual criteria to defineitied model shape. In the aim of uniformity,
the same method was used to create the varioussizep which consisted on manually
shifting the control vertices of the splines in themal vector direction and then applying
local inclinations to simulate breast natural fajlion the chest in the supine position. The
larger the cup size is, the more delicate the niogledan become. As a consequence, the
realism of the created models can be debated. dpdsmme may consider the shifting
operated in the normal vector direction to be sametoo strong and that the breasts would
fall significantly more when the subject is lyingdk on the measurement table. However, at
this stage alin vivo monitoring is done with female workers still weayithe bra and thus the
created models represent rather well this situatiddoreover, all the pulmonary
measurements at the AREVA NC installations are deitie the person sitting upright on the
chair that is tilted somewhat around 45° and thes lireast position on the chest is also
different. All these considerations make the createdels fairly realistic foin vivo counting
studies, not to mention the major differences lireas have from one person to another
considering age, musculature, origin and othermpatars (Fabié et al. 2006).
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V.2. Choice of tissue composition and density

Moreover, when investigating tissue composition dedsity attribution, the realism of the
used method is reviewed. For the case of cup si@ation, the recommendations by Turner
and Dujon (2005) to define the tissue weight toadded/removed guarantee the realism of
the target values. Nevertheless, the nature ohthitional tissue can be debated since only
adipose tissue was considered (no glandular tiaddeng/removal was taken into account).
For the operated chest girth variation, only adgpiissue growth was operated again to switch
from a chest girth of 100 to a chest girth of 11@ &20. This may also be subject to
guestioning. However, the simplified hypothesistba additional tissue composition eases
the calculation of the mass proportion of each aoumngl in the thoracic region and simplifies
the assessment of the tissue composition and getasibe assigned. Moreover, the main
thoracic compounds (adipose tissue, muscle) aridtathal organs have similar densities and
more importantly similar energy-dependant massnation coefficients (jipose= 0.198
cm?/g and pusciee 0.205 cm?/g while peast 0.201 cm?/g at 59 keV). As a consequence, the
impact of the additional tissue nature on radiaiieractions is negligible, especially with
increasing photon energy.

V.3. Comparison to existing models

The developed library was finally compared to thedels by Hegenbart et al. (2008).
However, while Hegenbart et al. (2008) considenalg a single chest girth with no variations
in internal organ volume, different chest girthsl amternal organ volumes were considered in
this work to cover a wider female population

To vary breasts cup size, Hegenbart et al. (2088} in-house developed software, based on
morphing algorithms, that translates the Mesh sedaof the breasts in their normal vector
direction. These phantoms were for women in thedste position with a 60° downward
angle for all cup sizes. The breast weight of thmalkest model (AA) was fixed to 500 g,
matching that of the ICRP reference female pharif@RP 2002). Adipose tissue weight was
then added to increase breasts size from one c@mdther. The following adipose tissue
weight increments were applied: 817 g (from cue #\A to cup size A), then 383 g (A to B),
197 g (Bto C), 434 g (C to D), 460 g (D to E), 4 3E to F), 551 g (F to G). However,
publications available in plastic and reconstruetaurgery (Regnault et al. 1972, Pechter
1998) suggest that using such weight incrementscigr size variation is questionable.
Indeed, in Turner and Dujon (2005) a constant weggiting is recommended for each cup
size change and this is the approach followed heraddition, in the publication of Ringberg
et al. (2006), seven 105B female subjects weretiftkeohwith a mean breast volume of about
1200 cnd (i.e. 1172 grams) while Hegenbart et al. (200B)cated 1317 grams for a 105A
subject. Smith et al. (1986) considered 1189 (@bout 1162 grams) for a 100C subject and
954 cni (about 932 grams) for a 100B one. In the underwedustry, there is some
understanding of bra size equivalence; for exangE)OC bra can be adjusted to fit a 105B
woman since the breast volume is the same (Woall 2008). These two breast sizes, 100C
and 100B, are hence commonly considered equivdtersa 105B and a 105A subject,
respectively. This means that there is a differeotat least 400 grams between breasts
reported by Smith et al. (1986) and those desigmeddegenbart et al. (2008) using the
morphing algorithm.
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As a conclusion of this comparison, one can sa gimailar approaches were considered to
vary the cup size since in both cases, the MeshNWiABS control points were shifted in
their normal vector direction. However, the constian of the models differs significantly in
the used methods. Indeed, Hegenbart et al. (2Q@3ated the surface modifications and then
attributed a cup size to the generated breast \@duwWhereas, in this work, targeted breast
volumes were fixed based on recommendations froastipl and reconstructive surgery
(Turner and Dujon 2005) and then the geometry veligssted so that the required volume
could fill in the created breasts. Moreover, theyét@art et al. (2008) models were generated
for persons in the standing position adapted foolev/tbody counting situations while in this
study the generated models were representativeulgiecs in the supine positions and
undergoingn vivolung counting measurements.
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Chapter 3: Numerical calibration of the AREVA NC in vivo monitoring installation

The developed library of female torso models igduserealize a numerical calibration of the
AREVA NC in vivo monitoring installation. In this chapter, the nmedh and results of MC
simulations are given and the morphology-inducedatians of counting efficiency are put
into equation.

I. Monte Carlo simulation of an in vivo measurement

Reproducing with MC simulations a realistin vivo measurement requires a faithful
definition of the contamination and an adequatedtjpméng of the detectors. The OEDIPE
software was hence used to prepare the MC simoktad generate the MCNPX input file.

I.1. Reproducing the in vivo measurement with OEDPE

In this study, OEDIPE was used for itsvivo monitoring interface as the created library of
female voxel phantoms was imported to the softwate modeling of the measurements
requires the source specification, i.e. its natdistribution and activity, and the detectors
choice and positioning.

[.1.1. Choice and distribution of the source

OEDIPE allows a correct modeling of the source getoyn This includes the definition of
punctual sources or the choice of a given radiode@nd its localization in a specific organ.
OEDIPE also enables the definition of heterogensousces in both composition (a mixture
of radionuclides) and distribution (in several arga The choice of the radionuclide involved
can be done from an existing database (that caextemded to a user-specific source) that
includes the emission yields and energies.

In this study, OEDIPE was used to simulate a pubmprcontamination using 1 Bg of an
artificial gamma source emitting 17 photons of gre=s ranging from 15 keV to 1.4 MeV (cf.
Appendix B.1l). This source represents the radiodesl most commonly used for the
calibration of the AREVA NCin vivo measurement installations and was uniformly
distributed in the lungs. For these simulationsyéner, the yield assigned to each photon was
considered to be equal to one. This is particulargresting since, in this case, all photons
are simulated with the same importance regardle$isedr energy and true yield. This eases
the definition of the source and the processinthefresults as the total number of photons is
uniformly distributed between all the 17 energy &sions. As a consequence, the resulting
counting efficiency (given in counts/s/gamma) netmi®e multiplied by the real emission
yield (in gamma/Bqg) to represent a realistic val(ie counts/s/Bq) as obtained by
measurements.

1.1.2. Choice and positioning of the detectors

Using OEDIPE, it is also possible to select a detefrom a previously defined library
containing MCNPX models of the available countiggtems. The user has only to select the
correct detector, specify the number of channbisenergy binning and the Gaussian Energy
Broadening (GEB) factors and then position it tprogluce then vivo measurement. The
positioning of the detectors is one of the key min thein vivo monitoring of workers as it
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directly affect the counting efficiency and actwiassessment a (Razafindralambo 1995).
Thus detectors’ positioning was considered herh @xtreme caution.

For these simulations, the counting system of tREXA NC in vivo monitoring installation
was used. This is a system of four-germanium-deteatommercialized by Canberra and
used for the routine monitoring of the workers la¢ L.a Hague reprocessing plant. Such
germanium detectors are dedicated for organ spegibnitoring and low energy X and
gamma emissions of nuclides most likely to be imgdlin an internal contamination in this
particluar workplace. An MCNPX version of these e¢trs was previously validated at
LEDI (Lamart 2008) and was hence directly used tfeeg MC simulations. This model
faithfully reproduces the technical drawing of thetectors including the crystal dimentions
and position and the available dead layers.

The AREVA NC existing system is totally dissociatgiging the maximum freedom in the
positioning of the 4 detectors and the routine fisng is set to maximize the count with
various angulations and positions over the chesté¥er, for these simulations, the detectors
were grouped in pairs (left-right) to simplify theositioning. These were put as close as
possible to the skin while preventing any collisieith breasts. However, as the breast size
increases, the detectors should be shifted upwhlkelgertheless, detectors counting efficiency
is highly affected by the distance to the organhasradiation flux decreases inversely with
the square of the distance (Podgorsak 2003). Ierdad homogenize detectors’ positioning,
and to exclusively visualize the drop in countirificeency as cup size increases, the same
distance to the skin was kept for a given chesh@ind all cup sizes. This distance was fixed
by first choosing the tilt and then by bringing ttietectors as close as possible to the skin
with the biggest cup size breasts i.e. E (85-9@tcheth models) or F (100, 110 and 120 chest
girth models). For the 85 and 90 chest girth mqdigsectors were positioned at the clavicles
level at a distance of 2 cm from the skin with la df 35° along the head-to-foot axis to
prevent any collision with the breasts. For the , 1000 and 120 chest girth models, the
distance to the skin was respectively 4, 5 and &vim the same angulations. An example of
the detector positioning is given in Figure 3.1shHbuld be noticed here that the tilt along the
head-to-foot axis was privileged when comparedédistance to the skin as one could have
simply changed the angulations instead of the mitgtato the skin. Nevertheless, it was
considered here to be much easier to fix thenidt #ten to vary the distance to guarantee the
reproducibility and separate the morphology eftear the count from the positioning effect.

%0 100 110 Q§
DS

- -
D —— — o —

— — "

Figure 3.1. OEDIPE visualization of the detectors’ positionfiog phantoms of cup size C and a chest
girth of 90, 100 and 110.

1.1.3. Generating the MCNPX input file

Using OEDIPE, the geometry of the phantom is wmiitethe repeated structures format. The
considered materials were taken from the ICRP 8®menendations (ICRP 2002) and the
MCNPX default cross sections were used. The adlfigamma radiation source was
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distributed uniformly into the lungs as explaindzbee. The number of simulated particles
was chosen high enough (1E09) to guarantee atwtaltiselative error on the photoelectric
peak below 1% at all photon energies. The tallpireql is the pulse height tally representing
the number of counts collected in the detectorealBi, no variance reduction techniques
were used at this stage of the simulations to oeter the calibration coefficients.

[.2. Simulated counting efficiency calculation

The MC tally results give the counting efficiendytlbe used detectors in counts/s/gamma for
the energy of interest. It differs from the expezittal measured spectrum which is deformed
by the Gaussian Energy Broadening (GEB) factor.cbaectly asses#n vivo counting
efficiency, the simulated spectrum needs to begused.

1.2.1. From a simulated spectrum to a calibration arve

The MCNPX simulated tally represents the numbecafnts in the detectors normalized to
the total number of starting particles. This isieglent to the counting efficiency as defined

by Equation 1.7 in the case where true yields afeneld on the source card. However, the
MCNPX output file must be processed to switch frarsimulated spectrum (energy binning)

to a calibration curve that represents countingcieficy values at different energies. This
requires the calculation of the photoelectric patla certain energy from which we need to
subtract the Compton contribution. Nevertheless tlan be time consuming and delicate
depending on the number of tallies, the numbenntigted photons (source emissions) and
the spectrum itself (GEB parameters). Indeed, fietint photons are simulated in the same
file, the photoelectric peak of lower energy widl growing on the Compton continuum of the
higher energy peaks cf. Figure 3.2. For such plgtoaoth their own Compton continuum and
that of all higher energy photons must be subtdact® reduce this noisy contribution, no

GEB was used in the simulations.
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Figure 3.2.Schematic method to switch from a simulated spatto a calibration curve.

1.2.2. Uncertainty assessment

When calibrating a counting system, the uncertaimtycounting efficiency can be as low as
5% (Doerfel et al. 2006). However, when applyingsth calibration coefficients to a routine
measurement, the uncertainty on the assessedtyaaan be up to 50% (Razafindralambo
1995; Doerfel et al. 2006). Errors on the actidistribution within the body or on the subject
positioning duringn vivo measurement, commonly called Type B errors, agdgmninant in
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uncertainty calculation. This uncertainty is asedssom the scattering factor (Doerfel et al.
2006). Nevertheless, voxel phantoms are more tealidien representing the human body.
Simulations aim to reduce uncertainties, and pagity the Type B uncertainties on the
phantom, and values of 5 to 10% can be considexsfactory, particularly for low energy

photons, when compared to the 50% uncertaintytimipcassessment.

For MCNPX simulations, counting efficiency is asssbusing a pulse height tally. For such a
tally, results are acceptable only if the assodiatttistical relative error is less than 5%.
Thus, the number of starting particles was cargftiiosen in order to guarantee statistically
reliable results for the lowest energy photons. Elsv, the simulated counting efficiency
value is calculated by considering the Compton Bunsounding the photoelectric peak. For
these bins, the 5% simulation statistical relagw®r is not guaranteed. Thus, the error on the
final counting efficiency can be assessed by uthedollowing equation:

Usff = \/(U peak )2 + (U peak—l)2 + (U peak+1)2 Equation 3.1

whereopeakis the uncertainty of the bin reproducing the pletéctric peak whil&peak-1 and
Opeak+1 lepresent the uncertainty for the bins surroundirg peak and used for Compton
subtraction. Eacls weights the MC statistical relative error with thember of counts
(spectrum height) for each bin. For high energytphe (>100 keV), the Compton counts are
negligible when compared to the photoelectric paaki thus the overall uncertainty is
roughly equivalent to that of the photoelectric lpgao more than 5%). For low energy
photons, however, a number of counts of the sarderaf magnitude can be observed for
both the Compton and the photoelectric bins and thgh uncertainty values are obtained for
such photons. Indeed, as the total number of pestanly influences the photoelectric peak’s
uncertainty, the latter remains very high for Coomptcontinuum bins regardless of the
number of simulated particles. And thus, the ovenatertainty on the counting efficiency is
degraded and should be assessed using Equation 3.1.

II. Numerical calibration using the developed femas library and
Monte Carlo simulations

The developed female library enables the correabioaexperimental calibration coefficients
obtained using the Livermore male mannequin by wactiog for the morphological
differences between the male and female individugtiés section presents some of the MC
simulation results and discusses the cup size hast @irth effects on counting efficiency.
The simulation results for the 24 created phantoimthe library can be found in detail in
Appendix B.2.

1.1. Cup size effect

To study the cup size effect amvivo measurements, the simulated counting efficienfoes
phantoms of the same chest girth were comparede Takh documents the Monte Carlo
simulations results for the 85 chest girth withfetiént cup sizes for th€°U, ***Am, >’Co,
137cs and®Co radionuclides. These results show how the efiicy drops with increasing
cup size. For example, tA&U counting efficiency for the 85E model was roug8Bf lesser
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than the value for the 85A model. For #8m, °’Co,**'Cs and®°Co these values were about
34%, 28%, 18% and 15% respectively. This can bdaegd since the increase in breast
tissue results in greater attenuation of the protmerging from the lungs. The lower the
emitted photon energy is, the greater the attemmdiecomes, and this results in a loss of
counting efficiency. Figure 3.3 shows the coungfiiciency variation with energy for the 90
chest girth and all created cup sizes.

Table 3.1.Counting efficiency and associated statisticabreobtained with the MC simulations for
the 85 chest girth and the different cup sizesddionuclides of particular interest.

Radionuclide Phantom Counting efficiency Simulation Count relative to
(counts/s/gamma) uncertainty (%) the A cup size
A 1.10E-4 0.95 1
238 B 4.50E-5 0.67 0.41
15.3 keV/ 85 C 3.38E-5 0.77 0.31
D 2.45E-5 0.90 0.22
E 1.72E-5 1.08 0.16
A 1.60E-2 0.55 1
a1 B 1.36E-2 0.60 0.85
Am 85 C 1.24E-2 0.63 0.77
59.5 keV ' ' '
D 1.19E-2 0.64 0.74
E 1.06E-2 0.68 0.66
A 1.76E-2 0.75 1
57 B 1.54E-2 0.80 0.87
Co
1221 keV 85 C 1.44E-2 0.83 0.82
D 1.38E-2 0.60 0.78
E 1.26E-2 0.88 0.72
A 4.85E-3 0.72 1
661.7 keV 85 C 4.31E-3 0.76 0.89
D 4.23E-3 0.77 0.87
E 3.98E-3 0.79 0.82
A 3.14E-3 0.73 1
60 B 2.96E-3 0.75 0.94
co 85 C 2.88E-3 0.76 0.92
1173.2 keV ' ' '
D 2.83E-3 0.77 0.90
E 2.68E-3 0.79 0.85
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Figure 3.3.Counting efficiency (counts/s/gamma) variationhnenergy (keV) for the chest girth of
90 and all cup size# (dots),B (squares)C (diamonds)P (triangles),E (inverted triangles).

The effect of breast shape on counting efficien@swalso considered in this work. Thus
different breast shapes were created represertengame tissue weight and composition but
different positions over the bust (cf. Figure 3M).the particular case of big cup sizes, this
study is justified since the exact positioning lud breast over the chest is quite uncertain. As
shown in Table 3.2 the relative error or deviatfoom the count with the 90C3 phantom
varies significantly for a given energy. For exaebr the?*®U emissions at 15.31 keV, a
difference ranging from -17.47% to 15.98% was okeerwhile for thé°Co photons at 1.17
MeV this difference varied from -1.8% to 0.06%. Flgives an order of magnitude of the
uncertainty affecting the value of the efficiencyriations presented here. The results of the
10 additional phantoms of the female library caridumd in Appendix B.3.

Figure 3.4.Example of two different breast shapes createdpoesent a female subject having a
chest girth of 90 and a C cup size breast; visatiin using OEDIPE.
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Table 3.2.Counting efficiency and associated statisticabreobtained with the MC simulations for
the different breast morphologies of the 90C phanand the radionuclides of particular interest.

Ph , , Counting efficiency Simulation Relative difference
antom Radionuclide )
(counts/s/gamma) uncertainty (%) (ref: 90 C3) (%)
29 (15.3 keV) 2.26E-5 0.94 15.98
21Am (59.5 keV) 1.15E-2 0.13 4.17

90 C1 *'Co (122.1 keV) 1.33E-2 0.86 4.31
13Cs (661.7 keV) 4.13E-3 0.78 1.43
®Co (1173.2 keV) 2.75E-3 0.78 0.06

28 (15.3 keV) 3.16E-5 0.80 -17.47
2Am (59.5 keV) 1.23E-2 0.63 -2.50

90 C2 *'Co (122.1 keV) 1.42E-2 0.83 -2.16
137Cs (661.7 keV) 4.22E-3 0.77 -0.71
®9Co (1173.2 keV) 2.80E-3 0.77 -1.82

29 (15.3 keV) 2.69E-5 0.86 Ref.
2Am (59.5 keV) 1.20E-2 0.64 Ref.

90 C3 *'Co (122.1 keV) 1.39E-2 0.84 Ref.
137Cs (661.7 keV) 4.19E-3 0.77 Ref.
®Co (1173.2 keV) 2.75E-3 0.78 Ref.

1.2. Chest girth and internal organ volume effects

To study the chest girth and the internal orgamuva effects onn vivo measurements, the
simulated counting efficiencies for phantoms of #@me cup size were next compared.
Figure 3.5 represents the counting efficiency vemmawith energy for 5 phantoms of chest
girth of 85 to 120 and a D cup size. Table 3.3 doents the Monte Carlo simulations results
for all phantoms of cup size C but with differehest girths for radionuclides of interest.
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Figure 3.5.Counting efficiency (counts/s/gamma) variationhnéhergy (keV) for the phantoms of
cup size D and various chest girths (85-120) nam@dlto the 85 chest girtB5 (dots),90 (squares),
100 (diamonds)110(triangles),120 (inverted triangles).
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Table 3.3.Counting efficiency and associated statisticabreobtained with the MC simulations for
the C cup size and the 5 different chest girthkjaggiven for the following radionuclid€s®,
24Am, %'Co, *'Cs and°Co.

Phantom Radionuclide Counting efficiency Slmul_atlon
(counts/s/gamma) uncertainty (%)
2% (15.3 keV) 3.38E-5 0.77
2Am (59.5 keV) 1.24E-2 0.63
85C *'Co (122.1 keV) 1.44E-2 0.83
137Cs (661.7 keV) 4.31E-3 0.76
®%C0(1173.2 keV) 2.88E-3 0.76
29 (15.3 keV) 2.69E-5 0.86
21Am (59.5 keV) 1.20E-2 0.64
90 C *'Co (122.1 keV) 1.39E-2 0.84
131Cs (661.7 keV) 4.19E-3 0.77
®9C0(1173.2 keV) 2.75E-3 0.78
23 (15.3 keV) 9.97E-6 0.82
19%cd (22.2 keV) 6.86E-4 0.12
100 C 2Am (59.5 keV) 7.69E-3 0.16
*'Co (122.1 keV) 9.15E-3 0.33
137Cs (661.7 keV) 2.88E-3 0.29
9C0(1173.2 keV) 1.99E-3 0.91
23 (15.3 keV) 3.55E-7 3.75
19%cd (22.2 keV) 1.33E-4 0.27
1oc 21Am (59.5 keV) 3.22E-3 0.62
>Co (122.1 keV) 4.26E-3 1.75
137Cs (661.7 keV) 1.65E-3 1.62
®9C0(1173.2 keV) 1.16E-3 1.57
120 C 23 (15.3 keV) 1.55E-8 27.75
19%cd (22.2 keV) 2.53E-5 4.26
21Am (59.5 keV) 1.25E-3 2.45
*'Co (122.1 keV) 1.81E-3 2.13
¥1Cs (661.7 keV) 8.63E-4 1.76
9C0(1173.2 keV) 6.53E-4 1.65

From these results, it is clear that counting efficy decreases with increasing chest girth i.e.
increasing extra-thoracic thickness. The importay noticed between the 85-90 chest girths
and the 100-110 and 120 ones can be explainedlaw/$o The three biggest models have a
lung volume significantly larger than the basic sindetectors however “cover” the same
original lung volume. Since a volumetric sourcertisition was simulated, the activity facing
the detectors was smaller which means a lessettagteThe radionuclide distributions effect
over lung counting efficiency has been properlydstd by Kramer and Burns (1995) and
confirms this finding. Furthermore, since an 85@del does not have the same breasts
weight as a 100C one, breasts tissue adds up 8 wladl thickness and results in additional
attenuation of counting efficiency when comparethtvalues of the 85-90 models.
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For the 85 and 90 models, the chest wall thickilessasts + difference in thoracic thickness
due to 2D contraction) was the only changing patameetween the two sets of phantoms.
The most significant counting efficiency variatioias obtained for the lowest energy, where
a 1.25 fold decrease was noticed between the 88Cthen90C phantoms. For high energy
photons {°Co at 1.17 MeV) this attenuation factor was abo05 for the same phantoms and
regardless of the cup size. This is explained kyfélet that high energy photons suffer lower
attenuations in the crossed tissues when comparegitenergy photons.

For the 100, 110 and 120 chest girths, the sammgmependant attenuation effects were
observed. For the 238U emissions at 15.31 keV, stiagistical error obtained with the
maximum number of simulated particles was stillatrs$actory for the 110 and 120 chest
girths. Thus we compare the simulation attenuafiorthe *°°Cd photons at 22.16 keV. The
resulting attenuation was found to be about 5.&¢imore important for the 110C than for the
100C and 5.2 times more for the 120C than for th@Cl This attenuation was about 3.9
times more important for the 110B than for the 1G0@ about 3.6 times more for the 120C
and the 110D. These latter comparisons reveal Igl¢lae effect of additional chest wall
thickness, since the 110B phantom (respectivelyl1®C) was created from the 100C (resp.
110D) and thus have the same breast shape andtwefgtstep 3). For the high energy
photons {°Co 1.17 MeV), the attenuation is relatively constaith increasing cup size as it
was observed for the smallest chest girths wher®ria of 1.7 and 3.1 were noticed for the
110C and 120C models when compared to the 100Ct@harindeed, additional tissue
thickness results in a cup size increase and irrdaamaximal variation of these factors for
the 120F model when compared to the 120C of abQueA.

11.3. Comparison with published data

These simulation results were also compared toethafs Hegenbart et al. (2008) who
considered one chest girth (105) and 8 differeptsimes (AA to G). In their study, Hegenbart
et al (2008) simulated a Phoswich, whole body, Qsl-counting system and three
radionuclides?*Am, *'Cs and®Co. They investigated how lung counting efficienayied
with breast size. Hegenbart et al. (2008) also dotivat detector efficiencies considerably
decrease with increasing breast size and a differef up to 50% was observed between
models with cup size AA and those with cup sizeo€xlie?*’Am photons at 59.54 keV.

In both studies, efficiency variation with breasgight was found to exhibit the same trend for
this same radionuclide. In Hegenbart et al. (2008 efficiency loss was around 8% between
the C cup size and D cup size for a difference reast weight of 434 g. Moreover, the
efficiency drop was 9% for the Hegenbart D-E (430ng@dels and 19% and 13% respectively
for the AA-A (817 g) and B-D (631 g) models. In ostudy, the breasts weight variation
between the 100D and the 100E model (about 430 agpsed an efficiency drop of
approximately 7%. Furthermore, the efficiency dvegs 10% for our 90B-D (460 g) models
and 20% and 12%, respectively, for our 120B-D (g3Gand 110B-C (630 g) models. To
summarize, a similar attenuation is observed ferAm-241 photons at 59.54 keV when the
same tissue increment is applied even though tlee stwdies involve different counting
systems, detector positions and phantoms. For keigergy photons{'Cs and ®Co),
however, efficiency does not decrease with the dbreecrement in the same way (>10%
difference). This is presumably due to the différ@yunting systems that were simulated.
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As a conclusion of this comparison, one can say tespite the significant existing
differences, particularly in breasts size, shapktae used detectors, similar tendencies were
found regarding the decrease of counting efficieniti increasing cup size.

lll. Parameterization of morphology-induced variations of
counting efficiency

The morphology-induced variations of counting efficy as a function of photon energy
were next put into equation to enable a realisticveate of detectors’ counting efficiency for
each monitored female subject. If such an equataem properly describe the variation of
counting efficiency with morphology, it will enhamahe realism and consistency of MC
simulation results and give a physical explanafiemthe observed calculations. Moreover,
this equation is of particular use for females witlusual body size and shape that are not
represented in the created female torso library &ordwhich the typical calibration
coefficients require sensitive corrections.

.1. Modeling the morphological effect

As observed from the previous simulations withfémaale torso library, cup size, chest girth
and internal organ volume highly affect the coume#ficiency values can decrease, by up to
orders of magnitude, when these parameters chargegut into equation the efficiency
variation with morphology, further investigationseaequired to assess the effect of each of
the parameters alone.

.1.1. Chest wall thickness effect

To identify the chest wall thickness effect, a esviof the literature is done. The literature
results were then confirmed by a series of simuteaticonducted with Mesh and NURBS
phantoms of the same lung volume but various dhesgtnesses.

e Literature review

To assess the activity in the lungs ibyvivo spectrometry measurements, it is necessary to
estimate or to measure the thickness of tissuedyowg the lungs as these may cause sever
attenuation of radiation. The effect of Chest Wilickness (CWT) on counting efficiency
comes also from the decrease in the photon fluk tie source-detector distance (Kramer
and Capello 2005). Kruchten and Anderson (199G)ndjsished between muscle and adipose
tissues in the CWT. Kramer et al. (2000) have asmpared the chest plate of typical
calibration phantoms, the Livermore (Griffith et 4678) and the JAERI (Shirotani 1988), to
a real person’s chest wall and assessed the umtgba the activity estimate.

CWT is often estimated by biometric and empiriogli@ionsbased on subject-specific data
of weight and height (Fry and Sumerling 1980; Rie005) and even age (Sumerling and
Quant 1982). However, as shown by Vickers (1996hsequations are site specific and thus
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large errors can be introduced into the CWT esemilioreover, as observed by Kramer et al.
(2001), the position of the person (seatsdsupine) while measuring the CWT can highly
influence the latter.

All these studies have confirmed the importanceCWT as one of the parameters most
influencing thein vivo count and the results have highlighted the impd&@WT estimation
and the inherent uncertainties when calculatingiticerporated activity. Nevertheless, for
these investigations, CWT was mainly studied folemaorkers although it is definitely
greater and its variations can be more delicagstionate when a female subject is involved.

* Reproducing the CWT effect with simulations

Experiments with the Livermore physical mannequmad @he four physical overlay plates
representing different chest wall thicknesses h&nm@vn an exponential counting efficiency
decrease with tissue thickness. To prove that siiams reproduce the measured effects, a
study was carried out with a voxelized version loé tivermore phantom. In this case
however, numerical representations of 8 differdatgs, with a thickness ranging from 1.8 to
3.1 cm, were generated using the Rhino 3D modsilirfigvare.

First, a deformable core plate was created staftmmg a CT scan of the physical plate P1.
Next, mesh offsets were used to vary the thickrees$ehe plate and generate the 7 target
models. The 8 different Mesh Livermore models weest voxelized in order to run MC
calculations. The core chest plate was modeledragha and it composition was set to
100% muscle. Meanwhile, a 50-50% composition of cules and adipose tissue was
attributed to the remaining plates. The same homemes distribution of 1 Bq 6f*Am was
simulated in the lungs volume and the AREVA NC gammm detectors positioned
identically for the 8 phantoms.

The counting efficiency obtained with the MCNPX siations reproduces the expected
exponential attenuation as a consequence of the gieckness variation (cf. Figure 3.6).
Moreover, the exponential factor representing tlassrattenuation coefficient, deduced from
the exponential fit, agreed within a margin of 5%hvithe theoretical one recommended by
the ICRU 44 (ICRU 1989)for such a tissue composition (0.2 ®nThis validates the

simulation approach to reproduce the counting iefficy decrease with chest wall thickness.
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Figure 3.6. Counting efficiency (counts/gamma) variation witatp thickness (cm) for the
Livermore mesh model. Linear fit calculated usinigidsoft Excel 2008": y=0.0077026*exp(-
0.2116x).
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1.1.2. Internal organ volume effect

To identify the effect of internal organ volumesecond review of the literature was done
followed by another series of MC simulations toidaie the observations for lung counting
studies.

e Literature review

As previously mentioned,in vivo lung counting systems are calibrated with an
anthropometric phantom that has only one fixed Isimp. However, people have widely
varying lung size, volume and shape. As a resulbiag is introduced into the activity

estimate because of the difference in lung volumtsveen the physical phantom, used for
calibration, and the subject being measured.

A previous study by Kramer and Capello (2005) itigesed the effect of lung volume on
counting efficiency using Monte Carlo simulations. their study, Kramer and Capello
(2005) constructed ellipsoidal cylinders to représdifferent lungs of sizes ranging from
0.935 L to 9.05 L. The MC simulations they conddcieere for three different whole-body
four-detector arrays of 50, 70 and 85 mm diametdrthe energy range was from 17 keV to
1 MeV. The obtained result showed that countingciefficy increases with decreasing lung
volume (cf. Figure 3.7). However, the authors fouhdt there is no simple relationship
between counting efficiency and lung volume. In mdem and Capello (2005), three
parameters were modified simultaneously: lung vaumetector position and chest wall
thickness. This makes it difficult to clearly idénta simple relation.
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Figure 3.7.Counting efficiency of the three different deteacaays (50, 70 and 85 mm diameter) at
60 keV as a function of lung volume (Kramer and &ap2005).

Nevertheless, the data given by Kramer and Cafg2d05) seem to present, at least to a
certain point, an inverse relation between the tingnefficiency and the lung volume.
Namely, Figure 3.7 reveals that there are famihesurves, each belonging to a set where
the ellipsoidal radii are fixed and the length loé tung is varied, which show a hyperbolic
shape. Independently, and for a given family ofvesr there seems to be a linear tendency
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between counting efficiency and the inverse lunfuwm@. Thus, we have investigated this
trend using a realistic representation of the lumgdifferent counting system and different
counting positions. Particularly, a more systemaipproach was adopted in which one
parameter is varied at a time while keeping themtlconstant.

* Reproducing the internal organ volume effect with snulations

To create a realistic set of lungs, the CT scan ofale subject were used to create a male
torso deformable model with the Mesh format follogvithe method given in Chapter 2
Section 1.2.1. The obtained deformable model was tiilated (or contracted) in the three
directions using Rhino 3D. Factors of 1.05, 1.1 anth were used for both dilation and
contraction to create 6 different thoracic moddlwvarious sizes. These operations, carried
out on the chest wall itself and on the internglams, induced lung volumetric variations up
to 50% of the primary volume (1.15°3~1.52). Ndtattboth the lung volume and chest wall
thickness were modified with the operated 3D tramsftions. Thus, the study of the
influence of both parameters on the count is pésdid quantify and compare the two
parameters most influencing the pulmoniaryivo count.

The seven models were then voxelized with the Bingoogram and OEDIPE was again
used to create the source and position the desecitve simulations involved a photonic
source of energy ranging from 20 keV to 1 MeV whweas uniformly distributed it in the
lung volume whereas, the considered detectors gemaanium counters dedicatednovivo
pulmonary measurement. For all the simulationssehaetectors were positioned 2 cm away
from the skin at the level of the clavicles with mzlinations. This identical positioning
guarantees the similarity of the 7 simulations aeduces the inter-variability of the
simulations to only chest wall thickness and lungume.

Figure 3.8 shows the simulated counting efficieneyiation as a function of the source

energy for the 7 different thoracic models. From simulation results, one can conclude that
counting efficiency decreases with increasing lualyme. This can be explained as follows:

for isotropic dilations of the thorax and internafgans, source activity concentration

decreases in the lungs resulting in significans lalscounting efficiency.
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Figure 3.8. Counting efficiency (counts/gamma) variation witreggy (keV) for the different Mesh
models: 0.85 contracted (black diamonds), contdagtiack triangles), 0.95 contracted (black inverte
triangles), reference (black squares), 1.05 dilaudite inverted triangles), 1.1 dilated (white
triangles), 1.15 dilated (white diamonds).
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Figure 3.9 shows that counting efficiency lineargreases with the inverse of lung volume
(loaded organ) over a broad energy scale. In ottends, additional absorption due to

supplementary tissue thickness has a poor or iffisignt effect when compared to internal

organs volume variation. This conclusion stronggpehds on the construction hypothesis
involving identical transformation of chest wall caimnternal organs (dilation/contraction).

Although the anatomic realism of the uniform growftchest wall and internal organ volume

(same dilation coefficient) can be discussed, theeoved relation gives at least a second
indication concerning the effect of morphology auting efficiency.
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Figure 3.9. Counting efficiency (counts/gamma) variation witke inverse of lungs volume ). for
photons of 30 keV (dots), 60 keV (diamonds) and 250 (triangles). Linear fit calculated using
Microsoft Excel 2008": 30 keV: y = 0.0026807 x — 0.000649, R2 = 0.9856@:keV: y = 0.0053597
x +0.00010445, Rz = 0.9972850 keV:y = 0.0031493 x + 0.00014296, Rz = 0.99634.

[.2. Development of a morphological equation

The changes in morphology, applied to create thesef phantoms of the developed female
torso library were, for the most part, limited tariation in chest wall thickness, i.e. cup size
variation, and a change in lung volume in the aHsthe three largest chest girths (100-110-
120). For differences in chest wall thickness, aapeter was introduced to represent
exponential radiation attenuation previously obedrvThis attenuation depends on the
composition, density and thickness of all tissuengrated by radiation when going
throughout the body to the detectors. For diffeesna lung volume, a second parameter was
used to simulate how counting efficiency varieshwite loaded organ volume. As it was
found in the previous section, counting efficien@ries inversely with lung volume if the
activity is uniformly distributed in the volume. Wh considering a relative variation of
counting efficiency from one subject to anothee, tinst parameter represents the exponential
attenuation with CWT variation while the secondgmaeter is expected to represent the ratio
of the reference lung volume to the new lung volmeonstant).

As a result of these considerations, the relatignbletween two counting efficiencies was
simply written as:
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&,(E) = el(E)Cle'CZ”(E) (Equation 3.2)

where &, represents the reference counting efficieney, the unknown efficiencyE the

photon energy, and and ¢ are the parameters that need to be calculatattteefobserved
variation of counting efficiency with phantom mogdbgy. The functionu(e) is the mass
attenuation coefficient for ICRU-44 (ICRU 1989) poise tissue (seven compounds) that was
obtained using the online NIST-XCOM tool (Bergeratt 2005) for the relevant photon
source. This simplified value of Yu(E) was used hesmce the three main structures
responsible for additional attenuation (namely ad@tissue, muscular tissue and glandular
tissue) have similar energy-dependant mass atienuetefficients. This equation is correct
for ideal geometries, where a uniform tissue groistlachieved, and is believed to hold in
more complex cases. For example, expected tissclendss due to given breast structures
cannot be defined with precision. The parametagherefore represents a surrogate thickness
describing the average attenuation of radiation.

This equation should provide a reasonably accugstienate of counting efficiency for any
female subject and would be particularly usefuldosubject for whom no numerical model
has yet been developed.

1.3. Validating the developed equation

The developed equation was first applied to repcedine MC simulated efficiency curves.
Next, it was tested against experimental datattéh& simulated curves and finally it was
applied to published data.

1.3.1. Reproducing MC simulations with the develged equation
Equation 3.2was applied to the simulated efficiency curves, (), taking the efficiency
curve from the 85A model as the referenee, . The method was based on a linear

£
regression involving variableg = In(ﬂJ and X = u(E), where

ref
Y =In(c,)-c,X. Equation 3.3

Once obtained, the parametegsand ¢ were inserted into Equation 3.2 and the requested
efficiency was calculated and compared to the MDes The maximum difference between
the MC efficiencies and those obtained from Equmi82 is a practical indicator of the
validity of the proposed model and gives a locdigation of the fit quality. A more accurate
indication of the quality of the fit can be caldald using the following parameter:

2

1 ey —€ .

2= MC  ©wmc Equation 3.4
X N-n ,zzl( Eve j a

whereN is the number of data, the number of varying parametegs, refers to efficiency

values calculated using Equation 3.2 age the efficiencies obtained with MC simulations.
This chi-square-like parameter normalizes the difiee between calculated values and the
MC values using the MC data and gives a globalcathn of the fit quality (for the
considered energy range). To obtain an acceptafie ¢his parameter should be inferior to
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0.0025, which means that the calculated parameteasd ¢ are only useful if the mean
uncertainty of the calculated efficiency is belo% $100*+/0.0025 ).

For the 85 and 90 (chest girth) models, the paran@gtwvas set to one, since the volume of
the lungs was the same for all the phantoms iretkesies. Table 3.4 gives the parameter c
obtained with Equation 3.3 for the 85 and 90 clggsh phantoms, for all created cup sizes,
with the associated R2 ané It also compares the MC and calculated coungiffigiencies

for the 85E phantom by using parameteand the 85A efficiency curve as the reference. For
the 85E phantom, the estimated value pfrepresenting the additional chest wall thickness,
was around 1.87 g/cm?. With this value, the highelsttive error between the simulated and
calculated counting efficiencies was about 6.4% \&ad observed for the lowest energy at 15
keV. Figure 3.10 shows the linear regression gitimg g - ¢, parameters for the 90 chest
girth phantom simulations. Using these morpholdgazefficients, the highest difference
(around 6%) was obtained for the 90E model at M ke
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Figure 3.10.Linear regression giving the parameter for the 90 chest girth phantom; simonesti
normalized to the 85A phantom values. Linear fitetated using Microsoft Excel 200& 90A
(diamonds) y = -0.6025x, Rz = 0.98B8)B (triangles) y = -1.2576x, R2= 0.99&30C (squares) y = -
1.3966x, Rz = 0.99430D (circles) y = -1.6433x, R2 = 0.99380E (inverted triangles) y = -2.0526x,
R2 = 0.9944.

Table 3.5 gives the;@nd ¢ values for the three largest chest girth phant@hsEquation
3.3) with their associated R2 and values. In addition, it compares the simulated and
calculated counting efficiencies for the 120F pbamtusing the cand ¢ parameters and the
85A efficiency curve as the reference. Since timg lwolume of the 100, 110 and 120 models
was the same, but different from that of the 85 ehgaarameterichad to be included. For the
three largest chest girth phantoms, with varioug sizes from B to F, the MC and the
calculated efficiencies did not differ by more tHztb.

Considering the small differences between calcdlated MC efficiencies and th@ values
given in Tables 3.4 and 3.5, the model given bydfiga (3.2) was validated with an accepted
uncertainty of 5-10%. Figure 3.11 compares the kitad and calculated counting efficiency
curves for the 85B, 90C, 100D, 110E and 120F modédis full comparison of the values
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obtained with Equation 3.2 using the 85A simulatsnthe reference curve and the values of
the 23 simulations are given in Appendix B.4.

Table 3.4.Values of the parametes for the 85 and 90 chest girths and associatech&z?gleft).
Comparison of the MC and calculated efficienciestie 90E model at various energies (right).

Energy MC efficiency

calculated Diff.

2 ..
PRMOM (gremey X F ev)  (countsls) S0 (o
B 0.86 0.9982 0.8E-4 15.31 1.72E-05 1.61E-05 6.4
85 C 1.18 0.9967 2.5E-4 22.16 1.02E-03 1.04E-03 -14
D 1.47 0.9995 0.6E4 59.54 1.06E-02 1.10E-02 -4
E 1.87 0.9928 13E4 122.06 1.26E-02 1.31E-02 -3.8
A 0.60 0.9875 2.5E-4 185.72 1.10E-02 1.12E-02 -1.9
B 1.26 0.9964 3.2E-4 356.01 6.46E-03 6.64E-03 2.7
90 C 1.40 0.9943 6E-4 661.66 3.98E-03 4.13E-03 -3.9
D 1.64 0.9936 9.3E-4 1173.23 2.68E-03 2.78E-03 -3.6
E 2.05 0.9944 13E-4 1408.01 2.40E-03 2.47E-03 -3.1

Table 3.5.Values of the parametergsand ¢ for the 100, 110 and 120 chest girths and
associated R2 and (left). Comparison of the MC and calculated effiis for the 120F
model at various energies (right).

Shantom Cfarameters Energy MC efficiency g?f'i‘é?;ifyd Diff.
© (gem) v ev)  (coumtsS)  countsish) (%)
B 073 163 09986 2E-4 2216  1.28E-05 125605 4 2.
C 072 201 09997 1E-4 3344  2.54E-04 247E-04 6 2.
100 D 070 251 09998 1E-4 4012 4.42E-04 437E-04 1 1.
E 071 281 0999 1E-4 590.54  7.99E-04 8.15E-04 . -2
F 066 317 0987 7E-4 81 1.02E-03 1.06E-03  -35
B 053 431 09985 3E-4 12206  1.22E-03 1.27E-03 4.1 -
C 052 487 09992 2E-4 16586  1.25E-03 1.28E-03 2.6 -
110 D 051 565 09993 3E-4 2447  1.08E-03 1.12E-03 3
E 050 591 09996 1E-4 356.01  8.93E-04 9.00E-04 0.8 -
F 049 620 09995 2E-4 511 7.42E-04 754E-04  -15
C 034 740 09994 4E-4 661.66  6.62E-04 6.68E-04 0.9 -
120 D 033 778 0999 3E-4 835.84  6.06E-04 5.99E-04 2 1
E 031 811 09995 4E-4 117323  5.37E-04 5.18E-04 3.4
F 020 886 09990 9E-4 140801  5.03E-04 4.81E-04 4.4
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Figure 3.11.Counting efficiency (counts/s/gamma) variationhagnergy (keV): Comparison between
MC simulated values (black symbols and solid lireeg) the estimated ones (white symbols) for the
models: 85B (diamonds), 90C (triangles), 100D (seg)a 110E (dots) and 120F (inverted triangles).

85A being the reference for calculation.

111.3.2. Reproducing measurements with the develomkequation

The model given by Equation 3.2 produced a rapdtiratiable estimate of efficiency curves,
which previously required time consuming MC caltislas and specific voxel models.

However, this equation remains of limited interdsit is not tested against experimental
measurements. Indeed, the reference curve usddsbgduation is a simulation result that is
rarely available for routine measurements optinnratlt is thus of outmost importance to
investigate if a calibration measurement can bel @sethe reference efficiency of Equation
3.2 to estimate the efficiencies of the 24 createddels. This section first compares
experimental calibration measurements to MC sinedlafficiencies and then presents how
Equation 3.2 was used to transform a Livermorebcatiion curve to an MC simulated curve.

» Comparing a measured curve to a simulated curve

The Livermore measurements taken at the AREVA NfZawessing plant were used for this
study. The medical department, responsible for sbeveillance program at La Hague,

provided measurement results obtained using theeririere phantom associated with
different plates (PO to P4), with thicknesses mgdrom 1.8 to 4.3 cm (PO is the core plate).
The monitoring system was the one previously desdri for which MC efficiency curves

were calculated. It was typically set as close @ssible to the surface of the skin to cover at
best the lungs. In routine measurements, the efffayi curve is interpolated by a polynomial

6 _
relation of the formin(g,) = Z(a1 In(E))' : Equation 3.5

i=1
where E is the Energy in keV, apglthe counting efficiency in counts/s/gamma (Moletal.
2002). Table 3.6 lists the coefficients used herealculate the experimental efficiency.
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Table 3.6.Parameters of the sixth-order polynomial equadiescribing the counting efficiency
variation with energy, measured for the Livermonamtom and the associated plates.

- PO P1 P2 P3 P4
coefficient
(1.8 cm) (2.4 cm) (2.8 cm) (3.5cm) (4.3 cm)

3 -0.016 -0.025 -0.024 -0.024 -0.026
35 0.524 0.818 0.773 0.795 0.862
ay -6.967 -10.854 -10.276 -10.576 -11.546
3 48.904 75.865 72.013 74.281 81.671
& -191.74 -95.28 -281.33 -291.03 -322.25
& 399.434 607.997 582.354 604.766 674.048
& -345.43 -517.84 -499.57 -521.85 585.249

The measured calibration counting efficiencies weampared to MC simulation results for
the 85A phantom. The 85A simulated efficiencies #mkse measured using plate P1 were
almost equivalent, as shown in Table 3.7. The ix&atrror was less than 5% for all energies
higher than 59.54 keV. The noticeable differenceeolred between 22 and 40 keV can be
explained by the materials used in the PO and Bteql These materials were designed to
reproduce the absorption 8fU X rays, at around 15 keV, in a 100% muscle platase of
plate PO) and a 50% adipose-50% muscle plate @faskate P1) respectively (Griffith et al.
1978, Newton et al. 1985). At around 15 keV, and doergies above 100 keV, this
combination of plates is expected to reproduceathsorption of gamma radiation in human
tissues (with the correct adipose/muscle compagitidhe relative differences shown in
Table 3.7 are acceptable since the tissue compositi the 85A model and the Livermore
mannequin are quite different. This comparisondattis that the Livermore mannequin with
plate P1 is similar to an 85A female subject whadarg into account the different counting
positions operated during the measurements arslrthdations (cf. Section 2.2).

As a consequence, the Livermore P1 measuremerttecdirectly used in Equation 3.1 with

the g - ¢, parameters of Tables 3.4. and 3.5 (obtained ®BBA simulation) to estimate the

efficiency curve of each of the 24 models. In tbaése, however, the counting efficiency
estimates of the 24 simulated models will show ificant disagreement at the lowest
energies since such differences exist between3AesBnulation and the P1 measurement (cf.
Table 3.7). Meanwhile, at higher energies, andiqadarly starting from 59.54 keV, better

counting efficiency estimates can be given. Indebfferences up to 43% on the counting
efficiency value were obtained for the 100F at 2¥ kWhereas, starting from the 59.54 keV
this difference did not exceed 10% for all the 2amoms and all the 12 photon emissions.
The full comparison of the counting efficienciestabed with the Livermore plate P1

measurement as the reference curve of Equatiorai32the simulation values of the 24
female phantoms are given in detail in Appendix.B.5
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Table 3.7.Comparison of simulated counting efficienciestfur 85A female model and measured
values obtained for the Livermore with plate P1 associated difference (relative error).

Energy P1 measured efficiency 85A MC efficiency Diff.
(keV) (counts/sy) (counts/sk) (%)
15 1.21E-04 1.10E-04 -9.4
22 3.29E-03 2.43E-03 -34.9
33 1.16E-02 9.41E-03 -22.9
40 1.44E-02 1.22E-02 -18.1
59 1.72E-02 1.60E-02 -7.6
81 1.76E-02 1.75E-02 -0.5
122 1.68E-02 1.76E-02 4.7
165 1.51E-02 1.57E-02 4.1
185 1.42E-02 1.46E-02 2.4
245 1.17E-02 1.18E-02 0.3
356 8.36E-03 8.16E-03 -2.4
511 5.90E-03 5.99E-03 15
661 4.75E-03 4.85E-03 2.1
834 4.05E-03 4.03E-03 -0.6
1173 3.29E-03 3.14E-03 -4.7
1274 3.08E-03 2.95E-03 -4.3
1408 2.79E-03 2.76E-03 -0.9

» Transforming a measured curve to a simulated one

Another approach is to calculate the parametgrcof Equation 3.2 taking the Livermore
calibration data as the reference efficiency arel dlmulated 85A values as the unknown
efficiency. The ¢and ¢ obtained values are given in Table 3.8 along wiathdssociated R2
coefficients describing the linear regression dyaNegative g¢values were obtained when
the Livermore efficiency was smaller than thathe 85A phantom.

Table 3.8.Values of the cand ¢ parameters for the different Livermore plates assbciated
determination coefficient obtained from linear eggion.

Reference plate ;¢ ¢ (g/lcm?) R2
PO 0.96 1.19 0.964
P1 0.99 0.18 0.206
P2 1.05 -0.14 0.192
P3 1.20 -1.00 0.982
P4 1.30 -1.91 0.990

According to this table, the best fit for the 85Aficeency was obtained when the

measurement from the 4.3-cm-thick Livermore P4epleds used as the reference. This result
could seem in contradiction with the previous oreke the measurement with chest plate P1
was found to be close to 85A simulated curve. Harethis observation can be explained as
follows. The linear regression giving parametefsaaod ¢ showed a poor capacity to

reproduce the 85A data when starting from the lmae plate P1 measured curve (cf. Figure
3.12). This is due to the large differences incéfficy values for energies between 22 and 40
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keV as discussed above (cf. Table 3.7). Becaudghase differences, the linear fit is not
parallel to the abscissa axis and the expecteckesdlg=1 and ¢=0) were not obtained. The
previously identified equivalence between the 8tAuation and the P1 measurement was
thus not obtained. Meanwhile, the P4 plate courd significantly different from that of the
85A model. Nevertheless, this difference had thmeesarder of magnitude for all energies so
that a better linear regression (cf. Section 2.@ @able 3.7) was obtained, as illustrated in
Figure 3.12.

Using the ¢ and ¢ parameters determined for the P4 case, the 85Actting efficiency
was reproduced with a maximum relative different8.8% for the™*Eu photon at 40 keV.
Figure 3.13 compares the counting efficiency cumeined by MC calculations and those
calculated using the data of Tables 3.4 and 3.5tHer85A, 90B, 100C, 110D and 120F
models, taking the P4 efficiency as the referehoe.these examples the maximum relative
difference was less than 10%. The full comparisbthe counting efficiencies obtained with
the Livermore plate P4 measurement as the referemcee of Equation 3.2 and the
simulation values of the 24 female phantoms arergin detail in Appendix B.6.

2,5E+0 -
2E+0 -
1,5E+0

1E+0 [~

In(E/E_)

5E-1 -

-BE-1
0 0,2 0,4 0,6 08 1 1.2
H(E) (cm?/g)

Figure 3.12 Variation of the natural logarithm of efficiencgtio as a function of the mass attenuation
coefficient (cm?/g) for plate P1 (black diamondsjiglate P4 (white diamonds).
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Figure 3.13 Variation of counting efficiency (counts/s/gamnag)a function of energy (keV):
comparison between MC simulated values (black sysrdnad solid lines) and the calculated values
(white symbols) for the 85A model (diamonds), 9@fafgles), 100C (squares), 110D (dots) and
120E (inverted triangles). The Livermore phantorthvplate P4 is the calculation reference.
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As a partial conclusion, the efficiency for an 83@&male worker may be considered

equivalent to the P1 calibration efficiency or tRé calibration efficiency curve can be

transformed to the 85A efficiency curve. Based lma data provided in Table 3.6, laboratory
specific efficiency curves can be compared withséhased in this paper. If an agreement is
found, the correction efficiency for a given cupgesiand chest girth can be calculated from
Tables 3.4 and 3.5. If not, the strategy employeck o transform the P4 efficiency into a

female calibration curve should be adopted.

111.3.3. Reproducing published data with the develped equation

The equation developed in this work was also testeteproduce the results obtained by
Hegenbart et al. (2008). This section investigates/hat extent the developed equation is
capable of reproducing morphology-induced coungfficiency variations, even when the

methods and simulation results are noticeably diffe from those in this study (different

counting system, phantom creation hypothesis artiads).

Three main differences exist between the Hegemtat (2008) models and those used here.
First, while we used germanium (Ge) detectors; IHbge et al. (2008) used Nal-Csl
Phoswich counting system for whole body measuresndrtirthermore, Hegenbagt al.
(2008) only provided efficiencies for 3 energy sms (Am-241, Cs-137, Co-60), which
limits the significance of the fit giving;@and ¢ for Equation 3.2. Finally, the female mesh
phantoms used by Hegenbart et(2008) represented different breast sizes (AA tp b}
only one chest girth (105) and cup size variati@s wifferent from the one used in this study.

Despite all these differences, Equation 3.2 wadiegppo the Hegenbart et al. (2008) data
taking their 105AA counting efficiency as the reflece curve and using the adipose tissue
mass attenuation coefficient defined in Sectioh. Table 3.9gives the obtained;and ¢
parameters and, for all cup sizes, compares tloelleééd and MC efficiencies at 59.54 keV.
Using Equation 3.2 with the reported and ¢ values gave a good estimate of the counting
efficiency for all cup sizes. The greatest diffexerbetween MC and calculated counting
efficiency was about 3.5% for the 105F phantom6dt.& keV. The results of using Equation
3.2 for the®®*'Cs and®Co radionuclides and the Hegenbart et al. (2008} dee given in
detail in Appendix B.7.

Table 3.9.Values of ¢ and ¢ parameters for all cup sizes (A to G) with theoagged R? ang?
values (left). Comparison of published and cal@adatalues of counting efficiency with the assodate
difference (%) for the Am-241 photons at 59.54 Keyht).

Cup . C Rz 2 MC. Count. Eff.  Cal. Count. Eff. Diff.

(9/cm?) (counts/sk) (counts/sh) (%)
A 0.86 0.31 0.9254 2E-4 2.260E-02 2.258E-02 0.1
B 0. 80 0.46 0.9158 4E-4 2.030E-02 2.027E-02 0.2
C 0.78 0.61 0.9404 6E-4 1.920E-02 1.916E-02 0.2
D 0.72 0.67 0.9560 6E-4 1.768E-02 1.765E-02 0.2
E 0.69 0.89 0.9448 12E-4 1.610E-02 1.606E-02 0.3
F 0.64 0.94 0.9435 14E-4 1.488E-02 1.484E-02 0.3
G 0.62 1.06 0.9619 15E-4 1.390E-02 1.387E-02 0.3
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To further investigate the efficiency of Equatia2 # reproducing the simulated data and the
quality of parameters;@nd ¢, the reference efficiency curve of Equation 3.Zwhanged
from AA to A. Indeed, the first reference curvedaki.e. that of the AA model, seemed to be
of poor realism considering both the breast tissegght (500 g) and the operated tissue
weight adding per cup size change (Turner and DAfib; Pechter 1998). Therefore, the A
cup model was used as the reference curve singasitconsidered to have a more realistic
value of breast weight (when compared to the AA)cand the additional tissue weight
required to pass from the A cup to other modelsneglemore appropriate (cf. Section 2.4).

The obtained results confirmed these considerasor® a better fit (using Equation 3.3) was
observed, improving thus the estimate of the mdaguical parameters;and ¢ (cf. Figure
3.14). As a direct consequence, the efficiencyres with Equation 3.2 was improved since
the maximum relative error between simulated anohesed efficiency vales was reduced
from 3.5% to about 1% at 661.66 keV and the F-cugnpom. The results of using the A cup
size counting efficiency as the reference valuegaiation 3.2 and the comparison to the
Hegenbart et al. (2008) simulated data are givetetail in Appendix B.8.
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Figure 3.14.Variation of the natural logarithm of the ratiotb& 105D efficiencies to the 105AA
values (white diamonds) and those of the ratitneft05D efficiencies to the 105A values (black
diamonds) as a function of the mass attenuatiofficieat (cm2/g). Linear fit calculated using
Microsoft Excel 2008": 105AA reference y = x +, R?2=0.9105A referencey = x +, R2=0.98.

Hegenbart et al. (2008) also formulated an equationepresent how counting efficiency
varies with breast weight and cup size. In the fiese, a second order polynomial equation
was found to reproduce the decrease in relativeiafity, while in the second case a linear
equation with x to the power of -0.8 was determigedh cm) for>**Am simulations (-0.68
for **'Cs and -0.62 fot°Co). While the polynomial fits were shown to hotd the Hegenbart
et al. (2008) models, here it was shown that Equa3i.2, based on physical considerations,

also holds.
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[.4. Study of the introduced parameters

Equation 3.2 uses the adipose tissue mass attenuetiefficient, which is tabulated and
easily available, and two parametersdnd ¢). This section focuses on the variation of these
parameters with lung volume ;jcand chest wall thickness,Jc the main morphological
factors involved. First we investigate these catiehs for the MC simulated values, then for
the Livermore measurements and finally for the dgt&legenbart et a{2008).

.4.1. C correlation with lung volume

e Simulated data

In the female torso library created in this studgly phantoms with the biggest chest girth
implicated a variation of the lung volume. For thasodels (100, 110 and 120 chest girth
phantoms), £is expected to be close to the ratio of the raefeedung volume (2.3 L) to the
modified lung volume (2.99 L). Since the three &sfgchest girths have the same lungs
volume, they should have the samg regardless of cup size, and its value should be
approximately 0.77 (2.3/2.99). Although it is trigg the chest girth of 100 (cf. Table 3.5),
this is far from being the case for the 110 and fp@ntoms (where;¢s approximately 0.5
and 0.3 respectively).

However, for a given chest girth; s practically constant for all cup sizes. Thevalues
obtained for the 110 and 120 models can be explaimee the detectors were not positioned
in exactly the same way for all models, simply teyent collisions between the breast and
detectors. This changes the solid angle of thecttetecovering the lungs, which implies that
C: cannot give an exact representation of the lunigimre ratio. Moreover, when linear
regression is performed; @and ¢ simply provide best estimates that can be usedldita
adjustment. Variations in lung volume, chest githp size, and detector solid angle are
necessarily aggregated inand ¢.

« Measured data

For the Livermore measured data, no lung volumetian existed as the physical phantom
contains only one set of loaded lungs. Howevegesthe distance between the lungs and the
detectors changed, as extra-thoracic plates watedadhe solid angle of detection covering
the lungs also changed. As a consequence, parameteas introduced to represent the
loaded organ volume variation in the monitored wagif the detectors due to the variation of
the source-detector distance.

* Published data

Similarly to the Livermore case, there were no atawns in the lung volume for the
Hegenbart et al. (2008) models. However, Hegerdiaat. (2008) also operated a shift in the
detectors positioning as cup size increased totaiaia 2 cm distance to the top of the breast.
Therefore, the lung volume covered by the detewts changed and similarly parameter ¢
was introduced to represent this volumetric chamgehese simulations, parameterveas
found to decrease with increasing cup size i.eese in the lung-detector distance (cf. Table
3.9).
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.4.2. C, correlation with chest wall thickness

Furthermore, we investigate the correlation pivith CWT for all phantoms. This study is of
particular interest for the female subjects silme@WT can be more delicate to estimate and
the typical equations based on height, weight agel @ male subjects remain of limited
interest (Fry and Sumerling 1980; Pierrat 2005).

e Simulated data

For all chest girths, parameteris expected to represent an average thicknesbsoirgtion
that describes the change in cup size. Since Hserption thickness cannot be defined with
precision, the correlation betweepnand the breast weight difference between the epter
model (85A) and the considered model was studiglir& 3.15 shows a linear variation @f ¢
as a function of breast weight for all chest gitbafirming the hypothesis on this parameter.
The exact shape of the curve however, particuldmdy slope of the linear relation, clearly
depends on chest girth.
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Figure 3.15.Variation of ¢ (g/cm?) as a function of breast weight differengefér chest girths from
85 to 90 (dots), 100 chest girth (squares), 118tafieth (diamonds) and 120 chest girth (triangles)
Linear fit calculated using Microsoft Excel 200885-9Q y = 0.0016 x + 0.4034, R2 = 0.950Q y
=0.0009x + 1.2424, R?2 = 0.99410 y = 0.0008x + 3.7414, R? = 0.95BR0 y = 0.0006x + 6.1098, R?
=0.961.

« Measured data

As for the ¢ parameter obtained when transforming a Livermaii#ation measurement to a
MC simulated efficiency curve, the investigatiorosfed a linear dependence with the plate
thickness as expected (cf. Figure 3.16); giving adue of 0.992 for the determination
coefficient (R2). The £values were taken from Table 3.9 while the CWleath plate was
represented on the x-axis.
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* Published data

In the case of the data by Hegenbart et al. (200&),calculated .cparameter showed an
acceptable linear trend with the differences inabteveight (cf. Figure 3.17) which further
validates the counting efficiency dependency witalst size and more generally with CWT.
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Figure 3.16. Variation of ¢ (g/cm?) as a Figure 3.17. Variation of ¢ (g/cm?) as a
function of chest wall thickness variation (cm)  function of breast weight difference (g) for the
for the Livermore measured data and the 85A Hegenbart el al. (2008) data and the AA
simulation as reference. Linear fit calculated reference breasts. Linear fit calculated using
using Microsoft Excel 2008 y = -1.2084 x + Microsoft Excel 2008": 85-90 y = 0.029094
1.0658; R2 = 0.99217. X +13.65; R? = 0.955.

[1.5. Generalizing the use of the developed equain

A practical method for the choice of parametaramd ¢ was formulated to ease the use of
the developed equation in order to give a relisggdémate of counting efficiency when a
patient-equivalent phantom is unavailable. Thiolngs the study of the correlation between
these parameters. This was done using the MC diimileesults for the phantoms of chest
girth of 100, 110 and 120.

Figure 3.18, showingicas a function of € reveals a linear relationship between both
morphological parameters. This correlation is oftipalar interest since it can be used to
calculate counting efficiency as a function of feenale morphology. Indeed, when a good
estimate of g (i.e. cup size) is available, a realistic valua ¢ calculated fordi.e. the
variation in lung volume). For example, this eqoatcould be used in the case of a 105D
chest girth, which was not covered by a numericadieh in this study. In the publication by
Turner and Dujon (2005), the authors estimatedtti@additional weight increment required
to represent a change of one cup size for a subjiicta chest girth of 105 was the same as
that for a chest girth of 110. By associating valirepairs, such as 105D/110C, 95C/100B or
115D/120C (Wood et al. 2008), the valygrom Table 3.5 can be estimated at 4.87 g/cm2.
This value can then be applied in the equationrginehe caption of Figure 3.18 to givea ¢
value of about 0.52. Entering these parameters gnatton 3.2 for the 105 chest girth
phantom gives a counting efficiency value of ab8WBE-03 counts/s/gamma féf'Am
photons at 59.54 keV. This counting efficiency waban be considered as reasonably correct,
since it is less than that obtained for the 100@&npdim (6.85E-03 counts/s/gamma), but
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greater than that of the 110D model (2.68E-03 afgamma). The authors suggest using
this rule for chest girth between 95 and 120. Fast girth between 80 and 90, thevalues
in Table 3.4 are recommended, while the 85 valueseewommended for a chest girth of 80.
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Figure 3.18.Variation of gas a function of £(g/cm?) for chest girths of 100 (triangles), 1d0tE)

and 120 (squares), with all cup sizes represehtadar fit calculated using Microsoft Excel 2008
y =-0.0656 x + 0.8574, R?=0.9728.

As a conclusion, in order to use the developed temughe monitored subject’s morphology
and body size is studied to find the correspongihgntom in the developed library. If an
equivalent model is found, the appropriaggparameter can be taken from Tables 3.4 and 3.5
and directly used in Equation 3.2. Alternativelgrameter £ can be calculated using the
equations given in the insets of Figures 3.15 osibyply examining the differences between
the 85A model in this study and a given breast, sapel apply the relative correction to the
efficiency curve obtained with the Livermore-P1 anwother phantom (JAERI phantom for
example, Shirotani 1988). Once parameteisacquired, the Equation given in Figure 3.18
can be used to estimate parameteand then the counting efficiency based on Equ&gién

V. Practical recommendations

A simple method was finally formulated to corrette ttypical calibration coefficients
obtained with the Livermore male mannequin whenitooing a female subject. It consists in
providing the adequate correction factors that khdae used to divide the Livermore P1
measured calibration curve to account for addifioadiation attenuation by breast. This way,
the technician responsible of the monitoring prograt La Hague can directly correct the
activity estimate. Table 3.10 gives the correctiactors for the germanium detectors of the
AREVA NC in vivo monitoring installation and various female siz€sese include the 24
female phantoms developed in the library. This wookvever was extended to cover female
subjects for whom no phantom exists in the libtayysing the developed equation.
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Table 3.10.Conversion factors to correct the Livermore P1sueament as a function of female size €85 Livermre / factor).
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V. Discussion and conclusion

This work used Mesh and NURBS 3D flexible formatoptimize the monitoring of female
workers subject to internal contamination risksu@ong efficiency curves were calculated
for a typical set of four-germanium-detectors u&dn vivo measurements and a library of
24 female phantoms. The breast size influence theercounting efficiency was studied in
detail for energies ranging from 15 keV to 1.4 M®&étectors’ counting efficiency was found
to decrease considerably with breast size and dgiméistfor low energy radionuclides, while it
remains relatively constant for high energies. Bheasts morphology has proven to be an
important factor in low energy counting efficieneynd thus detection limits are highly
dependent on breast size and photon energy. Diffeszas high as 17% can be observed
around 15 keV when comparing the counting efficienalues obtained for on particular
breast size but different morphologies. This molpgy effect is basically due to breast tissue
deformation with gravity, particularly for women tilarge-size breasts monitored in the
supine position, and provides an order of magnitieti¢he involved uncertainty due to the
variation of morphology. This uncertainty should dmemparable to the one due to errors on
the source (nature and distribution) and to thosetlte positioning of the detectors.
Nevertheless, these calculations provide typicéiciehcy correction factors that can be
applied to optimize the lung monitoring of femalerkers.

A simple equation was next derived to establiskelationship between a given counting
efficiency reference curve and any unknown efficiervalue, taking into consideration
differences in breasts size between subjects. &gigation was used to obtain a reliable
estimate of detector counting efficiency for anynéde subject, thereby avoiding time-
consuming MC simulations. The developed equatios stccessfully tested on a library of
female torsos and against experimental measurerardtpublished data. The two parameters
introduced in this equation depend on the morphplofj the subject. MC results were
explained using simple physical arguments and #rarpeters of the equation were linked to
breast weight and lung volume. In addition to pcattapplications that may stem from the
use of this equation, the given explanations fa MC results give confidence in the
calculated efficiency correction. Even if no abseluule can be given to calculate these
parameters, orders of magnitude have been detedrhieiee and a method was suggested to
obtain these parameters for a given counting systéns equation can also be useful even
when different counting systems and methods arelved. For instance, similar equation
could be determined by searching for one param#tat represents the exponential
attenuation of radiation, another parameter reptesgthe volume effect of the loaded organ
and then establishing a comparison with the cotstamand ¢ given here.

To discuss the simulation results and the relevaricthe developed equation, the work

progress is reviewed. This includes the choice disttibution of the source, the positioning
of the detectors and the introduced morphologieshmeters.
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V.1. Choice and distribution of the source

In these simulations, an artificial source with different photon emissions was used
combining typical gamma radiations of the radiorded most commonly used for the
calibration ofin vivo counting systems. It is thus necessary to comgh@asimulation results
obtained with such a source with those obtained nwsienulating the natural emission
spectrum of each radionuclide. Table 3.11 docunmiet$/C simulation results for tH&"Am
emissions at 59.54 keV and proves that no sigmfichfferences on counting efficiencies
were obtained when considering the natural X amdnga emission spectrum of the source.
However, this agreement was found to be directigted to the number of channels used.
This can simply be explained by the fact that debpeteparation of the photoelectric peak
(when subtracting the Compton continuum) becomessipte whenever the number of
channels increases (cf. Table 3.11). This giveglea on the uncertainty due to errors on the
source nature.

Table 3.11 Comparison of simulated counting efficienciesaiitd for the photons at 59.54 keV with
the artificial 17 photon source and the natural 241- source; results for the ICRP female torso.

Natural Src. Artificial Src.

NoGEB  LNRJ 17/ NR) Cont Ef
Count. Eff. Count. Eff. (cou.nts s /Y). '
(counts/sk) (counts/sk)
Diff. Diff. Diff. Diff.
16384 ch 16384 ch 16384 ch 8192 ch 4096 ch
¢ %) %) o) o)

1.288E-2 1.289E-2-0.15 1.288E-2 -0.01 1.292E-2 -0.3 1.305E-2 -1.3

Moreover, the effect of the source distribution ionvivo lung counting efficiency was
investigated. The simulations carried out with 2demodels of the developed female library
only considered uniform distribution of the actwin the lungs. However, it is legitimate to
imagine inhomogeneous activity distribution in diffint lung compartments. Therefore, new
simulations were done to alter the activity disitibn within the lungs. To do this, the ICRP
AF-RCP reference female was used since in this itiae lungs are divided into four
different compounds: lung left tissue, lung lefodd, lung right tissue and lung right blood.
With this phantom, two sets of simulations were eloft first, the source was distributed in
the lungs following the volumetric proportion ofobaof the four compounds: 2.4% (lung left
tissue), 42.6% (lung left blood), 1.7% (lung rigissue) and 53.3% (lung right blood). Next, a
uniform distribution of the activity between theufocompounds of the lungs was operated to
compare the counting efficiency values to the firssults. Figure 3.19 plots the MC
simulation results and proves that significantetiéhces on counting efficiencies (up to 40%
at the lowest energy) can be obtained when consglen even slightly different activity
distribution. This gives an order of magnitude ba tincertainty due to errors on the source
distribution.
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Figure 3.19.Counting efficiency (counts/s/gamma) variationhagéhergy (keV) with the source
distributed in the lung coumpounds (tissue/bloggl¥ollowing the volumetric proportion of each
compound (black diamonds), (ii) uniformly in theifccompounds (white diamonds).

V.2. Alternative positioning of the detectors

When conducting MC simulations with the developiedary of female phantoms, detectors
were positioned facing the lungs and brought asecks possible to the skin while avoiding
any collisions with the breast. For this reasomijtaalong the head-to-foot axis of 35° was
operated on the four detectors as these were gilangeairs (left and right). The 35° tilt was
privileged, when compared to the distance to the,skn order to guarantee the
reproducibility of the detectors’ positioning. M&éaming the same positioning from one
simulation to another has also the advantage wiirditing the effect of detectors’ positioning
on the count and limiting it to the morphologicakations between the phantoms.

However this positioning remains far from being isamto that operated by the AREVA NC
medical department team responsibleno¥ivo monitoring. Indeed, when a female subject is
monitored at the AREVA NGn vivo installations, the positioning is adapted to temdle
morphology and size and each detector is positi@lede to optimize its coverage of the
lungs. Such personalized positioning surely giveielo counting efficiency values than the
conducted simulations but remains of limited inséi€hould the morphological variations be
studied.

The positioning operated during simulations rem&owever, faithful to the measurements’
typical setup in such a matter. Indeed, the Liveanaalibration phantom is composed of
tissue equivalent plastic materials. However, tlaekbof the phantom does not contain
essential elements like the spine, the ribs andshmailder blades. Therefore, the detectors
should be placed on the frontal side and the cldsethe chest. Nevertheless, for the female
subjects, given that no physical calibration phantexists, a numerical calibration was
suggested here to correct the typical calibratimves. In this case, the detectors positioning
in the back of the phantom is not only possible $hutuld also be worthy of testing. The
operator could hence hope to improve, up to ordersagnitude, the counting efficiency for
medium and high energy photons as the detectoisl semsitively be brought closer to the
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body while for the low energy photons the significenass attenuation coefficient of both the
spine and the shoulder blades could be very severe.

For all these considerations, simulations were gotetl with the detectors in the back of the
ICRP AF-RCP phantom and also on its sides. Figwz@ Bresents the MC simulation results
for the same source and compares the efficienayegabbtained at different positions of the
detectors. From this plot, it is clear that betteunting efficiency values can be obtained,
particularly at medium and high energies, whenpb&tioning of the detectors is optimized.
This result should also be taken into account whkerrecting the typical calibration
coefficients obtained with Livermore male phantond adapt it to the morphology of the
monitored female worker. From this result, we s@gge investigate the possibility of
developing not only a female torso phantom, but a¢s adjust the back of the Livermore
phantom to the true tissue composition and dessiied establish a new measurement
protocol where the detectors would be set at tlok bathe subject to improve the counts.
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Figure 3.20.Counting efficiency (counts/s/gamma) variationhnenergy (keV) with the detectors
positioned: (i) facing the breasts (black diamong@g)at the sides (white triangles), (iii) in tiack of
the phantom (inverted triangles).

V.3. Improving the morphological equation

The developed equation has proven to give rapidrelble estimate of counting efficiency
variation with female morphology. The parameterstto§ equation were linked to breast
weight and lung volume; these being the main mdagical differences between the female
phantoms of the developed library.

However, the calculation of the morphological pagtens (¢ and ¢) was done based on MC
simulation results. Therefore, it would be of gegainterest to consolidate the observed
correlations with breast weight and lung volumeeldasn measured data should these latter
become available.

Moreover, the developed equation can be improveaduing a parameter to represent the

effect of the source-detector distance. Indeedhagadiation flux decreases inversely with
the square of the distance (Podgorsak 2003), thectdes should be brought as close as
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possible to the skin. However, to prevent any swliis with the breasts and to guarantee the
reproducibility of the positioning and limit theffdirences between two simulations to female
morphology only, this condition was not guarantdadthis study (cf. Section 1.1.3).
Furthermore, when conducting measurements withitrermore phantom and different chest
plates, this distance was also modified as it wasctase for the simulations by Hegenbart et
al. (2008). As a consequence, a new parameter deusdided to represent the inverse-square
law and further improve the efficiency of the edgomatwhen reproducing the morphology-
induced variations of counting efficiency.

97



Chapter 4

Accelerating MC simulations using Variance Reductio
techniques and geometry simplification operations
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Optimizing the numerical calibration requires, idddion to realistic and personalized
phantoms, rapid and reliable MC calculations. Hetlus chapter deals with accelerating MC
simulations by using variance reduction techniquss,simplifying the phantom and by
automating the MCNPX output file treatment.

This chapter is divided into 6 sections the finstraducing the problem statement and
objectives. The second section gives an overviewhefPulse Height Tally (PHT) and the
available Variance Reduction (VR) methods for sactally. In the third section, the used
Variance reduction methods are presented with arvaw of their functioning and the
results of their application. The fourth sectiorcudses on the geometry simplification
operations to accelerate the simulations while ha fifth section, the MC output file
treatement is automated through the developmeit stiell based script. Finally, a general
conclusion summarizes the results and discussesnfflementation of the retained methods
for routine simulations ah vivo measurements.

l. In vivo simulation: problem statement, methods ad objectives

The MC simulations have proven to be very efficisnteproducingn vivo measurements
and realizing numerical calibration. However, siaiuns are time consuming depending on
the complexity of the input file, particularly thEhantom (morphology, tissue composition
and density, size, etc.), the source (activity,rgneetc.) and the nature and number of the
requested outputs (tally type, tally cell, etchus, calculations of several hours, days or even
weeks were sometimes required to obtain statisticaliable MC results. To reduce the
simulation time, VR methods and geometry simplifma operations were tested with the
following objectives:

= to reduce the simulation time but keep acceptahlesscs,

= to maintain correct counting efficiency values (witespect to reference values
obtained without VR and without geometry simplificas) and

» to find the methods that are easy to use.

The methods were tested with two voxel phantomdiiéérent complexity: the Livermore
voxelized model and the torso of the ICRP referemmeslized female whose differences are:
= number of structures: 5 for the Livermore againstd@ the ICRP female torso,
= tissue composition and densities: plastic equivalessue/organs for the Livermore
and realistic densities for the ICRP female basedhe ICRP 89 recommendations
(ICRP 2002),
= number of voxels: 7.7 Millions for the Livermore car2.2 Millions for the ICRP
female and
= voxel dimensions: 8 mirfor the Livermore and 15 nihfior the ICRP female.

Il. Overview of the MCNPX Pulse Height Tally

A brief summary of the PHT (tally f8) particulags is given first to improve the
understanding of each of the VR methods and itstfoning with such a tally.
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1.1. General functioning of a PHT

Monte Carlo codes transport particles between svéotllisions for example) that are
separated in space and time. PHT is the MCNPX ¢uwjpantity required to simulate the
energy deposit spectrum. Unlike most energy-depdrtdflies that score events at the energy
of the projectile particle, PHT scores the numbieewents that deposit different amounts of
energy and is thus directly dependent on the dolleceffects of several particles. This
difference can be identified when representingéimelom walk of an MCNPX patrticle.

O Track termination

Figure 4.1.Representation of the analog random walk of an MR Narticle (Booth 1992).

Figure 4.1 shows an analog random walk with foyspdal branch nodes. Each P represents
a physical split of one particular physical branmsdde wherease each 5 the energy the
photon loses in the detector between the uppel@mer nodes of the branch. For example,
E, is the energy the left branch photon of node 8daa the detector between node 3 and the
termination of the left branch. The current (tdfly) per bin or energy interval in this cell has
two energy bins EB-E4+Es and EB=E;+Eg. On the contrary, a pulse height detector
responds to the total energy lost (per source gh@)tin the detector by all photons in a
history. And thus, the PHT has only one energy ihirthis branch EB=FEs+E;+Eg. In
general, the PHT would account for the total endapt by the incident particle that is
EB=E+...+Ejo. Thus, the pulse height tally cannot be made uh& physical tree is
complete. As a consequence, the simulation timsuch a tally is sensitively higher than
those tallies that consider individuel particles.

[1.2. Variance Reduction and PHT

As the PHT is sensitively different from typical MIEX tallies, only few VR methods are
compatible with such a tally. Therefore, this smttpresents firt the aim of VR and the
functioning of a PHT with VR. Next, the VR technegiavailable for PHT are summarized
and examples of previous use of VR with PHT aregiv

11.2.1. Variance Reduction aim

Generally, when conducting a MC simulation, the raf is interested in obtaining the
smallest statistical relative error (R) in a givieme (T). As shown in Equation 1.10 (cf.
Chapter 1 Section II.1.3), in order to decreas& B desirable to decrease the standard

100



Chapter 4: Accelerating MC simulations using Variance Reduction techniques and geometry simplification operations

deviation of the mean (S) and thus increase thebeuwf histories (N). However, increasing
N results in a longer simulation time. VR technigjweere thus used to reduce the number of
photons necessary to achieve the desired accuoacg MC calculation. These methods
increase the probability of each particle to cdntte to the result and minimize thus the
spread in the scores (Booth 1992). In consequéheeaode spends more time simulating and
following patrticles participating in the requestidly and saves time when not following
those that are slightly or even not participatiaghe tally. Thus, either the result is obtained
faster or the associated statistical relative asroeduced for an identical simulation time.

11.2.2. Functioning of a PHT with VR

Introducing VR methods that modify the sampling,tlas splitting technique for example,
makes the PHT tree even more difficult to handleslaswn in Figure 4.2. Indeed, while
physical splitting (P) generates two particles dtemeously, VR splitting (V) should be
considered as an alternative and should take intoumt all the possible combinaitions of
splitting. As a consequence, handeling splittingase of a PHT requires putting into bank
the lost energy and the weight of each particlerder to reconstruct all the possible histories.
Moreover, in standard non f8 MCNPX tallies, theckscarry weights that multiply the tally
when the track is tallied. For the 8 tally, itthee tree that tallies so that the weight is assigne
to the tree. The tree, however, has a collectivightessociated with all physical branches. If
one track is terminated, wathever the reason, taech weight is multiplied by 0. Thus, the
whole tree is terminated because the tree is theéuot of all branch weight traced back to the
source. As a consequence, some information mayogetwith basic VR schemes such as
track termination and the simulation results casdresitively biased.

L]
0]

O Track termination

Figure 4.2.Representation of the random walk of an MCNP Xigiarvith VR splitting (Hendricks
and McKinney 2005).

11.3. The available VR methods for PHT

The PHT depends on the collection of particles entherefore considered to be a non-
Boltzmann tally. Several efforts were realized fplg VR techniques to non-Boltzmann
tallies to make standard techniques, like splitfiogexample, compatible with such a tally
(Haynor et al. 1991). The first introduced methagply VR to the individual tracks and then
analyze the effect on the collection of particlbattare tallied. Three approaches for non-
Boltzmann tallies were next developed to apply VReally to the physical collections of
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particles that tally. These include the deconvolutapproach, the supertrack approach and
the corrected single particle approach (Booth 1994)

For the particular case of PHTs, the MCNPX codeetigpers have implemented a new
recursion method based on the deconvolution apprq@ooth 1992; Hendricks and
McKinney 2005). Thanks to this new implementatatittihe entire PHT tree and all the
associated information no longer need to be savedeay particle split. Moreover, with this
new version, branches of the deconvolution treelmterminated if the tree gets too large
without killing the whole arborescent. Tree decdation remains however delicate and time
consuming (Hendricks and McKinney 2005). The awddav/R techniques for PHT include
Population Control Methods (PCM) such as geomattifting and Russian roulette, energy
splitting/roulette, weight cutoff and weight windewand Modified Sampling Methods (MSM)
(Breismeister 2000) among wich the exponential dfiam, implicit capture, forced
collisions, source biasing, and neutron-inducedgmgroduction biasing.

11.4. Previous experience with VR and PHT

A previous study by Lamart (2008) has used VR tephes for two particulain vivo
measurement situations and the MCNPX simulatioRtéTs. Lamart (2008) investigated the
effect of biokinetic distribution on counting efiénicy and numerical calibrations. Lamart
(2008) found poor efficiency values for sourcesaitd away from the detectors. Therefore,
variance reduction methods were considered to iwgrthe simulation results. New
techniques were hence developed in collaboratioth WiS. Hendricks (MCNPX code
developer at Los Alamos National Laboratory) topd&R to PHTs and the studied stuations.
The new methods aimed to biase the source emiskieation towards a precise and well
defined point (cf. Figure 4.3) or towards fictitgpheres surrounding the detectors (Lamart
and Hendricks 2007). These were implemented inatel MCNPX 2.6¢ version of the code
available at IRSN/LEDI.

Pulse Height Tally Cells

Figure 4.3.MCNPX plotter of a lung counting in vivo simulatiavith: (1) a point source located near
the detectors and with small attenuation; (2) afpsource located far from the detectors and soffer
consequent attenuation (Lamart 2008).

The source emission biasing towards a point wad irsehe case of*’Am distributed in
lungs and fof°Co in whole body. This method however did not giaéisfactory results since
the angle of the emission cone (defined by the siomsdirection basing vector) is fixed. This
was explained by Lamart as follows. For point searclose to detectors, too many particles
were biased towards the center of the detectottsréfore do not hit the peripherical regions
of the crystal. Whereas, for point sources locdadfrom the detectors, this emission
direction biasing method did not generate an efficihumber of photons going in the right
direction and with enough energy to get to theaets.
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Lamart next applied the source emission biasingatds fictitious spheres for the same
contamination senarios introduced above. Usingrtbis technique, the total simulation time
was reduced by a factor of about 6 in the caseppfimonary measurement. Furthermore, the
total simulation time factor in a whole body contaation varied from 12 to as high as 170
when using the bisasing towards fictitious sphék@snart 2008). This time reduction factor
of 170 was obtained to the detriment of the realsnthe spectrum, and particularly the
Compton and scattered compounds cf. Figure 4.4.réissociated to weight windows, the
time reduction factor was about 10 but the simdlapectrum showed a better agreement
when compared to the reference analogue situatithdut VR).

Results Photoelectric peak of the
. Co contanination, nose distribution Co-60 gamma radiation
§7 1 1 1 1 1 1 / \ 1 - monpE 2682
‘E- Analogue / \ E ta??;28/07 14::::39
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Figure 4.4 MCNPX plot of the energy spectum obtdifur different VR methods; (1) in black:
analogue calculation; (2) in green: biasing at 1@@#&bability towards a fictitious sphere around one
detector; (3) in red: biaising towards a fictitiapghere around the four detectors; (4) in bludsinig

towards a fictitious sphere around the four detsotgth weight windows (Lamart 2008).

Ill. Accelerating MC simulations with Variance Reduction
techniques

The study by Lamart and Hendricks (2007) has prakehVR can improve the simulation of
in vivo measurements. However, the introduced VR methsfdimited interest since they
are only available in the MCNPX version modified gndricks.

Thus, classic VR methods available in almost alisioms of the MCNPX code were
considered here. The following paragraphs presenptoblem statement and introduce the
available methods and their implementation forghsgicular case ah vivomeasurements.

[.1. Problem identification
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To identify the problem statement, a plot of congtefficiency variation with energy is
studied. From Figure 4.5, it is clear that effiagrvalues are highly dependent on the source
energy. Indeed, as detectors’ counting efficieregyresents the number of collected photons
normalized to the total number of emitted photahs,energy and direction at which these are
emitted directly affect the counting efficency vedu Poor efficiencies are obtained for low
energy photons that suffer from high tissue atteana. Meanwhile, satisfactory efficiency
values are obtained for photons of medium energgreds very high energy photons are too
penetrative to be collected in the detectors amdetfficiency drops again. The efficiency
distribution with photon energy can thus be diviit®o 3 regions:

» Region #1: photons of less than 30 keV,
= Region #2: photons between 30 keV and 350 keV,
»= Region #3: photons of more than 350 keV.
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0,012 -

0,01 - i

0,008 - -

0,006 - -

0,004 b

Counting efficiency (counts/s/gamma)

0,002 h
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0 200 400 600 800 1000 1200 1400 1600
Energy (keV)

Figure 4.5.Variation of simulated counting efficiency (cougsmma) with energy (keV) for the
ICRP reference female.

Monte Carlo VR techniques were implemented to imprihe results in each of the identified
energy regions taking into account the physicad@aa behind the low efficiency values.

1.2, Population control VR methods

The PCM are based on the use of particle splitimg) Russian roulette to control the number
of samples taken in various regions of the phaaeesdn important regions, many samples of
low weight are tracked, while in unimportant regidaw samples of high weight are tracked.
A weight adjustment is made to ensure that thelprolsolution remains unbiased.

In this study, geometry splitting/roulette and weigvindows were considered to improve the
results and accelerate the simulations. For eatheske methods, a general overview of their
use and implemention is given for both the Liverenand the ICRP female torso phantoms.

.2.1. IMP card: geometry splitting and Russian roulette

The cell importance method is commonly used ta $pé space into “interesting” and “less
interesting” regions by the use of splitting andsBan roulette functions.
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* Generalities and functioning

When a particle goes to a region of space thatgbrim sensitive contribution to the tally
result, it is preferable not to lose this partisieabsorption or by deviation after scattering. To
decrease the probability of losing such a partitlis, possible to follown particles instead of
only one starting from a particular position in spaThus, the probability of such particles to
contribute to the tally is greater. In this cades tontribution of each daughter particle is
divided bym to take into account the multiplying of the numloérprimary particles. This
procedure is called splitting (cf. Figure 4.6).

Whereas, when a particle goes to a region of theesghat brings very poor contribution to
the tally result, it is preferable not to wasteditmansporting such a particle but to favor those
going in the correct direction. Thus, a certain bemof particles are eliminated with a
probability (1-p) while other particles survive tvithe probality p. If such particles make it to
the tally region and contribute to the result, thentribution is divided by p to take into
account the applied reduction of photon number Fajure 4.6). This procedure is called
Russian roulette (RR).
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Figure 4.6.Principles of splitting (1) and Russian roule®g (Breismeister 2000).

In real simulations, the “interesting” and “lesseiresting” regions of the space are basically
defined from the geometry cells. A given importamcassociated to each cell and is used to
propagate the particles. For example, a zero irmpoe cell would mean that all particles
entering this cell are killed. The becoming of atigke depends on the importance ratio
between the entered and the exited cells. If ti® is higher than one, i.e. a photon passes
into a more “interesting” region, the primary peldi is divided into as many daughter
particles as the value of the ratio with the appedp weight (original weight divided by the
number of daughter particles). This conserves gnang improves the statistics in the region
of greater interest. In the case where the ratless than 1, RR is played to fuse particles of
identical energy and their weight is added. It dtidoe noticed, however, that the ratio
between two adjacent cells should be between 8 4hd

* Application to numerical calibration

To improve the simulations af vivo measurements with the cell importance card (IMP),
manual designation of the “interesting” and “lesteresting” regions was operated. In these
simulations, integer splitting/roulette was consadeto simplify the cell importance choice.
Appendix C.1 documents the list of cells presentthe Livermore and ICRP female
phantoms, their associated densities and corregppntaterials.

For the Livermore simulations, the cell importarigethe lung (source organ) was set to 1,
the importance of residual tissue and bones watos@t the importance of chest wall plate
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was set to 9 while it was set to 18 for the fromad layer of the detectors (cf. Figure 4.7). For
the case of the female phantom, the same cell wdi® conserved as the breast organs
replaced the extra-thoracic chest plate of the ronage with a cell importance of 9. The cell
importance parameters for all other body compoundse maintained. In a second time,
different cell importance ratio were consideredhsas 1-3-9, 1-4-8 or even 1-4-16 to study
the effect on counting efficiency estimate and iomuation time.

&R
Q@

2 18 32 SR 18 9 5R 32 18 3 SR 18 9 5R
3 1B 3 5R 1B 9 5R 3 18 2 5K 18 9 5R
1199 341R9 TR 3 25R 1 TR 3 9R
993158008

imp:p

Russian roulette

Figure 4.7.Input parameters of cell importance card (right) achematic representation of the
Livermore phantom (left).

.2.2. WW card: weight windows to control weight fluctuations

Another method to control the number of samplewhen using the Weight Window card
(WW). This latter represents, up to a certain legeinore general and automatic method to
use the splitting and RR funcions when comparezklidmportance card.

* Generalities and functioning

To make simulated particles equivalent to physmaés, a weight is associated to each
MCNPX particle. This weight takes into account tilé possible physical interactions of
incident particles and materializes it to the simbed particle. For each new interaction, a new
weight is calculated. The WW card controls the \eigf the particles entering a given cell
and helps keeping the weight dispersion withinaaable bounds throughout the problem.

An importance generator, the Weight Window Gener@@dWG), is available to estimate
optimal limits for a WW. Any patrticle having its wght beyond (respectively below) the WW
bounds will suffer splitting (respectively Russianulette) as illustrated in Figure 4.8. After
splitting and RR, daughter particles’ weight is camatically adjusted to guarantee the
coherence of the result. The WWG requires the ehoicthe tally for which the VR is
applied. The WWG estimates the importances of fleces-energy regions of phase space
specified by the user. The space-energy Weight WindParameters (WWP) are then
calculated inversely proportional to the importasc&éhe generated WW is used for the
calculations and its bounds are optimized whenipialiterations are run.
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Splitting

Particle . Weight window
weight upper limit

Particle ~ _  Weight window 7\
weight lower limit o/ Sy

Russian Roulette
Figure 4.8.Weight window principles: particules are represdrity spheres as their size is

proportional to their statistical weight (Lamart03&).

Two types of WWG are available to assess the WWnbsu cell-based or Mesh-based
WWG. The cell-based generator estimates the avenggatance of a phase-space cell. If the
cells are too large, the importance variation ieside cell will be large and the average
importance will not represent the cell. Inadequgeéemetry specification also occurs with
large importance differences between adjacent .cdflsgeometries are inadequately
subdivided for importances, user-defined mesh-basght windows should be used.

It should be noticed that WW do not act on the diparticles from point sources but take
effect at collisions and/or at the geometry surdadepending on the user’s choice. Finally,
WW are very useful to control weight fluctuation phrticles produced by other VR
techniques and to prevent false convergence sen@fidSection 111.3.2 and Section 111.3.4).

e Application to numerical calibration

For this particular application, Mesh-based WW weased to divide the importance regions
of the phase space into rectangular or sphericahrmgeds. Moreover, the WW control was
activated only when the incident particle undergaellision and not when it crosses from
one surface to another since the considered phantontain each more than 2 million voxel
elements which would dramatically increase the &tmn time. Multiple iterations of the
simulations were conducted to generate the optmeaiht windows.

Figure 4.9 presents a mesh-based rectangular weigllow starting at (-55 -55 -55) and
which subdivides the X axis to 15 slabs (2 from t&517, 10 from -17 to 30 and 3 from 30 to
55) and similarily in the Y and Z axis. For this Wtlie refence particle is taken at (1 -4.1 0)
which is the center of the four detectors and isgght is of 1, as specified on the WWG card
(last entry). The weight of all particles is thusnpared to the weight of this reference point.
The used WWP card indicates that the upper bourtheofVW is set to 5 times the lower
bound and each particle can undergo splitting orgaRe only 3 times while its weight after
RR would be twice the lower bound of the WW. Th&¥8&/P define the optimal bounds
found by Lamart and Hendricks (Lamart 2008) for geeticular case of the PHT and the
simulations of pulmonarin vivo measurements. Other WWP were also tested in iy $0
assess their effects on the counting efficiencyeand on the simulation time. Figure 4.9
also represents the MCNPX plot of the rectangulay W
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tally Mesh-based

\
wwg 8 0 1
mesh 8 geom=rec ref=1 -4.1 0 origin=-55 -55 -55
imeshe -17 30 55 1ints= 2 10 3
jmesh= =24 15 55 jints= 2 10 3
sh= -24 21 55 kints= 2 10 3
wp:p/ﬁ 2 3,\-1 -1 4

Upper bound \ RR or Splitting allowed

reference weight

Weight after RR or splitting

Figure 4.9.MCNPX code for a rectangular WW (left) and MCNPMtfer visualisation of the
defined rectangular WW (right).

Figure 4.10 represents a snapshot of the MCNPX oedd to define a mesh-based spherical
WW starting at the center of the phantom (5.4729%9.-3.366) and which is subdivided in
radius to 9 spheres (3 from 0 to 5, 4 from 5 t@@0 2 from 20 to 55). In this case, jmesh and
kmesh represents the phi and teta angles which setrat 360°. For this WW, the refence
particle weight was also taken at (1 -4.1 0) areluked WWP card are identical to those of
the rectangular WW. Figure 4.10 also represent$f@dlPX plot of the spherical WW.

g 801

mesh geom=rpt ref=1 -4.1 0 origin=5 4775 0. 295 -3 366
imesh= 5 20 55 iints= 3 4 2
jmesh= 0.5 jints= 1
kmesh= 1 kints=1

wpp 523 -1-141

Figure 4.10.MCNPX code for a spherical WW (left) and MCNPX i visualisation of the defined
spherical WW (right).

11.3. Modified Sampling Methods

The MSM considered in this study are the exponktriasform, the forced collisions and the
source biasing (both energy and direction) weresiciemed. For each card, a general overview
of their use and implemention is given for both lthveermore and ICRP female phantoms.

1.3.1. SB card: biasing the distribution of particles

Biasing the MCNPX sources is possible in any oradlithe source definition parameters
including the source positioning, energy, distribot emission direction etc.
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» Generalities and functioning

Each source parameter is defined by a Source lafitom (SI) card to which is associated a
Source Probability (SP) function that represergphysical occurrence probability. The SB
card inputs are identical to those of a SP car@foanalytic source distribution.

The source biasing allows the production of morer@® particles in the more important
regimes of each variable and automatically adjtres weights. For example, one may start
more tracks at high energies and in strategic times in a shielding problem. To do so, a SB
input cart is added and associated to the soundabla of interest and this new sampling
frequency is applied. The corrected weight of tberse particles in a particular bin is
determined by the ratio of the actual frequencyifgel on the SP card) divided by the new
frequency (defined on the SB card). However this MBthod needs to be considered with
caution to ensure realistic results. Indeed, iflilesed distribution is very different from the
real one, the weight of the particles associatethéoleast emission probability is huge. If
these particles come to participate to the tallults, they will have a huge contribution
resulting in a false convergence situation.

Source biasing can be manually operated by spagifyie new sampling frequency and also
through certain built-in functions such as contimsiexponential biasing.

« Application to numerical calibration

In this study, the SB technique was used to contnel energy distribution of photon
emissions. The artificial source that was origpalsed emitted an equal number of photons
for the 17 simulated energies. Thus, for each gnehg number of photons was equal to the
total NPS (1EQ9) divided by the number of photohg) (that is about 5.9E07 photons.
However, photons of region #1 have sensitivelyeddht counting efficiency values than
those of region #2 and #3 (cf. Figure 4.5). As aseguence, the number of photons emitted
in each region should not be identical. Moreovbe &nergy-dependant mass attenuation
coefficient is sensitively higher at the lowest gnes when compared to medium or high
energy photons. Thus, the SB was introduced to serd photons at the lowest energies and
consequently increase the probability of collecsagh particles.

Different energy-dependant SB parameters wereddsteeduce the number of photons of
regions #2 and #3 and conserve the number in regfioand particularly at 15 keV or even
increase these latter. SB was first chosen consgldhe inverse variation of counting
efficiency as a function of photon energy (cf. Figd.11). Next, the energy-dependent mass
attenuation coefficienct was considered for theiahof SB (cf. Figure 4.11). Figure 4.12
represents a snapshot of the MCNPX code used ébr @ahe two retained SB combinations.
In the first case, 29% (15/51) of the total numtestarting particles were initiated at 15 keV.
For the photons starting at 22 keV, 1.17 MeV, INBV and 1.40 MeV the proportion was
set to 7.3% while it was equal to 3.4% at all intediate energies (between 30 and 885 keV).
This situation is directly derived from the coumtigfficiency plot in Figure 4.5 and Figure
4.11 as efficiency drops both at the lowest andhdsg energies. In this case, the NPS was
reduced to 2E08, a value that guarentees a nuniliér keeVV photons identical to the original
situation (29% of 2E08 is equal to 5.9E07). In $keond SB combination, about 40% of the
total NPS were associated with the 15 keV photomigewhe 20 keV photons’ proportion was
of 10% (SB 15/37.5 at 15 keV). In this case, theSNkas reduced from 1E9 to 14.7E7
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particles. This SB setting was particularly testedh the forced collision card which
increases the interactions probabilities in a givelh (here the detectors).
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Figure 4.11.Comparison of the variation with photon energy(thj:the inverse of counting efficiency
and of (2) the germanium energy-dependant massuatien coefficient.

SI101 spl0l SE101 5I101 SP101 SB101
1 d d 1 d d

0. 0153100 1 15 0.0153100 1 15
0. 0221600 1 3. 75 0. 0221600 il 3.75
0. 0334400 1 1.75 0. 0334400 il 1.25
0. 0401200 1 1.75 0. 0401200 1 1.25
0. 0595400 1 1.75 0. 0595400 il 1.25
0. 0810000 1 1.75 0.05310000 1 1.25
0. 1220600 1 1.75 0. 1220600 1 1.25
0. 1858600 1 1.75 0. 1658600 1 1.25
0. 1857200 1 1.75 0. 1857200 1 1.25
0. 2447000 1 1.75 0. 2447000 i 1.25
0. 3560100 1 1.75 0. 3560100 1 1.25
0.5110000 1 1.75 0.5110000 1 1.25
0. 6616600 1 1.75 0. 6616600 1 1.25
0. 8345400 1 1.75 0. 5343400 1 1.25
1. 1732300 1 3.75 1.1732300 1 1.25
1. 2745400 1 3.75 1. 2745400 1 1.25
1.4080100 1 3.75 1.4080100 1 1.25

Figure 4.12.Two examples of the Source Biasing cards useaviorflow energy photon emissions. In
the first case (left), 15/51 photons start at 15 eV kvhile in the second case (right) this propori®n
equal to 15/37.5.

1.3.2. VEC card: biasing the emission direction

Since the emission direction is also one of the@»definition entries, it can be biased with
the SB card.

« Generalities and functioning
To bias the source emission direction, SB mustse@ated to a vector defining the emission
direction to be favored. The user can bias padigleany arbitrary direction or combination
of directions. The sampling can also be done fromser-defined density function or from
available code-defined functions.

User-defined cone directional biasing can be indokg specifying cone cosines on the
Source Information card (Sl), the true distributiom the Source Probability card (SP), and
the user-defined biasing probabilities on the SBl.cdhe cone vector is specified on the
source definition card with the Vec card. Resuksnain coherent since the weight is
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corrected with the ratio of SP to SB. Neverthel@&sshould be noticed that for a small cone
angulation and a high probability for particlesrgewithin the cone, the few source particles
generated outside the cone will have a very higighitehat can severely bias the tally. Thus,
when using this card, one should pay careful aterto the weight fluctuations as they can
cause false convergence.

Code-defined continuous exponential biasing caninweked by specifying a negative
prescription number (-31) on the first SB entry,athrepresents the type of biasing required,
followed by an optional user-specified paramete). (Rhis latterdefines the ratio of the
weight of tracks starting in the biasing directtorthe weight of tracks starting in the opposite
direction. Thus, the direction of the source emnoissiis sampled from an exponential
probability density function with a ratio e (Breismeister 2000, Chapter 2 page 147).

In general, it is recommended to use continuousitgabecause, in fixed cone biasing, the
discontinuities of source track weight at the ctmoeindaries can cause false convergence.
However, cone parameters, i.e. cone size and dradti particles starting in the cone, can be
optimized so that this technique would outperforamtgiuous biasing. Unfortunately, the
optimizing itslef is time consuming (both human aoednputer).

* Application to numerical calibration

Since all particles going towards the back of themom have a very low, and even
insignificant, probability to contribute to the ats, a cone directional biasing towards the
detectors was first applied. For this work, paetscgjoing in the negative x plan direction were
severely reduced to a probability of only 1E-6 fwat weight of 1E6) while for those going in

the opposit direction, the probability was set tdcl Figure 4.13). Stronger directional

biasing was also tested by using 80°, 60° and 4d®s which were directed towards the
center of the four detectors. Figure 4.13 alsoasgmts the MCNPX plotter of the particles’

tracks for a 180° cone directional biasing.

sdef x=dl y=d2 z=d3 cell=d4 erg=fcell=d5 wgt=1T7 eff=1e-3
wvect=0 -1 0 dir=d7

ST1 -15 -14. 8225
SP1 0 1

SI2 -10 -0.8225
sp2 0 1

SI3 -22 -21.516
P2 0 1

§I17 -1 0 1

ST 011

SET 0 le-6 1

Figure 4.13.MCNPX command of the source Vec card for direcgamission biasing (left) and
visualization of the particles tracks with a 180he directional biasing (right).

Continuous exponential emission biasing was alsietieby specifying a prescription number
value of -31 on the first SB entry (Figure 4.14s fecommended by the MCNPX code
developers, a K value equal to 1 was used in thieselations (Briesmeister 2000, Chapter 2
page 147). This value means that half the tracks st a cone of 64° opening about the axis,
and the weight of tracks at 64° is 0.762 timesuhkiased weight of source particles. Figure
4.14 shows the particles’ tracks for the continuexjsonential directional biasing.
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sdef x=dl y=d2 =z=d3 cell=dd4 erg=fcell=dS wgt=1 eff=1e-9
wvec=0 -1 0 dir=d7

SI1 -15 -14.822%

srl 0 1

SI2 -10 -9.8225

se2 0 1

§I3 -22 -21.51%

sp3 0 1

SIT -1 -0.17365 0 0.17365 1

ST -31 0

SBT -31 1

Figure 4.14. MCNPX command of the source Vec card for direceamssion biasing (left) and
visualization of the particles tracks with the gonbus exponential biasing (right).

11.3.3. FCL card: forcing the collisions

The FC method is one of the MSM variance reducsicimemes that increase the sampling of
collisions in a specified cell. It was introducecthis work to improve the high energy photon
interactions in the detectors and improve theiistes.

« Generalities and functioning

When a specified particle enters a region defireetha FC region, the incident particle splits
into uncollided and collided particles. The unadd particle passes through the current cell
without collision whereas the collided particldasced to collide within the specified cell.

To use the FCL card, the operator should define Rbeced Collision Control (FCC)
parameter which represents the collision probahititeach MCNPX cell. The value of this
parameter ranges from -1 to 1 where a null valuan®ehat no forced collision will occur. A
negative value of the FCC parameter means thatiE@layed for particles entering a given
cell while a positive value indicates that detectontribution are made after the particles are
split into collided and uncollided. It is recommexdo use FCC values of 1 or -1 to keep the
number of collided histories from getting too lang@ess a number of forced collision cells
are adjacent to each other (Briesmeister 2000, €h&page 39).

« Application to numerical calibration

The use of such a card required the determinafigheototal number of cells in the problem
(198 for the ICRP female torso against 74 for theetmore) and the ones in which to force
the collision (those of the detectors: 2, 17, 3@ 4@). The FCL parameter was set to -1,
which is equivalent to a 100% collision probabilitgr particles entering the detectors’ cells,
while default collision probabilities (“|” entry ithe MCNPX code) were maintained in all
other cells. Figure 4.15 shows the FCL card usethi® ICRP female torso.

Moreover, to further study the impact of the FCCapaeter on the number of total forced
collisions, two values of the FCL parameters welg achosen and simulations were
conducted for an FCC value of -0.8 and of -0.6.

FCL:p 37 -1 147 -1 143 -1 145 -1 15145
Figure 4.15.The FCL input parameters for the ICRP female pivant
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111.3.4. EXT card: increasing the mean free path

Low energy photons suffer high attenuation in btdgues and poorly contribute to the tally
result. In order to increase their probability éach the detectors, their penetration power can
be increased thanks to the exponential transfoidT /R method.

« Generalities and functioning

The EXT allows particles to move in a preferredediton by artificially reducing the
macroscopic cross section in the preferred diracéind increasing the cross section in the
opposite direction. The preferred direction canspecified on a VECT card along with the
cosine of the angle between the preferred dire@rmhthe particle's direction.

To transport particles over long distances, theadie between collisions in a preferred
direction is artificially increased and the weigbt correspondingly artifically decreased.
Because large weight fluctuations often result ftbm card, it is highly recommended to use
the weight window with the exponential transformheTEXT card reduces variance by
reducing the number of collisions.

EXT samples the distance to collision from a noalag probability density function.
Although many promising results are claimed for #hgonential transform, one should
remembered that these results are usually obtdorezhe-dimensional geometries and quite
often for energy-independent problems (Briesmei2@0, Chapter 2 page 141). The use of
EXT card requires the definition of the cells inie it should be applied, the length
stretching parameter and the length stretchingovect

« Application to numerical calibration

The EXT card was used to help the photons passighrthe body organs and compounds,
mainly the bone structures, by increasing their méae path. The rectangular weight
windows were also used to control the weight flatitans of particles generated by EXT.

To apply the EXT card, the cells in which the mé&ae path should be biased are defined. At
first, the cells representing the bone structukeslable in both pantoms were selected alone
(cf. Figure 4.16). In a next step, however, alstoorgans were chosen as EXT cells and the
mean free path was stretched to favor the penatrafithe 15 keV photons. Finally, the front
dead layer of the four detectors was also takeandsSXT cell since it was believed to prevent
the 15 keV photons from reaching the detectorsHigre 4.17).

The path length vector was chosen first to poirit the center of the four detectors. In a
second step, the path length stretching vector shited to the center of the upper pair of
detectors as these were closer to the skin andrdeffs attenuation by breasts (case of female
phantom simulations).

Finally, the path length stretching parameter waslied. It was first set to 0.9 for both the
Livermore and the female simulations as recommemhgetie MCNPX manual (Briesmeister
2000, Chapter 2 page 143). In a next step, the staghching parameter was set to 0.6 and
than to 0.3 to study its influence on the simulatiesult.
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EXT:p 0 65R 0.9%2 0.9%2 0 0 0.9v2 0.9v2 0 0
Vect ¥a 27.8 17 Z9

Figure 4.16.EXT input parameters for the Livermore phantom mvapplied to the chest plate only.

EXT:p 0 TR 0.9¥2 0 13R 0.9¥2 0 13R 0.9¥2 0 13R 0. 9v2
0 YR 0.9%2 9r 0 0
Vect V2 27.8 17 29

Figure 4.17.EXT input parameters for the Livermore phantom mvapplied to all internal organs and
to the front dead layers of the used detectors.

[1.4. Results of the VR methods

The MCNPX input files generated by OEDIPE were nadiyumodified to include the
different VR methods. The reference simulated igfficies are given in Appendix C.2 for
both the Livermore voxelized phantom and the ICBRdle model. The simulation time for
the Livermore phantom was of 10087 min while it w&9141 min for the torso of the ICRP
female. The statistical relative error was minindiz¢ best while simulating 1E09 patrticles.

To review the effect of each VR method, the simatatime, the counting efficiency values
at the considered energy range and the associatedtainties are assessed and compared to
the reference values obtained without any VR.

.4.1. IMP card effect

The first VR method that was used is the PCM eeflortance card in which the user divides
phase space into “interesting” and “less intergstiegions. For particles going towards the
detectors, the cell importance ratio was increasetithe number of particles also increased
with the Splitting function. Therefore the totalmhber of starting particles was reduced from
1E09 to 1E08 similarly to the IMP ratio (about 9 &l particles).

The MC results show that the simulation time waadéid by 3 for both the Livermore
voxelized model (4117 min) and the torso of the R-Cfemale (3075 min) when IMP was
added. This time reduction factor is however disamg since the total NPS was reduced
by 10. Moreover, the simulation results indicatatthsing such a card can be more delicate
when the number of cells increases. Indeed, tlaivelerror in counting efficiency is much
higher when comparing the Livermore model (74 c¢edisor about -1.6%) to the female
phantom (198 cells, error about -12.2%) (cf. Apper@.3). More adequate cell importance
assigning can be found but remain, however, sfrictised on essay-error tests. Indeed, the
various combinations of cell importance ratios halewn that the difference to the reference
efficiency values can drop from -12% to as low223% in the case of the female phantom
when the importance is set to 1 for the lungs,rdtlie thoracic organs and 8 for the breasts
and the fornt dead layer of the detectors. In¢hge, the simulation time was about 2340 min.

As a conclusion, one can say that the cell imopragdification gave satisfying results as the
simulation time was reduced by a factor of 3 wittteptable counting efficiency values.
However, cell importance factors are totally oparatependent and the efficiency of such a
card can be sensitively limited when the numberelis increases (case of the ICRP female).
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1.4.2. WW card effect

In this study, Mesh-based WW were used to contutbraatically the number of samplings
and to reduce the weight fluctuations of particledergowing collisions.

First, rectangular mesh-based WW defined in Figui® were used. The obtained counting
efficiency values were within 3% to the referencdues at all energy range and both
phantoms (cf. Appendix C.4). Meanwhile, the siriolatime was increased by the use of
rectangular WW for both phantoms. Next, sphericabimbased WW defined in Figure 4.11
were used. For these WW, the counting efficiendyeswere within 1.8% to the reference
values at all energy range and both phantoms (gpeAdix C.4). However, the simulation

time was slightly increased with spherical WW whampared to rectangular mesh-based
WW. The difference in the simulation time is presinty due to the fact that the rectangular
mesh tally was far more resolved than the sphednal Hence, better WW were generated
with the rectangular mesh tally and therefore M@uations converge faster. Finally, it

should be noticed that identical counting efficigvalues were obtained using spherical or
rectangular mesh-based WW once the multiple immathad converged to the optimal WW.

Next, the effect on both the simulation time and #fficiency values of the parameters
defining the WW bounds was investigated. For ttesrilations, the total number of starting

particles (NPS) was set to 7.35E07 photons to Imepkei uniformly at the 17 energies

defined on the source card. Table 4.1 gives thentauy efficiency values at 15 keV and

simulation time for the Livermore model and sevaflVP. From this table, it is clear that

both counting efficiency and simulation time arghly dependent on the WWP. On the one
hand, the best agreement on counting efficiencyegslvas obtained with the weight window
parameters recommended by Lamart (2008) sincertbe was about 0.4% for WW upper

bound set to 5 and 1.5% when it was set to 3 whileas about 3% for an upper bound of 7.
On the other hand, the smallest simulation time a@ained with the upper bound set to 7
since, in this case, WW are used a lower numbeinad. Similar results were observed for

the female phantom which further confirms the cba€ the optimal WWP for such a study.

In the table below, the indicated simulation tinoesl not take into account the time required
to optimize the WW through multiple iterations arging an f6 tally type.

Table 4.1.Study of the impact of the WWP on the simulatiometand on the counting efficiency
values at 15 keV when spherical WW are used anditteemore phantom.

WW Parameters

5-2-3 7-2-3 3-2-3
Count Eff. Sim. time Count Eff. ~ Sim. time Count Eff. Sim. time
(counts/sy) (min) (counts/sy) (min) (counts/sy) (min)
6.05E-05 2701 6.21E-05 1206 6.12E-05 4891

As a partial conclusion, it is clear that the Méstised WWs gave unsatisfactory results.
These poor outcomes may be due to wrong or inapptepuse of the WW. Nonetheless, it

appears that colleagues have obtained similarteeantl WW is also believed to be of limited

interest for PHT. Finally, WW conflict with the nmagoal of this work since time consuming

iterations are required to generate optimal WW ffértally.
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1.4.3. SB card effect

Biasing the source aimed to favor low energy emissin order to increase their number and
consequently their potential in getting to the di&tes and contributing to the tally.

First, the SB card was applied to mimic the inveradation of counting efficiency as a
function of energy (cf. Section 3.3.4)d to optimize the distribution of particles atigsion
energies. The simulation time was divided by adiaof 11 for the Livermore phantom (914
min) while it was reduced by 10.6 for the torsotloé ICRP female (862 min). As for the
counting efficiency values, the maximum differendeen compared to the reference values
obtained without VR were of -1% for the Livermoregmtom (with an uncertainty of 8%) and
of 8.7% for the ICRP female phantom (with an uraiaty of 13%). For higher energies, both
the difference to the reference values and the rtainges on counting efficiency did not
exceed 1.5% (cf. Appendix C.5).

Next, the SB card was brought closer to the vamatif the mass attenuation coefficient with
energy. The resulting simulation time was redutigad factor of about 16 for both phantoms.
When compared to the reference efficiency valudainéd without any VR, the Livermore
voxelized phantom simulations showed an agreeméhirm2% when the same number of
particles was simulated for thé®U photons of 15 keV. For the female phantom, the
maximum observed difference was about -3.5% fostme energy (cf. Appendix C.5).

Moreover, SB was used to double the number of gestiof 15 keV with the second
distribution of particles (SB 15/37.5 at 15 ke\M).this case, the associated statistical relative
error was reduced from 3% to 2% for the Livermoredsl and from 3.3% to 2.4% for the
female phantom at that particular energy (cf. AmlperC.5). These observations confirm the
efficiency of increasing the number of low-energyrtieles in order to improve the counting
efficiency in Region #1 by using the SB card. Tingetreduction was again almost the same,
about 5.4, regardless of the complexity of the piran (Livermorevs ICRP female
phantom). However, the difference when comparethéoreference value was higher at 15
keV for the female phantom (about 6%) which canelplained by the increase of the
Compton and scattered radiation with increasing NP is reflected in the efficiency value
when the contribution of the Compton continuum ustsacted from the photoelectric peak
(cf. Chapter 3 Section [.2.1).

As a conclusion, one can say that the SB cardsig #ause for routine numerical calibrations
and has a major impact on the simulation time redaavhile maintaining correct counting
efficiency values at the considered energy ranggedd, the number of particles required to
guarantee statistically reliable results at thedstenergies (15 keV in these simulations) can
be easily and sensitively increased while redudimg total number of starting particles.
Moreover, the choice of the SB artificial yieldssisggested to be done taking into account the
energy-dependent mass attenuation coefficientjable and accessible reference value.

11.4.4. Vec card effect

Variance reduction methods were also introducedbi&se the emission directions of the
isotropic source distributed in the lungs in orttefavor emissions towards the detectors.
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First a user-defined cone directional biasing waeduto favor emissions towards the
detectors in a 180° angle. As the emission plange euh in two (cf. Figure 4.13), the total
number of photons was divided by 2 and a similaretigain factor was observed. The
counting efficiency values remained in agreemerth whe reference ones (no VR) since
acceptable differences (< 5%) were observed consgl¢he uncertainty resulting from the
Compton participation (cf. Appendix C.6).

Moreover, several cone directional biasing of saraingulations (80°, 60° and 40° cone
angles) were also tested to further increase thee treduction. However, these gave
unsatisfactory results since the difference toréfierence efficiency values at all energy range
were about -20% for the 80° angulation, around -86f4he 60° angulation and as high as -
160% for the 40° cone. This was presumably atteiud the huge weight (LE06) of particles
going in the unfavored directions (cf. Section3I2). Therfore, the previously defined mesh-
based rectangular WW were added to limit the wellglttuations and test the efficiency of

this method. For both phantoms, however, this ntethrmought poor results as the error on
counting efficiency remained sensitively above 1&%he considered energy range.

In a second time, the continuous exponential bgagias introduced to modify the emission
directions. However, the simulation results wereaaoeptable as the counting efficiency
values were in total disagreement with the refezemalues (error about -90%) for both
phantoms at the considered energy range (cf. Appebd). Moreover, the use of mesh-
based rectangular WW to limit the weight fluctuasadid not give satisfying results since the
error remained as high as -80%. Therefore, tharmeomiis exponential biasing was rejected.

As a conclusion, using the VEC card as a meandsebihe emission direction is a method
easy to use and to implement in routine. Even thagmall angulations did not work, the
fixed cone directional biasing remains efficientlaeliable and is recommended to at least
halve the number of starting partices and save wiitle a 180° cone biasing. The continuous
exponential biasing was not retained as poorerlteesvere obtained. The work done by
Lamart and Hendriks (2007) has proven that emissidinectional biasing can give satisfying
results when the right options are available. #aets spheres surrounding the detectors could
therefore be used if these are implemented in ¢ieversions of the MCNPX code.

111.4.5. FCL card effect

The FCL card was used to increase the interactrobgbility of high energy photons in
detectors’ active cells.

At first, the collision probability was set to -leaning that each particle entering the designed
FCL region will collide. The result of using suchMSM method was a decrease in the
statistical relative error of high energy photofsr example, for the photons of 1.4 MeV, the
statistical relative error dropped from 0.28% (R&d) 0.19% (FCL) for the Livermore
phantom and from 0.26% (Ref) to 0.18% (FCL) for fieenale phantom. However, the
simulation time reduction with FCL was almost niMoreover, the maximum difference
observed for high energy photons between the nmeterefficiencies and the new one with
FCL, was about -0.4% for the Livermore phantom tired >Eu photons of 1.4 MeV. For the
female phantom and the same gamma radiation, tiffiereshce was around 0.3% (cf.
Appendix C.7).
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Next, the collision probability (FCC) was changed-0.8 and -0.6 to identify its impact on

both the number of collisions in the active celishee detectors and on the statistical relative
error of high energy photons. The study of theatan in the number of forced collisions as
a function of the FCC parameter showed that thal tmimber of collisions decreases with
decreasing FCC (cf. Table 4.2). Meanwhile, theisteal relative error increased with the

FCC parameters’ decrease (cf. Table 4.3) furthefigoing the obtained results.

Table 4.2.Number of collisions obtained for three differ&i@C values and the ICRP female torso
phantom.

FCC value -1 -0.8 -0.6

Number of collisions 3.7E+06 2.9E+06 2.2E+06

Table 4.3.Statistical relative error (%) obtained for thoktferent FCC values and the ICRP female
torso phantom.

Energy (keV) FCC value
-1 -0.8 -0.6
1173.23 0.59 0. 66 0.77
1274.54 0.60 0. 68 0.78
1408.01 0.61 0. 69 0. 80

As a conclusion, one can say that the FCL methodasy to use for routine numerical
calibrations in order to improve the statisticshagh energy photons as the only required
entry is the cell number in which to force the sidin. However, this card showed poor
simulation time reducuction factors and remaindimited interest as the highest photon
energy considered in this study was of only 1.4 MeV

111.4.6. EXT card effect

To increase the penetration probability of the Istvenergy photons, the total cross section
(absorption and scattering) of the materials wit@ highest attenuation coefficients (bones,
torso organs and front dead layers) was changédutigt EXT card.

First, the path stretching vector was directed towathe geometric center of the four
detectors with a path stretching factor of 0.9 BXd was applied for bone structures only. In
this case, the counting efficiencies were in gogie@ment with reference values at all energy
range (cf. Appendix C.8) with a difference of -4&¢ the Livermore simulations and the 15
keV photons (-1.2% for the ICRP female torso atdhme energy). Moreover, the simulation
time was divided by 12.8 for the Livermore (789 jnamd by 4.4 for the female phantom
(1445 min). Next, EXT was applied for all thoracgans of the phantoms (cf. Appendix
C.8). In this case, the efficiency improved as difeerence at 15 keV droped to 2% for the
Livermore simulations and to -0.2% for the femaledel. Meanwhile, the simulation time
was reduced by a factor 12.4 for the Livermore pdran(815 min) and 4.3 for the female
model (1473 min). Finally, EXT was applied for boogans and for the front dead layer of
the detectors, in this case the efficiency did deéange much and the difference to the
reference value was about 1.8% at 15 keV and thertdore phantom (cf. Appendix C.8).
Meanwhile, the simulation time was reduced by #ofat2.3 for the Livermore phantom (820
min) and 4.5 for the female model (1419 min).
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Next, the EXT path stretching vectors was dire¢tedards the geometric center of the upper
pair of detectors with EXT applied for all organadathe front dead layer. This was
considered to be particularily interesting for tfemale phantoms as the upper pair of
detectors suffers lesser attenuation by breasts. cblunting efficiency values were within
1.2% to the reference values while the statistiekdtive error was slightly improved at 15
keV (cf. Appendix C.8). Meanwhile, the simulatiomé did not vary much with the path
stretching vector (858 min for the Livermore phantand 1480 min for the female model).
Finally, the path stretching factor was changeanfi@9 to 0.6 first and then to 0.3. In this
case, the parameter of interest is the simulatadtow rate which represents the height of the
photoelectric peak along with the associated sidisrelative error. The results came in
disagreement with the expected values as littlecefivas observed when changing the path
stretching factor from 0.9 to 0.6 or even to 083 fppendix C.8). Moreover, the simulation
time also surprisingling increased; for the femaledel for example, it was about 1508 min
for a path stretching factor of 0.6 and 1505 mirewkhe path stretching factor was set to 0.3.

As a conclusion, the EXT card was successfullyoohiced to modify the interactions’ cross
sections and to increase the mean free path atlesttThe use of such a method brings an
answer to low energy photons as it increases threipability of penetrating through body
organs and getting to the detectors. However, ¢arg was found to be difficult to use in
routine and to suffer from many limits; the firstibg the simulation time increase due to the
need of adapted WW. In addition, the leak of effetcthe path stretching factor and the
statistical behaviour of the code remain unclaasdme cases indeed, the code failed to pass
the 10 statistical checks, with a warning messadeating that the FOM has a trend during
the last half of the problem, which required redgdihe NPS and restarting the simulations.

1.4.7. Combining different VR cards

To verify that the successful VR methods are corbfgatvith one another and that they could
be used together to further accelerate the sinomstidifferent combinations of VR cards
were done. The study also includes the countingieficy value to make sure that the error
on the efficiency estimate due to each VR alonesdud add up when combining more than
one VR. Finally, the aim was to investigate if theaknesses coming from a particular VR
method can be resolved by the use of another esmgkafter, a “*” was added to refer to the
combinations of VR methods; for example, F@&.the combination of SB and FCL.

As the source biasing is one of the oldest VR s@seavailable for PHT we have tested it in
combination with other VR cards. In all the followi simulations, the SB distribution used
was that in which 40% (15/37.5) of the emissionsavgarting at 15 keV.

« SB and FCL (FCL)

First, SB was combined with FCL with a particulacdis on the high energy photons. The
NPS used was identical to that of the SB card al@nd4.7E07 particles.

The simulation time reduction while adding the F€&ird was again null. Nevertheless, FCL
improved the high energy photons statistics by ifgranteractions in the detectors. For
example, for thé>’Eu photons of 1.4 MeV, the statistical relativeoerdropped from 0.1%
(SB) to 0.07% (SB+FCL) for the Livermore phantond &mom 0.9% (SB) to 0.6% (SB+FCL)
for the female phantom. Moreover, when comparimgrésults in Appendix C.7 with those in
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Appendix C.9, it is clear that the maximum diffecerobserved on the counting efficiency
values for high energy photons was reduced for pbintoms when using the FCL card.

As a conclusion, these two cards can be used teigédhslightly improve the simulation
uncertainty at the highest energies.

« SB, FCL and VEC (VEC)

Then user-defined cone directional biasing Vec adgded to the SB and FCL cards to study
the effect of the three easiest methods to implémemutine numerical simulations.

The results show that the simulation time was diglidoy about 20 for both phantoms.
Moreover, the counting efficiency agreement to thfence values remained below 1.5%
starting from 22 keV and within 10% for the 15 kphotons (cf. Appendix C.9). The number
of simulated particles was reduced to 7.35E07 pis{balf the NPS with SB card alone)
most of which (40%) are starting at 15 keV.

This combination clearly highlights the advantage MR methods when reducing the
simulation time and maintaining reliable numericalibrations.

« SB, FCL, Vec and IMP (IMP)

First, the Cell importance card was combined whil $B alone and then with the SB, FCL
and Vec (IMP). The NPS was first maintained at 7.35E07 photmsthen it was reduced to
3EQ7. The cell importance ratio that was used e the first one i.e. a value of 1 for the
lungs, 3 for internal organs, 9 for chest wall @lateasts and 18 for the front dead layer (cf.
Section I1.2.1).

The simulation time for the Livermore phantom wasided by 5.5 for the SB-IMP
combination (1823 min) and by 6.3 when combined &sFCL and Vec (1593 min). For the
female model, the simulation time reduction facteese respectively about 6.9 and 7.3 for
SB-IMP (1329 min) and IMP(1250 min). When comparing these simulation timéhe ones
obtained for VEG, it is clear that the cell importance card hasdased the simulation time.
Moreover, this combination of cards did not conaiith the expected results as efficiency
values did not improve with the adding of the ¢&IP card (cf. Appendix C.9). Indeed, when
investigating the error on counting efficiencywas noticed that the latter increased from
3.8% (VEC) to about 10.7% (IMB at 15 keV and the female model. Meanwhile, the
associated statistical relative error decreasedh f&% (VEC) to about 2.3% (IMB.
Furthermore, when the NPS was set at 3EQ7, anthéofemale phantom, the difference in
counting efficiency increased to as heigh as 17a6%b keV with a statistical error of 3.5%
and a simulation time of 507 min (against 462 niNVfEC).

To conclude, this combination was found to be mitied interest since the directional biasing
with VEC is already favouring the particles goirmgvards the detectors while SB and FCL
are resepectively increasing the number of “int@ngs particles and forcing collisions in the
detectors. Hence, IMP seems not to be bringingaswadtle improvements to the results.

Finally, EXT and WW were combined with VE@® test the effect of such combinations on
counting efficiency although the simulation timeneases with the necessary iterations to
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generate WW. In these cases, results showed thattiog efficiency remains in good
agreement with the refrence values as the maximéfesrehce observed at 15 keV was only
of about -3.6% for the female model (cf. AppendiX®@)C WW iterations remain however
unaffordable.

[1.5. VR methods discussion

VR methods were introduced in this work to reduoe $imulation time or to improve the
statistics, to maintin correct counting efficien@iues and to find those methods that are easy
to implement for routine numerical calibrations.eféfore, the discussion focuses on these
parameters obtained for the combinations of VR<ard

1.5.1. Simulation time

In most situations, the simulation time was redueétl the use of VR methods. This results
from the combination of two effects. The first effes inherent to the method itself which
saves time by Killing particles unlikely to parpaie in the tally for example (case of the Cell
Importance card). While the second effect comem ftbe fact that using a particular VR
method, the number of starting particles requirechave statistically reliable results at a
given energy can be reduced, this is typicallydghge of the SB card. In this case, the VR acts
indirectly on the simulation time by controllingettNPS. Thus, to discuss the obtained time
reduction factors, the NPS should be taken int@awatalong with the functioning of each
method. The NPS was carefully chosen to maintam ghatistical uncertainties within
tolerance (5%). Table 4.4 documents the numbeinadlated particles for the combination of
VR considered in this study and gives the time céda factor obtained for each phantom.

Table 4.4.Number of simulated particles for the applied \éRhnigues to save time and guarantee
reliable MC values.

VR method SB FCL VEC IMP*
NPS 14.7E07 14.7E07 7.35E07 7.35E07
Time Livermore 11 10.7 20.3 6.3
reduction
factor ICRP female 10.6 10.6 19.8 7.3

From this table, it is clear that VR methods brduglipositive contribution as they reduced
the simulation time. This table also shows thaspite the sensitive differences existing
between the two phantoms (in terms of the numbeatrottures, the voxel number and size)
similar time reduction factors were obtained. Asnatter of fact, it was found that the

simulation time was more affected by the numbewmfels rather than by the number of
structures. This conclusion was taken as the simukwere faster for the ICRP female torso
which contained only 2.2 Millions of voxels but 6#uctures in comparison to the Livermore
voxelized model which contained 7 Million voxelstlmnly 5 structures. As a conclusion, VR
methods were found to work similarly for these tpltantoms and to efficiently reduce the
simulation time while maintaining good agreemeniththe reference situations and should
work in a similar manner for any other phantom.

Moreover, the linear variation of the simulatiomé with NPS was investigated. For the VEC
card for example, the time reduction factor wasagneement with the expected value, i.e.
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13.6, representing the NPS ratio of the referemoeilation (LE09) and the new simulation
(7.35E0Q07). For some other cards, this trend wass@xpected. Indeed, in the case of the SB
card for example, the NPS was reduced by a fadt& lout the resulting simulation time
reduction factor was about 10. This result can ingply explained by the fact that high
energy photons are followed for a longer time, wbempared to those at the lowest energies,
and reducing their number gives additional timeng&he opposit effect was observed for the
Cell Importance card for which the NPS was redumga factor of 10 while the simulation
time reduction was of 3 only. This result is dudrtberent splitting and RR operations that
can sensitively alter the number of photons to bkowed. The simulation time was
unaffected (or poorly affected) in the case of H&L. Meanwhlie, the WW and EXT cards
increased the simulation time especially when aergig the necessary iterations.

1.5.2. Statistical relative error
The second objective was to improve the statistiekdtive error at the considered photon
energy range. This requires an increase in the pumbhistories that tally at a particular
energy since R2~1/N (cf. Section 11.2.1). Table ddsuments the statistical relative errors for
the photoelectric peaks of tHfé&U photons at 15 keV obtained with the combined VR
methods. This table also indicates that the stigasirelative error on photoelectric peak is
acceptable (<5%) and that the uncertainty valuesrainly due to Compton compounds.

For the particular case of the SB card, it wasceaotithat the 15 keV statistical relative error
increased when the number of photons of highergee®mwas reduced (from 1.2% in the
reference situation to about 3% for the SB simatetiand both phantoms). This was the case
even when the NPS was doubled at 15 keV (statisticar about 2% for both phantoms) and
was believed to be due to cascade effects of photdrhigh energies emitting daughter
particles at 15 keV. Meahnwhile, the FCL methodrowed the high energy photon statistics.

Table 4.5.Statistical relative error on the photoelectrialpat 15 keV obtained for the applied VR
techniques and both phantoms.

Statistical relative error at 15 keV (%)

Phantom _ * _ §
Ref. SB FCL VEC EXT IMP

Livermore 19 2096 263 260 275 201
ICRPfemale ;5 331 295 303 306 234

1.5.3. Counting efficiency values and uncertaintes
To discuss the counting efficiency values and tifferénces when compared to reference
values obtained without VR, one should start casréid) the uncertainties. It should be
noticed here that no GEB was used for these simalathis has the advantage of reducing
the statistical uncertainty per energy bin as thausSian Energy Brodening function
distributes the impulses on multiple channels wlidebreases the MC precision.

For the simulation results given in Appendix C.2Q®, high uncertainties were obtained
(using Equation 3.2) at the lowest energies antqodarly at 15 keV. These uncertainties do
not reflect the quality of the result for the simiigld photopeak as the statistical relative error
is degraded by the Compton continuum. Indeed, trar en the photoelectric peak did not
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exceed the 5% limit (cf. Table 4.5) above which thky results are no longer trustworthy
(Briesmeister 2000, Chapter 1 page 7). Howeverethws on the Compton and scattered part
of the spectrum cannot be easily mastered jushbseasing the total NPS. Nevertheless, it
has been decided to account for the Compton erdoenwdetermining the efficiency
uncertainty to be conservative. It is thus veryficdiit to draw conclusions from the
simulation results when a difference to the refeeeafficiency value is below 1% but the
associated uncertainty is as high as 10%. Fortlyndtes is limited to the 15 keV photons
which are the most difficult to assess. For all if6eenergy emissions of higher energy, the
uncertainty remained within 2% and the error onntimg efficiency was of the same order of
magnitude. Figure 4.18 shows the counting efficyaradues at 15 and 59 keV comparing VR
results to reference values along with the assegtiatror bars due to uncertainties.

Meanwhile, it should be noticed that measurementeainties for the 15 keV peak are
often as high as 50% (Razafindralambo 1995). Tiedade errors in the calibration itself
(source activity), measurement uncertainties (detguositioning) and also errors from the
differences between the calibration phantom andhtbasured subject. Therefore, a 10% error
value was finally chosen to be the limit of accéfpaadifference on the counting efficiency
due to the uncertainty resulting from the Comptontimuum. In this case, most VR cards
were within the acceptable range of counting edficly difference for the considered energy
range except the IMP and IMBimulations for the female phantom.

1,2 1,02

11 - 4 1,01 - a

——

(I SRS
i

09 B 0,99 - -

0.8 0,98
SB* FCL*  VEC* WW* EXT* IMP* SB* FCL*  VEC* WW* EXT* IMP*

Figure 4.18.Counting efficiency ratio of the values obtaineithvthe VR methods to the reference
values obtained without VR and associated uncdigairresults at 15 keV (left) and 59.5 keV (right)
and the ICRP female phantom.

11.5.4. Implementation for routine use

VR methods have proven to be an efficient tooleduce the simulation time and efficiently
assess the detectors’ counting efficiency of thpicgt germanium counting system
considered in this study. The obtained results renthat variance reduction techniques are
improving the sampling of the particles that talljne SB, FCL and Vec cards have shown to
be of simple use and implementation. For thesescéittle information is required such as the
cell number in which to apply FCL or the directitmnbe favoured. Meanwhile WW, Cell IMP
and EXT were considered to be more complex andinega strong experience and
understanding of the VR functioning. Thereforasibnly recommended to use the first three
cards for routine numerical calibrations. Moreowee combination of different VR methods
has proved that those latter are working coopeBtivthat is, one is not destructively
interfering with another and the use of SB, FCL ¥ together was also recommended.
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V. Accelerating MC simulations with geometry simpilfication
operations

In addition to using VR techniques, we have comnsidesimplifying the geometry of the
phantom to accelerate the MC simulations. The apérgeometry simplifications include the
adding of void plans and reducing the number ofel®in each phantom.

V.1 Void plans

IvV.1.1. Generalities and functioning

When conducting MC simulations, the user definégpécal sphere of work inside of which
all particles are transported and followed untinpbete absorption in matter (cf. Figure 4.19
left). However, this can be time consuming depegdin the size of the sphere of work, on
the number of propagated particles and on the tshj@esent within the sphere. To avoid
such time consuming transport of particles, voi@nplwere added in the sphere of work to
kill any particle going through such a plan in amdesired direction. These void plans were
put in a manner to surround the phantom and thecttes’ region (cf. Figure 4.19 right) and
kill the particles unlikely to participate to theunt (i.e. particles entering the white space on
the figure).

Figure 4.19.MCNPX plotter of a typical sphere of work insidevhich the transport of particles is
followed (right) and introduced void plans kill pates going in undesired directions (righ).

IV.1.2. Application to the numerical calibration
First, void plans were used alone to run the sitrarla with an NPS value of 1E+09. The
simulation time reduction obtained was equal to31f@ the Livermore simulations and
1.27 for the ICRP female torso simulations. As tbhe counting efficiency values, the
comparison of the reference values obtained witMiitand those obtained while adding the
Void plan showed a maximum relative error below ft#oboth phantoms at all energy range
(cf. Appendix C.10).

Next, void plans were used in combination with VRthods and particularly the SB, FCL
and Vec cards (the user defined cone biasing).sirhalation time reduction obtained thanks
to the void plans was also of the same order ofmitade for both phantoms (around 1.22 for
the Livermore and 1.28 for the ICRP female). Astfa counting efficiency, the values were
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in agreement with the reference one with a maxinmetative error of -6.23% for the
Livermore and of -1.49% for the female phantom Agfpendix C.10).

As a conclusion, one can say that void plans asg gause and to implement in routine and
give satisfying time reduction factors although WRethods are far more efficient in reducing
the simulation time. The combination of void planigh VR methods is also possible and also
gives acceptable results. Nevertheless, the ussudi plans should be considered with
caution as no scattering whatsoever is accountedviith this method while it could be
sensitively non-negligible. Indeed, when conductangeal measurement, the walls of the
measurement chamber, the table/chair on which tlmitored subject is seated, the
mechanics supporting the detectors and any othectopresent in the chamber can scatter
radiation back to the detectors and contributédhéoresult. These are not accounted for when
including the void plans which may result in an erestimation of the contamination activity.
It should be noticed however, that many other factparticularily the detectors positioning,
are responsible for higher uncertainties and ewarthe activity estimate that can be far more
important than accounting for the scattering cowiion.

V.2. Phantom geometry simplification

IvV.2.1. Voxel grid reduction

To further accelerate the MC simulations, we haweswered simplifying the phantom by
reducing the total number of voxels. This was dbgeusing the IDL rebin function that
resizes a vector or array to user-specific dimarssi®y default, rebin will interpolate the
value of the resulting voxel from the values of fased voxels. When the same color is
present (cf. Figure 4.20. left), the fusion wilbudt in a voxel equal to the size of all fused
voxels and with the same color; otherwise, a neleraaill be created (cf. Figure 4.20. right).

— B —

Figure 4.20.Schematic visualization of the rebin functioningesm two adjacent voxels with similar
(left) and different (right) colors are fused tdgat

Nevertheless, this interpolation becomes problenfati all boundary voxels. Indeed, if the
voxel fusion results in a new color, the MCNPX codauld fail to run the simulation as no
materials were defined for this new color i.e. stuwe. To avoid such an error, the
interpolation can be stopped by adding the “/saigdion to the rebin function. In this case,
the fused voxel will be colored following the firgbxel of smaller index i.e. the one on the
left (yellow in this case).

For small structures, this forced color assignenoamt result in a difference in the organ
volume. For example, in the case of one particulgra certain number of voxels situated on
the left side of the structure (Figure 4.21. vox¥13 will be lost as such voxels become part
of the soft tissue structure (in orange). Meanwhaleother number of voxels situated on the
right side of the ribs (Figure 4.21. voxels #2)Iviaé gained. As the total number of voxels
exchanging colors is rarely the same, the finad widl have different volume when compared

to the primary one. For the biggest organs, thelbrarmf voxel exchanging colors is roughly

balanced and thus the rebin fusion will have ingicgnt impact on the final organ volume.
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Figure 4.21.Errors on the organ volume caused by the rebireMuosion.

Rebin only operates integer voxel fractions whie 1DL “congrid” function enables also
non-integer array resizing. For this reason, arlajeair-equivalent voxels was added each
time it was required to enable the use of the réimetion.

In this study, the rebin function was used with ‘fsample” option to reduce the matrix size
from 256x256x256 to 128x128x128 for the Livermoitgaptom and from 77x299x137 to
77x150x69 for the torso of the ICRP reference fem@he IDL procedure that was used to
reduce the voxel grid dimentions is given in Appgn@d.11. The operated phantom resizing
did not, however, involve any changes in the tissaraposition and density.

IvV.2.2. Validation of the simplified phantom
Since the rebin function resulted in the creatibra mew phantom, a comparison with the
initial model was required to validate the resizewdel. The validation involves the
comparison of the created volumes.

« Case of the Livermore phantom
The volumes of the resized organs for the Livermaeelized phantom and the reference
organ volumes are equivalent as the maximum obdetesiation is below 1% (cf. Table
4.6). This validates the operated voxel grid regjZzie. phantom’s geometry simplification.

Table 4.6.Comparison of the reference organ volumes andesized phantom and associated
relative error.

organ Reference volume (@m  Resized volume (cf Difference (%)
Lungs 4150.42 4147.33 0.07
Bone 1543.11 1546.56 -0.22
Soft tissue 26738.69 26790.53 -0.19
Plate P1 1088.10 1092.54 -0.41

« Case of the ICRP female torso phantom

Similarily, when considering the volumetric comgan of the resized torso of the ICRP
voxelized female with the original model, the agneat was found to be within 1% (cf. Table
4.7) for the main structures/organs of the femated. Higher errors were however observed
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for the smallest organs as expected (up to 12%hi#rcortical compound of the sternum).
More details relative to the volumetric comparisam be found in Appendix C.12.

Table 4.7.Comparison of the reference organ volumes witlrésezed phantom and associated
relative error.

organ Initial volume (cr}) Resized volume (cf Difference (%)
Lungs 2301.06 2303.82 -0.12

Breasts 511.88 511.70 0.04
Ribs 321.14 321.88 -0.23
Heart 587.16 586.05 0.19
Liver 1333.33 1332.64 0.05

IvV.2.3. Application to the numerical calibration

Once the resized phantoms were validated, theydcbel used to realize a numerical
calibration of the AREVA NC germanium counting ®yst

First, the resized phantoms were used without dicpany VR methods and the NPS was set
to 1E09 (reference situation). Reducing the numifervoxels with rebin resulted in a
simulation time gain of 2; i.e. of the same ordemagnitude as the voxel number reduction.
The counting efficiency values also remained indgagreement (difference < 3%) with the
reference values for all energy but the 15 keV phstand the Livermore phantom (cf.
Appendix C.13). These results indicate that regizlmee phantom to reduce the voxel grids
gives sensitive simulation time reduction factors.

Next, the resized phantoms were used in combinatitn VR methods such as SB, FCL and
Vec cards. In this case, for the Livermore voxealizghantom the simulation time was of
about 252 min and for the ICRP female torso of al2®1 min with a total gain of about 40
when compared to reference simulations obtainedowntt VR and with the initial voxelized
phantoms. Appendix C.13 documents the simulatisulte which indicate that resizing the
phantom is coherent with VR methods and furtheekerates the simulations. Indeed, the
counting efficiency was within the 5% differenceth® reference values for both phantoms
and all simulated photons starting from 20 keV.

As a conclusion, one can say that the use of thi& feanction to reduce the total number of
voxels is easy to use and to implement in routind gives a satisfying time reduction.
Nevertheless, the use of such method has a majdation since the voxel dimension can be
sensitively increased and thus the resolution cbaldeverly lost.

V. Accelerating MC output file treatment

Reducing the simulation time with VR methods andhwihe geometry simplification
operations gave satisfying results. However, ti@nsing the PHT (f8) results into a
calibration curve requires a manual processinp@MCNPX output files that can sometimes

127



Chapter 4: Accelerating MC simulations using Variance Reduction techniques and geometry simplification operations

become delicate and time consuming (cf. Chaptee@&i& 1.2.1). Therefore, a script was
developed using the Unix/Linux bash utilities tcseaand accelerate the MC output file
treatment.

V.1 Development of a Unix/Linux shell script

V.1.1. Objective

This script aims at plotting the numerical calibyatcurve by assessing the height of the
photoelectric peak from which the Compton contiifrutmust be subtracted (cf. Chapter 3
Section 1.2.1). The processing can be time consgrand delicate depending on the number
of tallies, the number of simulated photons (sowggssions) and the spectrum itself (GEB
parameters). This script uses basic bash/shelliegiland functions to process any MCNPX
output file and plot the calibratin curve.

V.1.2. Functioning

There are two main sections in the script the filsaling with the input requests and the
second one searching the MCNPX output sectionhersimulation result and treating it to
extract the counting efficiency values and plottihg calibration curve.

« Input file section

The input section treatement consists of identgyfirst the source and particularily its

weight, distribution, emissions energy and yieltiisTsection also includes the identification
of the number of requested tallies, the energyeargl the number of bins of each tally and
finally, the total number of simulated particled. (Eigure 4.22.). The script writes these
inputs in a “txt” file to summarize the requestedues of the MCNPX file run.

* Output file section

The developed script searches the output sectiaheoMCNPX file to find the energy line
for each simulated photon and the associated tatatiselative error. This is done for each
requested tally. Then, the script extracts the ealsurrounding the photoelectric peak that
stand for the Compton continuum and their assatiat@tistical error. Next, the code
subtracts from the photoelectric peak the contidoubf the Compton continuum and assesses
the uncertainty on the simulated counting efficiefaf. Chapter 3 Section 1.1.2). Finally, the
script writes these MCNPX output values along wlit& counting efficiency values (corrected
from noise) in the previously defined “txt” file.

V.1.3. Polynomial equation

To further simplify the use of the MCNPX numericadlibration curves, the counting
efficiency variation with energy was put into eqaat This is commonly done in routine
since the efficiency curve can be interpolated lpplgnomial relation of the form:

6 .
In(ey) = Z(ai IN(E))' . where E is the Energy in keV, and the counting efficiency in
i=1

counts/s/[gamma (Molnar et al. 2002). The script Wass upgraded to plot directly the
simulated calibration curve and extract the cogdfits of the polynomial equation. These
coefficients are also written in the “txt” file. €polynomial interpolation is also validated by
comparing the simulated counting efficiency valugth the ones given by the equation. The
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script also offers the user the possibility of phay the calibration curve along with the
polynomial equation and these are systematicallggan a “png” file that can be easily read
by most image viewing/processing software.

mode p
adef x=dl y=dZ z=d3 cell=d4 erg=fcell=db wgt=17 eff=1e-9
vec=0 -1 0 dir=d? —
SI1 -15 -14,8225 .
°L 01 1: source weight
512 -10 -9,8225
P2 0 1
513 -22 -21,518
SP3 0 1
SIT-101
SP7 31 0
SBY 31 1
c Nombre total de photons emis dans chague organe :
# 514 1]

1 d 3 . . . .
(assddooscoon) 0.8 1L 2: source distribution
1505410021002 042807 12
(15151003¢1002)  0.01733 13 (here lungs)
(1025100310023 053282 14
c Mombre total de photons emiz par chaque radicelement dans un organe donne @
c lung_left_blood
# SI11 SP11

= d
101 0,02428
c lung_left_tissue
# SI12 Sp12
d

=
101 0, 42557

¢ lung_right_blood

# 5113 5p13
= d

101 0,01733

c lung_right_tissue

# SI14 SP14

= d
101 0,h3za2

c Energie et nombre de photons emiz par radioelement

c Am-241

# SI101 SP101
1
0, 0153100
0, 0221600
0, 0334400
0, 0401200
0, 0535400
0, 0810000
0, 1220600
0, 1658600
0, 1857200
0, 2447000
0, 3560100
0, 5110000
0,BE1EEO0
0, 8348400
1,1732300

%fgggigg 4: requested tally and

Flap (2 17 32 47)

El8 0 1le-h be-3 163821 1,41 energy parameters

Ft18 GEB 0 0 0

CUT:p 2§ 0 0 . .

nps 73529411 5: number of simulated particles
PHYS+o 100 1 1

Figure 4.22 .Example of an MCNPX input file and highlightedpdeof the inputs identified by the
script.

3: energy of
photons and yields

e R R R e e e e e e O

V.2. Script use and validation

The developed script was generalized to cover at &k possible situations including the
input of a punctual source, different organ soued various distributions, multiple output
tallies and other relevant input parameters. Tleeaisuch a script was however maintained
as simple as possible and different messages aregrat each stage of the MCNPX file
processing to make the code user-friendly and atdithe advances of the processing.

The following command is necessary to run the code:

IGetEfficiency MC_output; where GetEfficiency is the executable script depetbin this
work and MC_output is the simulation result filelbt® processed.
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Below is a printscreen of the “txt” file generatied the script (Figure 4.23) along with a plot
of the comparison between the simulated countifigieficies and the polynomial equation
developed by the script (Figure 4.24).

Input request

Output evaluation

Efficiency value

Equation validation

Req_NR] ¥ Sim_MRJ Effic_counts 5,R.E, | Counting_Eff, C_Eff_lncert, Eqt_Eff_wal R.E.
0,0153100 1 §§1,5384E-02 1,15107E-04 0,0122 ) 0,000045211500  0,046124431066 (§ 0,0000455106 -0,88
00221600 1 §)2,2220E-02  1,70474E-02  0,0032 J) 0,001535005000 0,003629248274 () 0,0015570956 2,38
00334400 1 ) 3,3500E-02 7, 37533E-02  0,0015 ) 0,007103300500 0,001612692645 (| 0,0071956227 -1,20
0,0401200 1 §§4,0165E-02 9,70391E-02 0,0013 J) 0,003425764000 0,001273414363 (§ 0,0036206469 -1,91
00595400 1 ) 5,9564E-02 1,31797E-02 0,0011 f) 0,0128584302000 0,001151802435 (§ 0,0123500253 -0, 50
00810000 1 118, 1013E-02 1,465974E-02 0,0011 J) 0,014466463500 0,001134118307 (§ 0,0141345065 1,88
01220500 1 \01,2212E-01 1.48410E-02 0,0011 §) 0,014697477500 0,001120803603 (1 0,0143964770 2,05
0,1658600 1 §)1,6587E-01 1,.35213E-02 0,0011 f) 0,013432254000 0,001114876303 (| 0,0132139477 1,63
0,1857200 1 §§1,8578E-01 1,25750E-02 0,0012 §) 0,012512278500 0,001211664063 (§ 0,0124318035 0,17
02447000 1§12, 4474E-01 1,01260E-02 0,0013 J) 0,010032333500 0,001208610674 (| 00103254307 -2,30
0,3560100 1 Jf 3,5603E-01 7,24B00E-03 00015 () 0007223318000  0,001506813661 || 00072825641 0,72
0,5120000 1 4§ 5, 1102E-01 5,33103E-03 00,0018 () 0005321510000  0,001806389355 || 0,0051174690 3,84
0,BE1EE00 1 J§6,B16BE-01 4,33728E-03 00020 H) 0004332137500  0,002004639351 (| 0,0041454353 4,31
0,8348400 1 J§8,3483E-01 3,66330E-03 00022 1) 0003665475000  0,002204430825 || 0,0035773844 2,41
1,1732300 1 J§ 1,1733E+00  2,91008E-03 00,0024 1) 0002307504500 0,002404278583 || 0,0029122110  -0,16
1,2745400 1 J§ 1,274BE+00  2,75R00E-03 00,0025 () 0002754263000  0,002501318634 (| 0,0027100703 1,61
14080100 1 J§1,4080E+00  2,57536E-03 0,0026 [} 0002575343000 0,002600033320 () 0,0024167335 6,16
cst = -B75,396 +f— 24,4 (4,24%)

xl = B72,207 +/- 32,53 (d,839:)

X2 = -328,232 +/- 17,66 EE+38123

x3 = 84,9064 +4= 0,005 b, 8963 ; ;

T . o Polynomial equation parameters
x5 = 0,929127 +4= 0, 06373 (6,642

%6 = -0,0290325 +4= 0, 002123 (7, 33433

Figure 4.23.Visualization of the “txt” output file of the s@i summarizing the requested inputs, the
simulated outputs, the processed counting effigieadues and the polynomial equation parameters as
well as validation for the ICRP female referencaigation.
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Figure 4.24.Visualization of the “png” script output file regsenting the counting efficiency
(counts/gamma) variation with energy (keV) and caring the simulated values (red) to those given
by the polynomial equation (green) for the ICRP déreference simulation.

130



Chapter 4: Accelerating MC simulations using Variance Reduction techniques and geometry simplification operations

The values given in the “txt” file presented in &g 4.23 represent correctly the requested
inputs (i.e. number of requested energies and mdedcyields) in the column called “Input
request”. The second column, “Output evaluatiomveg the MCNPX values extracted at the
tally lines corresponding to the simulated photoargies. Moreover, the counting efficiency
values and associated uncertainties are automgteadtulated by the code and saved in the
“Efficiency value” column. From Figure 4.24, it dear that the polynomial equation,
calculated by the script, reproduces very wellgimeulated couting efficiency values and the
highest difference (relative error) was observed.dtMeV and was about 6.2% (cf. Figure
4.23 culumn “Equation Validation”). Therefore, thbarameters of the polynomial equation
presented in Figure 4.23 are validated and witmttiee whole script is also validated.

This script was used to plot the counting effickermuirves for all the previous simulations
involving VR methods and/or phantom geometry sifigaltions.

VI. Discussion and conclusion

MC simulations were used here to assess countfigieecy calibration curves. This chapter
looked for the most available and easy to use Rrtigjues to speed up the calculations
while maintaining unbiased results. The work alsoluded some geometry operations to
simplify the phantom and the development of a dsbadled script to automatically plot the
calibration curve from the MCNPX output files.

The main results are summarized first and therstiigstical analyses are given and discussed
while finally an example is given where VR methae put into benefit to enhence the
counting efficiency calculation.

VI.1. A one hour calibration process

The applied variance reduction techniques weresthece biasing, the emission direction
biasing, the forced collision, mesh-based weighmdoeivs associated to exponential transform
and the cell importance card. The methods wereedesh two different phantoms: the
Livermore voxel model and the torso of the ICRPerefce female in order to study the
efficiency of each VR thechnique when considerinffecent number of structures and
voxels. The used VR cards enabled a final time aolu by a factor of about 20 for both
phantoms. The obtained counting efficiency valugreed with the reference values (obtained
without VR) since the observed differences remawétin 5-10% for the 15 keV photons
and around 1% for photons of higher energy. The afgb improved the MC statistics,
particularly for high energy photons with the FCara. The obtained results confirmed that
the efficiency of each VR techniques depends mainlyhe energy of the simulated particles.
The obtained results also showed that simulatioe tlepends on the number of voxels rather
than on the number of organs. Indeed, for a sirppntom like the Livermore model, with
only 5 different structures, the simulation timeluetion was equal to the one obtained with
the female complex phantom with 67 structures. Astare step, new VR techniques can be
tested such as the DXTRAN spheres for determintstiosport of particles or the RDUM
card for emission direction biasing towards a fiiatis sphere covering the detectors, should
these technigques become available for the pulgghhilly in the latest versions of the code.
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Simple geometry operations were next conductedcamibined to VR methods to further
improve the results. This included adding void pland reducing the total number of voxels
in the phantom. The results showed a time redud#otor of 1.3 with the void plains and a
factor of 2 for the voxel reducing operations.

To further reduce the MC simulation time, a patallersion of the code was used on 32
processors at the same time. This nearly reducedothl simulation time by a factor of 20
that adds up to the previous time gain for the SB-VEC simulation.

Before conducting this work, a whole week was regfliito run the simulations and plot a
typical calibration curve; for the ICRP female ferample, the simulation time was of
9141.29 min that is 6.3 days. The simulation tines\sucessfully reduced to about one hour
thanks to parallel calculations, VR methods, geoynsimplification operations and the
developed script for MCNPX output file treatment.

VI.2. Statistical checks and FOM analyses

At the end of each MCNPX output file, 10 statisticlhecks are made on the Tally
Fluctuation Charts (TFC) to provide the user witformation about the statistical behavior of
the result.

For all the conducted MC simulations, the 10 dfiaas checks were studied to provide
additional confidence in the tally results. Thesavéver, were not always fulfilled for the
operated simulations that included VR methods affdrdnt NPS. Indeed, for the cell IMP
card for example, since the IMP parameters werdiptiad by 9 (or even 18), the NPS was
first decreased by the same factor (10). Howewethis case the simulations failed to pass the
10 statistical checks with the female phantom. &fuee, the NPS decrease was limited to a
factor of 3 which gave satisfactory results (cfct®m 111.4.1). Divergent observations were
obtained with the WW card when used alone and fisdhe EXT simulations. In these
cases, the message error was often indicatingthleatally was converging starting from a
certain number of samples and that there is no testhrt as many particles as it was done.
This was being traduced by the fact that some petensy such as the mean or the FOM for
example, were tending to remain constant duringldisé half of the problem. For these
simulations, the total number of starting particleas thus reduced and simulations were
restarted.

The Figure Of Merit (FOM) is one of the key indiceg of the tally reliability (cf. Chapter 1

Section 111.2.3). FOM is often used to optimize #féciency of the Monte Carlo calculation

with variance reduction (selecting the method wité largest FOM). Thus, the FOM values
obtained with the combination of VR methods wereestigated.

Table 4.8 documents the FOM values obtained with risference simulations and when
combining the different VR techniques for both pioams. From this table, it is clear that
FOM can be significantly increased indicating atirpl use of VR methods (case of VBC

but it can be sensitively decreased meaning a ptimal use of VR techniques (case of
EXT'). However, as recalled by Booth (1985), the FOMuisestimate of the calculational
efficiency but it is not the only piece of summamnformation. Sometimes, VR methods bring
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the desired effect; for example the “tracks entgrimumbers are greater with the Cell IMP
card but the FOM drops. Thus, FOM should be exadhinéh care keeping into mind that the
ultimate goal remains the use of VR to improvegampling. In this study, the key parameter
that was retained to study the efficiency of a VRtmod was the simulation time and the
counting efficiency value which was checked to remaithin a 5% interval from the
reference values obtained without VR at the comsitlenergy range.

Table 4.8.The FOM value obtained for the applied VR teche&jand both phantoms.
VR method
REF SB FCL VEC IMP

Phantom

Livermore 4392 3897 3860 6377 1601
ICRPfemale 7143 6258 6201 10153 2523

VI.3. Enhancing efficiency calculation with VR metlods

For the previously conducted simulations with titeeary of female torsos, no VR methods

were used. In some cases, particularly the big liemmrphologies, of chest girth 110 and

120 for example, no counting efficiency values wgikeen for the lowest photon energies (15
keV). Indeed, the statistical relative error at lsugnergy remained exceeding the 5%
acceptable limit for the pulse height tally (Briemster 2000, Chapter 1 page 7) no matter
how high the NPS became (2E09 maximum value).

To solve this problem, VR methods were introducedét statistically reliable results at 15
keV. The used cards include the cone directioradibg towards the detectors with Vec, the
EXT applied to all body compounds and detectomiffidead layer. Weight fluctuations were
again controlled by a mesh-based rectangular wewyidow generated and optimized with
an f6 tally. Table 4.9 documents the simulatiorultssfor the 110 chest girth phantoms giving
both the counting efficiency and the statisticdhtiee error at 15 keV. This table represents a
successful and basic use of VR methods when atdistiecnate of the counting efficiency is
unavailable because of the geometry of the phantom.

Table 4.9.Counting efficiency values and associated staéibtelative error obtained for the 110
chest girth phantoms and the combination of Vec] BRKd WW VR cards.

Phantom 110B 110C 110D 110E 110F

Counting efficiency ¢ ,ee 07 3.79E-07 2.04E-07 1.65E-07 1.38E-07
(counts/sk)

Stat.R.E. (%)  0.34 0.4 0.57 0.65 0.74
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Activity mapping using in vivo spectrometry measurenents and
MC simulations
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In vivo measurements are usually carried out under thethgpis of a known activity
distribution inside the body. However, for compleataminations and wounds, it is difficult
to estimate a posteriori the activity distributionly by using spectrometry measurements.
The case of an old or a chronic contaminationss ahallenging especially if followed by a
new or an acute contamination. Monte Carlo simoilatools were thus introduced to assess
the activity distribution when combined witt vivo measurements.

This chapter is divided into five main sectionseTrst section introduces the problem and
the available tools and describes the developetiadetip assess the activity mapping. The
second section discusses the feasibility of thearsg#ion method through the use of the
Livermore physical phantom. In the third sectiome tMonte Carlo tools are introduced to
generalize the method for any contaminated workiéte fourth section proves the
effectiveness of the method for two different cangpisystems and various radioactive organs
while the last section discusses the method anthéie improvements that can be done.

|. Management of complex contaminations

In vivo measurements are commonly used to assess theponated radionuclides and to
estimate the activity distribution following an émbal contamination. However, the method
fails to give satisfying results in the case of ptam contaminations where the incorporation
date is not precisely known. These complex casgade also the scenarios where a mixture
of radionuclides of different type and solubilityeancorporated with different intake routes.
For old contamination scenarios and for woundsgtspmetry analyses can also be of limited
efficiency when investigating the activity distriban.

A new method that combinas vivo spectrometry analyses with Monte Carlo simulations
was thus introduced. This method uses the definifboexperimental counting efficiency and
the linearity ofin vivo measurements to determine the activity mappingarMile, Monte
Carlo simulations provide the contribution coefficis of each organ to the count, i.e.
counting efficiency, essential to separate the tofor the detector at a precise position.

l.1. Activity distribution in complex scenarios

To obtain a realistic distribution of the interr@ntamination, a whole body counting can
first be considered to determine the incorporatetionuclides from the measured spectrum.
Next, ICRP biokinetic models are used to deterntiveemost important retention organs for
each of the incorporated radionuclides. Finallgaor-specifidn vivo measurements are done
with the most appropriate counting system fittihg energy of the radionuclides.

However, biokinetic models are far from being pearspecific and are regularly updated.
Moreover, when multiple routes of intake are inwalv(inhalation and wound routes for
example), the main difficulty lies in the fact thithe proportion of each route of intake is not
known a priori. This proportion influences directthe biokinetic distribution of the
radionuclides and should also be assessed frorm#asurement results. Finally, durimg
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Vivo spectrometry, the collected number of counts natieg the radiation emerging from all
contaminated organs.

To correctly establish the activity distributioneach contaminated organ, it is thus necessary
to separate the contribution of each organ fromettgerimental counting rate. For a thoracic
measurement for example, it is necessary to deterthie proportion of counts coming from
the lungs and the proportion coming from bonesfaom the liver or any other contaminated
organ in the monitored region (cf. Figure 5.1). T8 done by determining the counting
efficiency coefficients for each contaminated ogyeemd a given detector positioning.
Therefore, it is extremely difficult to determintetactivity present in each of these structures
separately just by using vivo measurements.

Figure 5.1.Visualization of a typical in vivo pulmonary measment and schematic representation of
the possible organ sources which contribute taletectors’ count.

1.2. Separation method

Typically, to determine the activity within a contaated organ, thé vivo experimental
counting rate (counts/s) is directly used sinces itelated to the activity of the organ (Bq)
through the following relation:

Texp = Yi-AE Equation 5.1

wheree is the counting efficiency (countg/sand y the yield of the considered energy line (
/nuclear disintegration). Counting efficiency isetitly dependent on the characteristics of the
detector and on its positioning and representsdmribution of the organ to the count. This
contribution is never equal to 1 (100%) since nbfparticles emitted from the source are
collected in the detectors.

However, when several organs are contaminatedgxXperimental counting rate accounts for
the total number of emissions detected by the cogirstystem and should thus be written as
follows:

det ector . position

Texp = yizorgan 'Aorgan 'gorgan Equation 5.2
In this case, a separation of the contributionamheorgan is mandatory.
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Two organs loaded at the same time, for exampleliwgs, will be considered. In this case,
the total number of counts collected in the deteatoa given position (left) is equal to the
sum of counts for each lung loaded alone.

— -right.lung left.lung )
Diett = Tiett * Tright Equation 5.3
The experimental counting rate can also be writerthe product of the counting efficiency
and the activity of the organ which can be writhsrfollows:

— right.lun right.lun left.lun left.lun .
T = Yi (St 0 X AT 4 g o9 x AFHENS) Equation 5.4
These measurements give the values for the expai@tneounting rate (left matrix) and the
counting efficiency which accounts for the conttibn of each organ to the count (middle
matrix). Using also the counts from the right daedeca system of two equations is obtained:

det. posl det. posl det.posl
Texp _ gright.lung gleft.lung » Aight.lung

detpos2 | det.pos2 det.pos2 Equation 5.5
Texp ‘gright.lung Eleft.lung Aeft.lung

By inversing the system given above, the activityeach organ can be estimated from the
matrix product below:

det pos.1 detposl det pos.1

gright.lung gleft.lung 5 Texp _ Aight.lung

gdet pos2 gdet pos2 z_det pos2 | A Equation 5.6
right.lung left.lung exp eft.lung

This system highlights the importance of assesiagontribution of each organ to the count
(the counting efficiency matrix) in order to detémenthe activity in each lung. To determine
this matrix, Monte Carlo simulations were introddcgnce it is impossible to isolate each
contaminated organ in the body of the victim andntat alone.

This separation method remains mathematically combatever the number of contaminated
organs, provided the number of necessary measuteneaists. However, the higher the
number of loaded organs is, the greater the nundferequired measurements and
consequently the higher the measurement time. &umibre, it should be noticed that the
method is based on the a priori hypothesis reggrthie number of sources present in the
monitored region. If the number of potentially caminated organs is wrong, this method will
fail to give a correct activity distribution. Fdni¢ method to work, it is thus essential to first
identify the plausible retention organs and to abersall the possible distribution scenarios
using biokinetic models.

[.3. Tools

The developed method enables the assessment attikgy distribution through the use of
biokinetic models, the choice and positioning ofagpropriate counting system, the use of a
physical phantom loaded with radioactive organsModte Carlo simulations.

1.3.1. ICRP biokinetic models
Incorporated radionuclides are transferred throughHmdy organs and tissues following
biokinetic mechanisms. The radionuclide retentisnhighly dependent on the organ’s
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metabolism and the similarity of the radionuclideatnatural element usually taken up by the
organ from the blood. For exampfé'Am is preferably retained by the liver and the sk
whereas?'Cs is homogeneously distributed in the organisniRRCL995; Legget et al. 2003).
Specific models are recommended by ICRP to desthibenovement of radionuclides in the
site of entry following incorporation. These allopredicting, from a given intake, the
retention of activity in organs and the excretiorurine and feces as functions of time. In this
work, biokinetic models are essential as they giviairly realistic and rational idea on the
activity distribution within the organism. Figure25presents the retention organ of americium
following inhalation where most of the activity istained in the lungs the first ten days
following incorporation while the liver and bonespresent the long-term retention organs.

Figure 5.2.2*’Am biokinetics and retention organs days afterrtamination by inhalation (Lamart
2008).

1.3.2. Counting system and positioning

Spectrometry detectors are based on scintillatiwh ianization phenomena. The counting
system must be chosen according to the energy eofethitted X and gamma radiations.
Thallium-doped sodium iodide scintillation crystase often used to detect high energy
photon emitters such a3'Cs and®®Co while detectors with germanium or silicon semi
conductor crystals are more appropriate for lowrgynemissions of actinides such?a%m.

For the measurements conducted in this study, B&X. germanium counting system
available at IRSN, the four-germanium array avddaht CIEMAT and the high purity
germanium detector of KIT were involved (cf. Figrs). Moreover, the positioning of the
counting system was done to maximize the countcamdr at best the contaminated region.

Figure 5.3.Photos of the three different germanium countisiesms used for this study: IRSN'’s
LOAX (left), CIEMAT's 4-LEGe (middle) and KIT’s HP& (right).
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1.3.3. Physical phantom and radioactive sources

For this study, the Livermore male-equivalent topb@mntom was considered with the core
torso chest plate (Griffith et al. 1978, Newtorakt1984). The lungs and liver are the source
organs in which the activity is uniformly distritmet. The available radioactive organs include
2’Am and **%u radionuclides. In addition, point sources’$%m and *Eu were also
introduced in the torso of the Livermore for a mexréensive study of the method.

1.3.4. Monte Carlo calculation tools

The Monte Carlo MCNPX code was used to simulatesttperimentaln vivo measurements
and to help determine the activity distributionr Btese simulations, a voxelized model of the
Livermore phantom was built from CT scan imagegshaf physical mannequin. The used
detectors were also modeled using MCNPX to cowleatproduce then vivo counting
experiments with MC calculations. This was donedyproducing the exact technical drawing
of the detector compounds as indicated by the naatwfer.

1.4. Work plan and investigation limits

The effectiveness of the method in determiningattevity mapping was tested through:

= A feasibility study using measurements with the drmore phantom to realize a
physical separation of the contributions and vaiataof the method,

* Running Monte Carlo simulations of the Livermoreesments to validate this tool
as a mean to determine the organ contributions wieasurements are impossible,

= Generalizing the use of the method for differenirdong systems, various counting
configurations and different number of loaded oggan

In addition, the work included a study of the meklsdimits. The examined parameters of
influence were the detector positioning, the anpuiastribution hypothesis and the presence
of a perturbation point source simulating, for epé&na contaminated lymphatic node or an
old contamination.

1.4.1. Detector positioning

In this study, organ-specifim vivo spectrometry measurements were considered with the
detectors aligned to cover at best the monitorgdroand brought as close as possible to the
skin to maximize the counts. This positioning sigaintly reduces the contributions of other
organs to the count but does not eliminate thenthviiplains the need for separating the
counts. Nevertheless, the external anatomical frarsed to localize the contaminated organ,
may sometimes be inappropriate or badly chosethigncase, it is difficult to reproduce the
exact position with MC simulations. Therefore, #fect of a bad detector positioning on the
activity mapping was investigated.

1.4.2. Biokinetic distribution

The a priori hypothesis on the activity distributjdoased on biokinetic models, is also a
major parameter influencing the activity mappingdded, to correctly use this method, the
number of contaminated organs must be precisebrm@ted as it is equal to the number of
required measurements. If two organs are supposkxdigled with activity then two
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measurements at two different counting positiores regcessary. Therefore, the effect of a
false hypothesis on the number of presumably loaslghns was investigated by either
considering an overestimation of the number of émbstructures or an underestimation.

1.4.3. Presence of a perturbation source

This investigation aims at accounting for the pnegeof an old contamination or considering
the contamination of a lymphatic node. Indeedhigse cases, the count may be significantly
biased and correction steps should thus be comrsiddio simulate these scenarios, a point
source was added in the Livermore phantom at éffitepositions and its effect on activity
mapping was studied.

ll. Feasibility study using the Livermore phantom

To study the feasibility of the separation methbe, Livermore calibration phantom was used
to physically assess the contribution of each otgahe experimental count. In this case, the
user loads inside the mannequin one radioactivg laha time and then runs a third

measurement with both lungs together. This wais fiossible to experimentally assess the
efficiency matrix, i.e. contributions, which is essial to determine the activity mapping.

1.1. Method validation with measurements

To validate the consistency of the mathematicabsmn method, experiments were done
considering the Livermore phantom and the americihmgs. The activity on the
measurement date of the right lung was of 34.62, kBdle it was of 25.73 kBq for the left
lung. In this case, a total of six measurementgegaired at two different detector positions
to obtain a system of two equations with two unknswthese being the activities of each of
the lungs. The estimated activities were compaoetthe true ones through the assessment of

— 100)( (Arue B '%St)

rue

true activity of the lungs and-Athe estimated activity given by the method.

the relative bias (%) defined as follows; where Aqne represents the

Table 5.1 documents the experimental countingahtained with different configurations of
loaded lungs considering the LOAX counting systessiioned at 2 cm away from the skin
and a measurement time of 45 min. From this tabls,clear that the linearity is respected
and that the measurement conditions were faithftéigroduced from one experiment to
another; that is the exact same positioning ofdétctors and the source. Indeed, for the
detector positioned over the right lung, the cauntrate when both lungs were loaded
together (97.84) is roughly equal to the sum of nteufor each lung loaded alone
(91.04+4.46=95.50) within 2.4%. This is also theecéor the detector positioned over the left
lung with a difference of -0.8%. Moreover, it shdlde noticed that the operated detector
positioning limits sensitively the contributionsideed, when the detector is over the right
lung, 93% of the counts are coming from the rigimg. In the case of a detector positioning
over the left lung, the latter contributes to abé8% of the counts although the right lung is
more active.
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Table 5.1.Experimental counting rate (counts/s) of the LOdetector obtained for the Livermore
phantom and different configurations of loaded acnaém lungs.

Loaded lung Right & Left Right Left
Detector Right 97.84 91.04 4.46
positioning Left 45.86 10.57 35.65

From the data in Table 5.1, the contribution ofheaogan when loaded alone, i.e. counting
efficiency (counts/s/Bq), is first calculated byiding the experimental counting rate by the
activity. Next, Equation 5.5 is written as follows:

97.84) _(2.63E-03 1.73E-04) ACtai Lung
45.86/ |3.05E-04 1.39E-03) | Act

To estimate the activity, this system is inverted @ahe matrix product is done (cf. Section
[.2). In this case, the activity in the right lumgs estimated to be about 35.54 kBq while in
the left lung it was estimated at 25.26 kBq. Thesemates were within -2.7% and 1.8%
respectively when compared to the real activitysprg in the used lungs. This validates the
method and demonstrates the feasibility of the rsejoa.

Left Lung

1.2. Parameters investigation

1.2.1. Effect of the detector positioning

To study the importance of the choice and positigref the detector and its effect on the
activity estimation, the LOAX was shifted first ovéhe liver and then over the heart. This
positioning is unsuitable for the contaminationsamt in the lungs and the method should
clearly reveal an error in the activity estimate.

Table 5.2 documents the experimental counting shtained when the counting system was
positioned over the heart and liver. Before estingathe activity distribution, the linearity
was again verified to validate the reproducibilifythe positioning. It was found here that
small errors occurred while repositioning the d&teor even the lungs as the linearity was
guaranteed within 5.2%. However, this error remagasonable and within the uncertainties
on the detectors positioning which can be as hig®% (Razafindralambo 1995). These
measurements can thus be used to give a fairly gstiohate of the activity distribution.

Table 5.2.Experimental counting rate (counts/s) obtainedHerLivermore phantom and different
configurations of loaded Americium lungs with th@AX detector positioned over the heart and liver.

Loaded lung Right & Left Right Left
Detector Heart 29.95 25.21 3.18
positioning  Liver 7.02 6.39 0.34

From the data in Table 5.2, Equation 5.5 can b#dewias follows:
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29.95)_(7.28E-04 1.24E-04) ACtai Lung
7.02 ) |1.85E-04 1.32E-05) | Act

Left Lung

Similarly, by inverting the system and realizingieple matrix product the activity in each
lung can be estimated. In this case, the activityhie right lung was found to be of about
35.78 kBqg while in the left lung it was estimatad3a.38 kBq. This time, the relative bias on
the activity estimates was as high as -22% forléifielung. This difference highlights the
importance of the operated detector positioning rwkensidering the activity mapping.
Nevertheless, the result is somehow disappointéng shows that it would have been difficult
to give a strong and accurate conclusion if théviagtin the lungs was really unknown. A
negative activity value in one of the lungs or aivéty difference between the lungs of
orders of magnitudes would have been more decismdts.

11.2.2. Effect of the contamination hypothesis

The method used here to estimate the incorporattditp is totally based on ICRP
recommendations giving a general idea on the agtdistribution from biokinetic models.
However, if these pre-established hypotheses a@riect, the activity mapping becomes in
total disagreement with the true distribution. Hehee method was tested to make sure such
crucial errors cannot occur without being noticad alearly identified.

« Underestimating the activity distribution

For the first scenario, let us imagine that oneaorgs considered to be loaded (hypothesis)
while two are actually contaminated. In this casdy one measurement is required to use the
equation and estimate the activity.

Let us say the hypothesis is that only the righglis contaminated. In this case, Equation 5.5
can be written as follow: (97.84) = (2.63E- 03)>< (Actmght Lung )

This gives an activity of 37.2 kBq for the righhlpwith an overestimation of about 7.5%.

Now, let us consider that only the left lung is @mninated and in this case Equation 5.5
becomes (45.86) = (3.05E- 04) x (At u ung )

This gives an activity of 33.1 kBq for the left mwith an overestimation of about 28.6%.

Considering the operated detector positioning limait sensitively the contribution of each
lung to the total count at a given position (cfctgmn 11.2.1), it is very difficult in this case to
conclude that an error on the activity distributlypothesis was done.

* Overestimating the activity distribution

For the second scenario, let's imagine that bothams are considered to be loaded
(hypothesis) while only one is actually contamidatén this case, two measurements are
required to use the equation and estimate theitgctiv

For the case where the actual contamination wéseimight lung only, Equation 5.5 and data
from Table 5.1 give the following relation:
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91.04) _(2.63E-03 1.73E-04) ( AClugu g
10.57) (3.05E-04 1.39E-03) | ACl.qiung

This gives an activity of 34.6 kBq in the right uwhile the activity in the left one is almost
null. This clearly indicates that the hypothesigtom activity distribution is erroneous.

The same investigation was conducted but this tioresidering the actual contamination to
be in the right lung only. Equation 5.5 and datafrTable 5.1 give the following relation:

4.46 ) _(2.63E-03 1.73E-04) ( ACluiung
35.56) |3.05E-04 1.39E-03) | Act ey iung

This system gives an almost null activity for thght lung which also clearly indicates that
the hypothesis on the activity distribution is @@ous and that this organ is not contaminated.

11.2.3. Effect of a perturbation point source

To further investigate the effectiveness of the hmdt when determining the activity
distribution, a point source of 41.7 kBg was addethe phantom to bias the measurement.
This point source can represent an old contaminaticeven a contaminated lymph node that
was not considered in the contamination hypothesis.

* Measurement biasing

Two different positions of the point source wer@sidered. In the first case, the perturbation
point source was inserted in the Livermore phan&trthe level of the heart to significantly
bias the measurements (cf. Table 5.3). In the skoase, however, the point source was
shifted away from the detectors towards the lieérTable 5.4).

Table 5.3.Experimental counting rate of the LOAX detectotanted for the Livermore phantom and
different configurations of loaded americium lulgysadding a perturbation point source at the level
of the heart.

Loaded lung Right & Left Right Left PuEggrtSrc.
Right 116.92 109.99 23.74 22.57
Detector Left 52.78 17.27 42.00 6.99
positioning  Heart 45.79 19.92 43.85 16.27
Liver 11.33 11.83 5.33 4.98

Table 5.4.Experimental counting rate of the LOAX detectotanted for the Livermore phantom and
different configurations of loaded americium ludysadding a point source at the level of the liver.

Loaded lung Right & Left Right Left Pulr:\(;(ta:rSrc.
Right 96.65 93.17 6.81 2.15
Detector Left 46.07 10.91 36.79 0.49
positioning  Heart 35.09 9.17 31.05 5.75
Liver 24.97 25.3 19.57 18.20
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e Lung activity estimate biasing

For the case when the point source was positiohéuedevel of the heart, Equation 5.5 and
data from Table 5.3 give the following relation:

116.92) _(2.63E-03 1.73E-04) ACtaii Lung
52.78 | | 3.05E-04 1.39E-03) | Act

This system gives an activity of 42.57 kBq in tight lung while the activity in the left one is
about 28.7 kBg. This indicates that the perturbatsmurce has significantly biased the
interpretation of measurements since the relativer @n the right lung activity was about
-23% (against -2.7% in the previous situation withthe point source). Nevertheless, this
result is also disappointing since it is difficati clearly identify the presence of such a
perturbation source. Indeed, the system does notluwde to abnormal results, such as a
negative activity in one organ for example, whichkes it difficult to say if the estimated
activity distribution is correct or not.

Left Lung

For the case where the point source was positiahdiae level of the liver, Equation 5.5 and
data from Table 5.4 give the following relation:

96.65) _(2.63E-03 1.73E-04) ACta Lung
46.07) |(3.05E-04 1.39E-03) | Act

This gives an activity of 35.07 kBq in the righttuwhile the activity in the left one is 25.51
kBq according to this system. The activity estimatemain within -1.3% for the right lung
and 0.8% for the left lung from the true lung aitiiés. From this result, it is difficult to even
notice the presence of such a perturbation souince she latter did not significantly bias the
measurement as it is located far away from thectiate

Left Lung

 Activity estimation of the perturbation source

To estimate the activity of the perturbation sou@esystem of three equations with three
unknown variables is defined. The experimental mesament obtained when the detector was
positioned over the point source was thus addetidégrevious matrix to get the necessary
three dimensional system.

First, for the case when the point source was jpositl at the level of the heart, Equation 5.5
and data from Table 5.3 give the following relation

116.92) (2.63E-03 1.73E-04 5.42E-04) ( AClygiiung
52.78 |=| 3.05E-04 1.39E-03 1.68E-04 |x| ACt 4 g
45.79 7.28E-04 1.24E-04 3.90E-04) | Act. <. en
This system gives an activity of 32.95 kBq in tight lung, 25.03 kBq in the left lung and

around 47.88 kBq in the point source. The relabias is thus about 4.8% on the right lung,
2.7% on the left lung activity and -27.3% for thairm source.

Next, when the point source was positioned at ¢vellof the liver, Equation 5.5 and data
from Table 5.4 give the following relation:
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96.65) (2.63E-03 1.73E-04 5.15E-05) ( ACtagniung
46.07|=| 3.05E-04 1.39E-03 1.16E-05 || ACt 4 ung
24.97) |7.28E-04 1.24E-04 4.37E-04) | Act,.c.iie

In this case, the activity in the right lung isie&tted to be about 34.26 kBq, 25.34 kBq in the
left lung and around 41.93 kBq in the point souanwhile, the relative bias on the

activity estimate is thus about 1 % on the riginiglul.5% on the left lung activity and -11.5%

for the point source.

Finally, the effect of detectors’ positioning ontigity estimation in the lungs and the
perturbation point source was studied. In this ceeinvestigation focuses on determining if
an operated bad detector positioning would be icgytaoticeable. For example, the activity
was estimated while using the data measured wheeddtector was positioned over the liver
while the point source was set at the level of hieart. In this case, Equation 5.5 and the
values from Table 5.3 give the following system:

96.65 2.63E-03 1.73E-04 5.42E-04) ( AClygniiung
46.07|=| 3.05E-04 1.39E-03 1.68E-04 |x| Act
24.97) \7.28E-04 1.24E-04 3.90E-04) | Act

Left Lung

Pct.Src.Liver

From this system, a negative activity is estimanethe right lung which definitely proves the
importance of detectors’ setup and positioning tmitor at best the contaminated organs.

As a partial conclusion, it was noticed that thevay estimate was biased by the presence of
the perturbation point source. Nonetheless, thelteesemain insufficient since it was very
difficult to conclude of the presence of such anpagource. Moreover, determining the
activity of the point source was delicate and tlusitooning of the detector facing the
perturbation source has proven to be crucial. Toee we recommend conducting
systematically 4 to 5 measurements with differesitedtor positioning to correctly handle
such situations.

l1l. Method validation with MC simulations

When determining the activity distribution for antaminated worker, the physical separation
of each organ’s contribution is impossible. Mont&rl€ simulations were thus introduced to
estimate the contribution of each organ and tordete the activity mapping.

Before extrapolating to a worker, the MC simulatiegsults were validated through a
comparison between the calculated contributionsthedexperimental ones obtained with the
Livermore measurements. The steps include a faditefaroduction of the conducted vivo
measurements and the calculation of the organdibomivn matrix for each considered
detector positioning.

145



Chapter 5: Activity mapping using in vivo spectrometry measurements and MC simulations

1.1. Reproducing in vivo measurements

Monte Carlo simulations of the experimenialvivo measurements were carried out with a
voxelized model of the Livermore phantom, createsnf CT scan images of the mannequin,
and with a validated model of the detectors.

To correctly apply the separation method, the drpamtal detector positioning must be
correctly reproduced in the MC calculations. Theref the various reference points of the
shielded measurement chamber were carefully usetktiermine the exact position of the
detector facing the phantom. During these experisjethe Livermore phantom was
positioned over a graph paper on which the outtihthe mannequin is marked (cf. Figure
5.5). The basis of the MCNPX model of the phantoas aligned with the origin of the used
graph paper. The LOAX detector was first positiomeér the right lung at (16.3; 25.9; 21)
and then over the left lung at (31.3; 25.9; 21)isTidentical detector positioning was next
used for MC simulations since no detector incliosi and tilts were operated (cf. Figure 5.4).

Figure 5.4.Visualization of the LOAX experimental positionifigft) and of the MCNPX simulated
one (right).

For each detector positioning, simulations weredcated by loading each lung alone since
only the matrix of organ contributions was requirétlie simulation results give the number
of counts collected in the detectors and normaliged starting particles, i.e. the counting
efficiency in countg/. This efficiency should be multiplied by the yietd obtain the
efficiency in counts/Bg to be used directly in thgstem. The total number of starting
particles was chosen so that the statistical keatrror remains always below 1%. Table 5.5
documents the simulation results for the considetetctor positioning and loaded lungs.
The data given in this table replaces the contidbumatrix obtained with the physical
separation of the counts since simulations areotilg mean available when estimating the
contamination of a worker.

Table 5.5.Simulated counting efficiencies (counts/Bq) foe tonsidered detector positioning and the
two configurations of loaded Americium lungs.

Loaded lung Right Left
Detector Right 2.73E-03 1.96E-04
positioning Left 5.17E-04 1.38E-03
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[11.2.  Activity estimation from simulations

From the data in Table 5.1 and the simulation tesaflTable 5.5, Equation 5.5 can be written
as follows:

97.84) _(2.73E-03 1.96E-04) ACtapi Lung
4586 |5.17E-04 1.38E-03) | Act

Left Lung

This system gives an activity of 34.38 kBq in tight lung and of about 20.35 kBq in the left
lung. The relative bias is thus about 0.7% on fghatrlung activity while it is as high as
20.6% on the left lung activity.

The observed relative bias on activity estimateanly due to cross fire situations when the
detector is not aligned with the loaded lung. Iis ttase, simulations are overestimating the
count up to a factor of 1.7 (i.e. 70%) for the leftg positioning of the detector and the right
loaded lung configuration (5.17E-04 against 3.08Ef6r measurements cf. Section 1l.1).

This error can have two origins: a shift in theedédr positioning and/or an error in the

detector modeling. The effect of each of these papameters was thus investigated to
improve the agreement between simulations and measunts.

.2.1. Optimizing the detector positioning

To study the effect of detector positioning on erdge counting efficiency, several
simulations were run while varying each of the damaites. For this case, £5 mm shifts were
progressively tested in each direction (X = rightdft side of the phantom, Y = back to front
of the phantom and Z = head to feet). First, shiftthe Y direction were considered alone
since this was the only parameter that was modifeetdring the detectors away from the
phantom when exchanging the contaminated lung$ighAtserror could have been done while
repositioning the detectors at the primary settifggsvertheless, the simulation results did not
concur with the measurements when only the Y doaclvas considered and shifts in the X
and Z directions were found to be necessary. Talledocuments the simulated efficiency
values and the difference between the measurereguits for various detector positions.

Table 5.6.Effect of the errors in the detector positionimgtbe simulated counting efficiency for
cross fire situations.

Coordinates Right Lung loaded Coordinates Leftd loaded
Efficienc Diff. Efficienc Diff.
XY z (counts/B)(/q) (%) XY Z (counts/B)(/q) (%)
31.3 26.4 21 5.27E-04 -72.46 16.3 26.4 21 1.99E-04-14.87
31.3 26.9 21 5.41E-04 -77.21 16.3 26.9 21 1.97E-04-13.58
31.3 25.9 20.5 4.77E-04 -56.27 16.3 25.9 20.5 203 -17.11
31.3 25.9 215 5.03E-04 -64.76 16.3 25.9 215 B-@% -8.20
31.8 25.9 21 4.74E-04 -55.32 15.8 25.9 21 1.83E-04-5.36
32.3 25.9 21 4.29E-04 -40.50 15.3 25.9 21 1.76E-04-1.47

These results prove the simulations to be diraetlgted to the operated detector positioning
with the left-right direction being the major parater influencing the cross fire counts. For
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the detector over the right lung and left lung sréise situation, small shifts in the X (-0.8

cm) and Y (+0.25 cm) directions reduced the diffieeeon the efficiency value to -1.35%.

However, for the left lung positioning, the primamglative bias was as high as -70% thus
leading to higher operated shifts. Indeed, to btirgagreement to within -1.9%, a shift of 2.5
cm in the X direction and of 1 cm in the Z directiwas necessary.

As a partial conclusion, errors of few millimeteos the detector positioning can be
considered reasonable and may be made uninterjichalng experiments. However, higher
errors involving several centimeters of shift frothe original position are totally
unacceptable. For this reason, reviewing the detenbdel seems necessary to try to explain
the observed differences between simulations arasurements for cross fire situations.

l.2.2. Improving the MCNPX model of detectors

In order to further improve the agreement betwernukations and measurements, the
thickness of the side dead layer was modified. I#es thickness increases, lesser particles
would get to the active cells of the detector amaefr counts would thus be collected in the
case of cross fire situations when the detectooisaligned with the contaminated organ.

The side dead layer thickness in the primary mofi¢he LOAX detector was of 1 um, this
latter was increased to 5, 10, 20 and 25 um. TalMedocuments the simulated efficiency
values and the difference between the measurenssolts for various side dead layer
thicknesses and cross fire situations. This tatdécates that the thickness of the side dead
layer has limited effect on the counts. Indeedinarease of the side dead layer thickness by a
factor 25 decreases the efficiency by about 3%edims thus that the efficiency drop is due to
a decrease in the crystal volume rather then aedserin the cross fire contributions. In
addition, the aluminum cap surrounding the detsctsrapparently sufficient to stop most
cross fire photons from getting to the crystal la¢ tonsidered americium energy. This
suggests that additional parameters, such as tangents for example, should also be taken
into account. It is hence most likely necessargdapt the front dead layer thickness not only
fore direct measurements but also for cross firentes To further improve the detector
modeling, new measurements are thus required Wwéhuse of point sources located off axis
to account for cross fire counts. However, this kweas not fulfilled since the detector went
out of service and the available time after repais insufficient for a complete remodeling.

Table 5.7.Effect of an increase in the side dead layer tigsk on the simulated counting efficiency
for cross fire situations.

Side dead layer Right Lung + Left detector Left Lung + Right detaict
thickness (um) Efficiency Diff. (%) Efficiency Diff. (%)
(counts/BQ) (counts/Bq)
1 3.21E-04 -5.26 1.83E-04 -5.50
5 3.19E-04 -4.43 1.82E-04 -5.15
10 3.16E-04 -3.56 1.80E-04 -4.15
20 3.14E-04 -2.80 1.80E-04 -3.75
25 3.12E-04 -2.26 1.79E-04 -3.34

148



Chapter 5: Activity mapping using in vivo spectrometry measurements and MC simulations

Nevertheless, the simulation results were consiti@reen using the 25 um thickness side
dead layer and shifted detectors set at (15.852@1) and at (33.8; 25.9; 21.5). In this case,
the activity estimate using MC results were agaithiw 5% to the true values.

As a partial conclusion, one can say that the s#jparmethod also works when Monte Carlo
calculations are used if the experimental measumésnare faithfully reproduced and the
detectors’ model valid. The positioning of the d#&tes remains the primary parameter
affecting the simulation. Nevertheless, it was fibtimat a review of the detector modeling can
sometimes be necessary to correctly account fasdite situations.

V. Applying the method for different counting systems

To test the effectiveness of the method in detengirthe activity distribution, different
counting systems with various loaded organs anwmadlides were considered. First, a study
using the CIEMAT counting system (Lopez-Ponte andvB 2000) with americium and
europium lungs was done. In a second study, theggffem was used with americium lungs
and a radioactive liver. This section summarizes eékperiments and introduces the main
results.

V.1 Feasibility study with the CIEMAT counting system

IV.1.1. Tools and methods: phantom, source and dettors

For these experiments, the IRSN Livermore phantoas wsed with CIEMAT lungs
containing both americium and europium. Here, we ghe results for europium lungs only
since americium has been used in the previousfstperiments. The europium activity, on
the measurement date, was of 5.02 kBq for the tigig and of 3.59 kBq for the left lung.
Because of these low activities, the measuremem tivas set to one hour to guarantee
statistically acceptable results for the 121 kedtphs.

The counting system is a four-germanium-detectyrstesn dedicated foin vivo lung
counting studies. In this system, detectors aregd in pairs and inserted in a lead shielding
to minimize the noise contributions to the courite Livermore was positioned to represent a
person seated upright with a 45% tilted chair. T&d gloser to real measurements, the
counting system was tilted in the head-to-foot #ftito-right directions to maximize the
counting and approach the measurement proceduosvém at CIEMAT (cf. Figure 5.5).

Tilts  Det. #1&#2 Det. #3 & #4

XX 0° 0°
Yy 17° -15°
7z 12° 14°
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Figure 5.5.Visualization and designation of the detectors thiedt positioning with various
angulations to cover at best the lungs.

As the counting system includes an array of fourmgsium detectors, a single measurement
provides four different counting spectra at fousitions. In addition, three spectra consisting
of the sum of counts of the four detectors andcthunts of the left (Det. #1 and #2) and right
(Det. #3 and #4) pairs are also given. Therefaaeheneasurement can be interpreted with as
high as 7 different experimental counting rates.aAsonsequence, multiple estimates of the
activity distribution can be given from one measueat.

IV.1.2. Measurement data and linearity check

Table 5.8 documents the experimental counting odti@ined for three configurations of
loaded lungs. Meanwhile, Table 5.9 resumes thelteesaf the linearity check which
represent, to a certain point, the limits of thevity estimate. Indeed, the minimum error on
the activity estimate using this measurement damaat be less than the error on the linearity.
The good linearity values of Table 5.9 indicatet thetectors were correctly repositioned at
the original setup after exchanging the lungs.

Table 5.8.Experimental counting rate (counts/s) obtainedlierCIEMAT four-germanium counting
system and different sets of loaded lungs.

Left & Right

Loaded organ lungs Left lung Right lung

Sum four detectors 23.94 8.67 15.49

Sum left pair 14.31 2.04 12.00
_ Sum right pair 10.38 6.63 3.54

Experimental

counting rate Detector 1 7.62 1.16 6.36
Detector 2 6.17 0.79 5.44
Detector 3 5.92 3.91 1.78
Detector 4 4.37 2.82 1.66

Table 5.9.Linearity check for the CIEMAT system and the @ted detector positioning.

Sum four Sum left Sum right Det. Det. Det. Det.

Detector det. pair pair #1 #2 #3 #4

Linearity error (%) -0.96 1.88 2.02 1.38 -0.92 3.92-2.55

IV.1.3. Activity estimation from measurements

To create a system of two equations with two unkmaativity values, two experimental
counting rates at two different detector positians required. Equation 5.5 used with the data
from Table 5.8 gives multiple possibilities to estite the activity.

First, using the experimental counts from each pidtetectors, the system is as follows:
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10.38) | 7.04E-04 1.85E-03) | Act

This gives an activity in the right lung of about® kBq and in the left one about 3.67 kBq.
These values are within -2.2% from the true vahedglating the separation method for the
CIEMAT counting system. It should be noticed tha¢ error on the activity estimate is, as
expected, of the same order of magnitude as tloe @nrthe linearity of the measurements.

[14.31}_(2.395—03 5.68E-04Jx[Actmgmung j

Left Lung

Table 5.10 documents the activity estimation rasuthen different experimental
measurements with several detector positions aeel.uShese results prove that, for the
method to work, detector positioning should be ftdisechosen. Indeed, from this table, it is
clear that crucial errors, up to 75%, can be mabemwestimating the activity distribution if
the detectors positioning is not adapted to theakdbcation of the contamination. In this
case, the contribution of one organ is dominantnwt@mpared to others and thus the method
fails to give satisfying activity estimates for theyans having the lowest contributions.

Table 5.10.Activity estimates and differences to referenceies for various combinations of
detectors’ counts.

Act. Right Lung Act. Left Lung

Detectors combination (kBa) Diff. (%) (kBa) Diff. (%)
Det. #1 — Det. #2 4.43 11.8 6.25 -74.1
Det. #1 — Det. #3 5.05 -0.6 3.80 -5.6
Det. #1 — Det. #4 5.15 -2.7 3.40 55
Det. #2 — Det. #3 4.92 2.0 3.84 -6.9
Det. #2 — Det. #4 4.99 0.5 3.46 3.6
Det. #3 — Det. #4 1.26 74.9 5.03 -40.1

IvV.1.4. Activity estimation from Monte Carlo simulations
« Reproducing the experiments and detectors setup

MC simulations were used to estimate the contribbutof each organ to the count. To
correctly do this, the experimental setup was faith reproduced. In this particular study,
both the detectors and phantom were tilted to hpre the typicain vivo measurement
protocol used at CIEMAT. This setup is far more ptewr than the previous one (realized at
IRSN) and requires careful angular calculation definition using the MCNPX translation
card. Moreover, to faithfully reproduce the meamgnrts, the detector modeling was
reviewed. Indeed, the used detectors are mountddnwa lead shielding which sensitively
reduces cross fire contribution. However, the @xgsmodel was given without the shielding.
The latter was thus modeled with MCNPX. Figurerefresents the MCNPX translation card
with a visual of the lower pair of detectors reatiaising the MCNPX plotter.
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trl 14 .5 28 63 17 -0 0757 0. 2475 0. 9650
-0.2824 0 9237 -0.2588
-0.9563 -0, 2924 0.00

tr2 31 28 63 17 0.0582 02173 0.9744
0.2522 0.9412 -0, 2250
-0.9659 0.2583 0.00 T

Figure 5.6.MCNPX translation card and visualization of thevéw pair positioning (shielding in
yellow).

Table 5.11 documents the simulation results obthifer each of the four germanium
detectors and europium lungs. This table cleartlicaies that sensitive positioning errors
were done when reproducing the measurement conglitithis calls into question the method
used to determine the experimental positioningoaigih strong effort was done to correctly
assess the coordinates and tilts of each detddt.is mainly due to the fact that positioning
measurements were taken with reference to thedgdelhamber and not the phantom itself.

Table 5.11.Simulated counting efficiency for the CIEMAT deties and difference to reference
values.

Detector #1 Detector #2 Detector #3 Detector #4
Efficiency Diff.  Efficiency Diff.  Efficiency  Diff. Efficiency Diff.
(counts/Bq) (%) (counts/Bq) (%) (counts/Bg) (%) (counts/Bg) (%)

Right lung 1.38E-03 -8.7 1.18E-03 -8.9 4.72E-04 133 3.56E-04 -7.7
Left lung 1.83E-04 43.2 1.02E-04 53.5 9.63E-04 11.35.06E-04 35.6

« Activity calculation and comparison to real a one

The experimental counting rates are used to gigetlerall counts of the detectors while MC
simulations give the contribution of each loadedaor. Considering again the count of the
right and left pairs of detectors, the system camvhtten as follows:

14.31) (2.56E-03 2.85E-04 y ACtzight Lung
10.38) (8.28E-04 1.47E-03 ACt et Lung

This gives an activity in the right lung of aboul3 kBq and in the left one about 4.17 kBq.
These values implicate a relative bias of abou®e16r the left lung activity estimate. When
comparing the simulation results in Table 5.11 he tmeasured values of Table 5.8,
substantial differences are noticed. Indeed, thar & not only due to cross fire contributions
but also to direct situations where the detectomligned with the loaded organ. Thus,
detectors’ positioning should be improved to optienihe activity distribution assessment.

 Detector positioning improvement

To render the simulations more realistic, the wimdused on repositioning the detectors to
improve the correspondence between simulationsragasurements. Considering the data in
Table 5.11, detectors #1 and #2 are found to hawdas differences to the measurement
results. This indicates that an adjustment in #tector positioning should similarly affect the
two detectors and contribute to improve the agreémeetween simulations and
measurements. However, for detectors #3 and #4ertioe is not equally balanced between
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the two detectors. This indicates that a probabler ®n the operated tilt was done along with
the positioning mismatch. Therefore, to study tffeat of detector positioning on counting
efficiency, shifts in each of the three directiomsre first operated and then small variations
in the tilts were tested (in the head-to-feet aititb-right directions).

Appendix D.1 documents the simulated efficiencyueal of the four detectors and the
differences to measurements. These results progectimplexity of the used detector

positioning and the errors inherent to the methselduto record the experimental positions.
Besides, it was noticed that when a positioningrowpd the agreement for the right lung
configuration, the results were far from being gtable when the left lung was used alone
(and vice-versa). Thus, detector positioning wasdifor each configuration independently to
guarantee an agreement between simulations andureesnts within 5%. For the left pair

(detector #1 and #2) and the right lung configaratiretrieving the detectors by 0.5 cm (in
the Y direction) was enough. In this case, thel fpwsitioning was (14.5; 29.13; 17) and the
original tilts were maintained (17° in the headf¢et direction and 12° in the left-to-right

direction). However, for the right pair (detect#3 and #4) and the right lung configuration,
the final positioning was set at (32.5; 28.63; 48Jl the tilts were (19°; -15°). Meanwhile, for

the left lung configuration, detectors #1 and #2enget at (18.5; 28.63; 13) with the original
tilts (17°; 12°); whereas detectors #3 and #4 wWeraly positioned at (34.5; 27.13; 15) and

the original tilts were maintained (14°; -15°).

With this improved positioning of detectors, theas@rement results and Equation 5.3, the
right and left lung activity estimates were witldrv% to the true values using detectors 2 and
4 data. This partially validates Monte Carlo cadtidns as a tool to determine the
contribution of each contaminated organ to the tadawever, since the detector positioning
required sensitive reconsiderations, no furtherutations of the CIEMAT measurements
were considered. Meanwhile, it should be noticeat tthe available CIEMAT model of
detectors did not include any side dead layer. Nbekess, the adding of a side dead layer
was considered to remain of limited interest beeao$ the shielding surrounding the
detectors and no detector modeling corrections wedertaken for these experiments.

To conclude, the detector positioning used in #iigdy is the routinen vivo positioning
protocol used at CIEMAT and maximizes the count€eidetectors cover at best the lungs.
Nevertheless, this positioning revealed to be w@mplex and difficult to reproduce using
MC simulations. Therefore, it is prefable to usen@e and easy to reproduce detector
positioning whenever it is necessary to use theeldged method with MC simulations in
order to determine the activity distribution. Ind&bn, measurement uncertainties including
those on the source activity and measurementtstatshould also be considered with caution
when comparing simulation results to measurement.

IV.1.5. Investigating the effect of a perturbationsource

Next, a 30.5 kBg°>%Eu point source was added to bias the count arsiutdy the effect of
such a perturbation on the activity mapping. Farthedetector positioning, 3 measurements
were done with different configurations of loadedds and a perturbation point source.
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» Measurements with a perturbation point source
At first, the point source was positioned on tHedele of the phantom at the level of the liver
relatively away from the detectors (cf. Figure 5This positioning was operated because of
the huge activity of the perturbation source (3(B8]) when compared to the activity of the
lungs (no more than 9 kBqg for both lungs togethdrr)was believed here that such a
positioning would bias the result while remainimgighly acceptable; that is a contribution of
no more than 30% to the count.

A N 4/ A //

Figure 5.7.Operated positioning of tH&Eu point source on the left and right side of thaiom at
the level of the liver.

Table 5.12 gives the experimental counting ratdained with the point source and different
combinations of radioactive lungs. A simple comgani with the data of Table 5.8 gives the
effect of the perturbation source and its contrdouto the counts. For example, when the left
lung was loaded alone, the point source broughtited®% of the counts collected in detector
#4 which was set directly over this lung.

Table 5.12.Experimental counting rate (counts/s) obtainedherCIEMAT four-germanium
counting system and different sets of loaded luigis the adding of the point source on the lefesid
of the phantom.

Left & Right Left lung Rightlung +
lungs + Pt. Src. + Pt. Src. Pt. Src.

Loaded organ

Sum four detectors 29.45 13.45 20.79

Sum left pair 15.23 3.09 13.19

) Sum right pair 14.00 10.37 7.22
Experimental

counting rate Detector 1 7.91 1.49 6.77

Detector 2 7.08 1.62 6.34

Detector 3 6.79 5.12 2.82

Detector 4 7.17 5.44 4.35

In a second step, the source was shifted to tim sige of the phantom and maintained at the
level of the liver (cf. Figure 5.8). Similarly, Tk5.13 gives the experimental counting rates
and indicates the effect of the perturbation sowvith the new positioning and its relative
contribution to the counts.

154



Chapter 5: Activity mapping using in vivo spectrometry measurements and MC simulations

Table 5.13.Experimental counting rate (counts/s) obtainedtierCIEMAT four-germanium
counting system and different sets of loaded lwaigfs the adding of the point source on the righesi
of the phantom.

Left & Right Leftlung Right lung +
lungs + Pt. Src. + Pt. Src. Pt. Src.

Loaded Organ

Sum four detectors 29.16 13.64 19.67

Sum left pair 17.31 5.81 15.15

_ Sum right pair 11.45 8.30 451
Experimental

counting rate Detector 1 9.11 2.59 7.61

Detector 2 8.52 3.15 7.35

Detector 3 6.38 4.31 2.07

Detector 4 5.15 3.77 2.64

« Activity estimate with the perturbation source

From the data of the left (Det. #1 and #2) andtr{gret. #3 and #4) pairs of detectors given in
Table 5.12, Equation 5.5 can be written as follows:

15.23) _(2.39E-03 5.68E-04) (ACluguiung
14.00) |7.04E-04 1.85E-03) | ACl.qiung

This system gives an activity of 5.03 kBq in thghtilung and of about 2.34 kBq in the left
lung. The relative bias is thus about -0.25% onrtpkt lung activity while it is as high as
34.8% on the left lung activity. In this case, pant source was positioned at the left side of
the phantom and therefore the main biasing cam¢héoteft lung. Table 5.14 documents the
activity estimation results for the different comaiions of detectors with the perturbation
point source positioned at the left side of thenpbin. The similar method was followed to
determine the impact of a change in the point soynasitioning on the activity estimate.
Table 5.15 documents these results and clearlganel that the activity estimate was mainly
biased for the lung located on the same side optiret source.

Finally, the point source activity estimate wasestigated. The obtained results show that
negative activity values can be obtained for thintpsource when using detectors 2 and 4
(lower pairs) which are highly biased by the preseof such perturbation source.

Table 5.14.Impact of different possible combinations of dates on the activity estimates and on
their differences to the reference values wheniat gource was added on the left side of the

phantom.
— Act. Right e 1o Act. LeftLung ... o
Detectors combination Lung (kBq) Diff. (%) (kBa) Diff. (%)
Det. #1 — Det. #2 7.49 -49.25 -5.29 247.22
Det. #1 — Det. #3 5.00 0.32 2.80 22.22
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Det. #1 — Det. #4 5.35 -6.53 1.68 53.32
Det. #2 — Det. #3 4.55 9.41 2.98 17.21
Det. #2 — Det. #4 4.92 1.92 1.92 46.57
Det. #3 — Det. #4 -1.95 103.88 4.85 -34.92

Table 5.15.Impact of different possible combinations of détex on the activity estimates and on
their differences to the reference values wheniat gource was added on the right side of the

phantom.

Detectors combination Iﬁ (;;[g Fagg) Diff. (%) Act. (Lker;)Lung Diff. (%)

Det. #1+2 — Det. #3+4 3.89 22.57 3.45 4.09
Det. #1 — Det. #2 6.77 -34.90 -1.6 144.53
Det. #1 — Det. #3 4.16 17.02 3.88 -7.93
Det. #1 — Det. #4 4.83 3.80 2.48 30.89
Det. #2 — Det. #3 3.32 33.77 4.17 -15.98
Det. #2 — Det. #4 4.12 17.97 2.84 20.96
Det. #3 — Det. #4 -2.56 150.97 6.19 -72.29

As both experiments realized at IRSN and CIEMATefito give satisfying estimates of the
perturbation point source activities, one can wonftithis method would still hold when the
number of loaded organs increases. Although pauatces were glued to the phantom, these
could be slightly shifted when repositioning thesto compounds of the Livermore. Thus, it
was difficult to make sure that this was not happgmnd the doubts were increased and even
founded when considering the poor linearity of tesults obtained each time a point source
was introduced (cf. Tables 5.12 and 5.13).

IV.1.6.  Activity estimate from other energy lines
The used CIEMAT lungs were loaded with americiund a@uropium at the same time.
Therefore, the americium X and gamma emissions aisie used to test the effectiveness of
the method in determining the activity distributiofhese lungs enable a direct and clear
comparison of the activity estimates when usinfed#int energy lines since for each detector
positioning, the acquired counts contained bothramen and europium spectra. Appendix
D.2 documents the experimental counting rate (gnobtained for the americium lungs.
this case, the determined activity values werelaser agreement when compared to the
europium lungs. Indeed, the best activity estimatéh europium were within 4% (when
using the counts of Det. #2 and #4) while for agiem the best estimate was within 1.3%
(when using the counts of Det. #1 and #4). Thisnanly due to the sensitive activity
difference between the americium and europium Ifdgsagainst 9 kBq respectively) which
involve higher statistics and thus lesser uncetitzsn
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V.2. Feasibility study with the KIT counting systan

The method was next tested to ensure its functgpfinthe counting system of the Karlsruhe
Institute for Technology with a different protocahd one additional loaded organ. In this
case, if the method works with three loaded orghaes it will be considered to hold for as
many organs as necessary.

IvV.2.1. Tools and methods: phantom, source and dettors

The Livermore phantom was also used in this stuitly & set of americium lungs of 49 kBq
and 36 kBq for the right and left lung respectivahd a liver of 85 kBg. Moreover, a point
source of 37.6 kBq was added to bias the measutenagrd quantify the impact on the
activity estimate. A voxelized model of the Liverragphantom with its various organs is
available for MC simulations.

Furthermore, a high purity germanium counting sysigas used for these measurements.
The positioning of the detectors was carefully ddo find the most appropriate positions
for an optimal separation of the contribution ofle@rgan. Consequently, the distributions of
the particle tracks were simulated for each orgeaéd alone using a Mesh-based MCNPX
tally calculation. Then, the tracks were plotted ings the ParaView
(http://www.paraview.org/ data analysis and visualization platform. Theigmsng of the
detector was chosen so that the number of partadesng from each organ was fixed. For
example, the detector was aligned over the livesrder to have 80% of the photons coming
from this organ, 15% coming from the right lung &% only from the left lung (Figure 5.8).
Similar operations were made to choose an accumatk appropriate positioning for the
detector when facing the right and left lungs. Fiha MCNPX model of the used detector
previously validated (Marzocchi et al. 2010) wasdufor this study.

Figure 5.8.Plot of particles tracks with the ParaView softeveepresenting different organ
contribution curves: Left: Liver and right lung Wi80-15% proportion; Right: Liver, right lung and
left lung with 80-15-5% proportion.

IvV.2.2. Measurement data and linearity check

Table 5.16 documents the experimental counting fateints/s) obtained for the three
configurations of loaded lungs. The linearity chee#ts again conducted before using this
measurement data to estimate the activity disiobut
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Table 5.16.Experimental counting rate (counts/s) obtaingdlatfor different detector positioning
and various organ configurations.

Liver, Right Lung and

Loaded organ Left lung Liver Right Lung Left Lung
Detect Liver 182.42 150.59 28.18 2.72
etector ,
positioning Right 147.05 28.68 108.55 11.15
Left 85.50 15.46 21.39 50.48

The linearity was guaranteed within 3% (cf. Tablé7} indicating that small errors have
occurred while repositioning the detectors. Theseorg remain negligible and the
measurements were used to obtain the activityiloligion.

Table 5.17 Linearity check for the KIT system and the opeadatetector positioning.

Detector positioning Liver Right lung Left Lung

Linearity error (%) 0.51 -0.90 -2.14

IvV.2.3. Activity estimation from measurements
From the data in Table 5.16, Equation 5.5 can htemras follows:

182.42) (1.77E-03 5.75E-04 7.57E-05) [Act,,,
147.05/=| 3.37E-04 2.22E-03 3.10E-04 [X| ACtyymiung
85.50 ) (182E-04 4.36E-04 1.40E-03) | Act

Left Lung

This system gives an activity of 85.75 kBq for tliner with an error of -0.9% when
compared to the actual activity present in therlivdeanwhile, for the right lung, the activity
is estimated to be about 48.46 kBq (difference.a#d to the true value) and for the left lung
34.76 kBq (difference of 3.4% to the true value).

These results clearly indicate the successful egijpdin of this method when considering a
different counting system, positioning and a déferset of contaminated organs with various
activities and contributions. As the method was destrated to work with two and three

organs, it is expected here that it would also Holdsituations involving even a higher

number of contaminated organs.

IvV.2.4. Activity estimation from Monte Carlo simulations

MC simulations were again used to estimate theritnriions of each organ by reproducing
the experimental setup. In this particular study positioning of the detector over the
phantom was recorded using devoted position seas@aitable in the shielded chamber. This
should significantly improve the precision whenitakthe positioning and would contribute
to obtain better results. Table 5.18 documentsitmelated contributions for the KIT system.
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Table 5.18.Simulated counting efficiencies (counts/Bq) obealirat KIT for different detector
positioning and various organ configurations.

Loaded organ Liver Right Lung Left Lung

Liver 1.57E-03 4.28E-04 2.36E-05

Detector — pignt 2.88E-04 1.85E-03 2.47E-04
positioning

Left 1.51E-04 3.30E-04 1.20E-03

From the experimental data in Table 5.16, the satih results presented in Table 5.18 and
Equation 5.5, the liver activity was estimated &about 99.67 kBq. The activity of the right
lung was found to be about 58.27 kBqg while the liafig contained 42.68 kBg. These involve
differences to the reference values of about -E3.8&r the liver, -18.93% for the right lung
and -18.56% for the left lung.

Although a sophisticated system was used to lotealetector over the phantom, sensitive
differences were observed when comparing the medsumtribution matrix to the simulated
one and not only for cross fire situations but also direct simulations (source-detector
aligned). This was extremely disappointing and d¢aths a necessary to reinvestigate the
effect on counting efficiency of both the MCNPX nebdf the detector and its positioning.

e Improving the detector positioning

In the case of the KIT measurements, a simplifiegector positioning was operated with no
inclinations or tilts. Therefore, the work focusea repositioning the detectors to improve the
correspondence between simulations and measurefgrmgerating multiple shifts in each
of the directions.

Appendix D.3 documents the simulated efficiencyueal of the detector at the different tested
positions and the differences when compared to unea®ents. In this case, it was shown that
shifts of 3 to 6 cm were sometimes necessary toghtie agreements to within 5%. Such
changes remain unrealistic and unacceptable arstignehe validity of the detector model.

e Improving the detector model

The simulation disagreement with measurements es/dke validity of the used detector
model although the latter was reviewed and upgraggdg a CT scan of the detector
compounds. Therefore, point source experiments wettentric detector positioning were
considered and measurements were done. In this tt@ssource-detector distance was set at
15 cm and the point source was shifted up to 2ofraxis. Then, the same experiments were
simulated with the detector model and calculatédiehcies were compared to the measured
values. The first results show that the side dagdrlthickness should be increased from 0.6
to 1 mm to guarantee a relative bias within 2% @voss fire simulations. Further
investigations are necessary to fully explain thesesved differences. Indeed, different
source-detector distance should be considered lmgdint source validated model should
also be tested for the phantom before considerwagidation (Bremaud 2011).

IV.2.5. Investigating the effect of a perturbation source

A perturbation source was next added to bias thesorement and study its effect on activity
determination. This perturbation source was pas#ibon the basis of the heart (cf. Figure
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5.9) to simulate a contaminated lymphatic node Wwhi@s not taken into account when
considering the hypothesis on activity distributidinis positioning was chosen again using
the ParaView platform_(http://www.paraview.orgThe MC Mesh tally track simulation
helped assessing the point for which each orgaalgogeontributes to the count (33% of the
total counts). When the perturbation source wasipoed at this particular point, it equally
biases the measurements for any detector posigofigble 5.19 documents the experimental
counting rate (counts/s) obtained for the threefigarations of loaded lungs when the point
source was added.

Figure 5.9.Positioning of the point perturbation source ofemtaat KIT. Left: simulated tracks to
determine the position for which there is an eguaaltribution of each organ; Right: positioning
within the Livermore phantom.

Table 5.19.Experimental counting rate (counts/s) obtaingdl@tfor various organ configurations
when the point source was added.

Liver, Right Lung, and

Loaded organ Left lung Liver Right Lung  Left Lung
Detect Liver 189.03 154.61 31.27 9.24
etector .
positioning Right 150.67 34.08 116.19 16.51
Left 92.02 22.03 27.45 56.88

From this table and using Equation 5.5, the livaivéy was estimated to be about 89.1 kBq
while for the right lung it was found to be abo®t kBq and about 38.8 kBq for the left lung.
These activity estimates involve differences to téference values of about -4.9% for the
liver, below -0.1% on the right lung and about 9%.8or the left lung. The point source
activity is comparable to the ones of the useddumgd was thus expected to lead to far more
conclusive results. Moreover, the point source gaefully positioned so that it significantly
biases the results for the operated detector pasit but this was not fulfilled either. Indeed,
Table 5.19 indicates that the introduced point seunduced only a 3.5% increase in the
number of counts per second for the liver deteptmitioning. This increase was about 7.6%
for the left lung, and only 2% for the right lunghis explains the small effect on the right
lung and liver activity estimates and the more #imeseffect on the left lung activity
estimate. The positioning of the source was in@bsece it did not equally bias the counts.

IV.2.6. Alternative detector positioning
In the previous studies, detectors’ positioning wlaanged to simulate an erroneous setup and
study its effect on the count. In this case howeaesecond detector was used simultaneously
while realizing experiments and an alternative pmsing was operated with the detector set
on the side of the phantom (cf. Figure 5.10). Theecdor was hence positioned facing the
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loaded organ on the right side of the phantom witkeiv centimeters from the skin first near
the liver then near the right lung and finally dre tleft side of the phantom facing the left
lung. Table 5.21 documents the experimental cogmiate (counts/s) obtained for the three
configurations of loaded lungs and the second tlatec

Figure 5.10.Detectors positioning operated at KIT.

Table 5.20.Experimental counting rate (counts/s) obtainedl@tfor the new detector positioning
and the various configurations of loaded organs.

Liver, Right Lung, and

Loaded organ Left lung Liver Right Lung Left Lung
Detect Liver 255.94 187.03 70.44 2.13
etector .
positioning Right 177.94 46.68 126.58 7.10
Left 80.25 15.98 5.33 58.62

From this table and Equation 5.5, the system gitliregactivity distribution can be written as:

255.9 2.38E-03 1.54E-03 7.49E-05) ( Act,.,
177.94|=|5.49E-04 2.58E-03 1.97E-04|X| ACtyy ung
80.25 188E-04 1.09E-04 1.63E-03) | Act,q g

In this case, the liver activity is estimated todi®ut 82.8 kBq while for the right lung it is of
48.5 kBqg and for the left lung about 36.5 kBq. Tehésvolve differences to the reference
values of about 2.6% for the liver, 1% on the rigihig and -1.3% for the left lung. These
values are of the same order of magnitude as tbbs&ined with the previous detector
positioning. This indicates that both counting d¢guafations were adapted for the
measurements as each detector positioned on top tire side of the phantom was covering
at best the monitored organ and collecting witloadgefficiency the emitted radiation.

V. Discussion and Conclusion

This study proved thain vivo spectrometry measurements, when combined to MC
simulations, is an efficient tool to determine #mivity distribution within the body. This is
particularly important in the case of complex comtsations and wounds where little
information on the intake is available.
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To determine the activity distribution inside thedy, the developed method uses the
mathematical equation relating the experimentalntaa the activity through the counting

efficiency coefficient. This coefficient representee contribution of each potentially

contaminated organ to the count for a given detqmigitioning. When monitoring a nuclear

worker, however, it is impossible to isolate a givergan and to determine the emitted
radiation. This is where Monte Carlo simulationsneointo play to calculate the contribution

coefficients.

The feasibility of the method was first experiméigtéested using the Livermore phantom
that enables a physical separation. The obtainsdltseshowed the effectiveness of the
method in determining the activity distribution ierrors below 5%. Next, the Monte Carlo
simulations were used to reproduce the Livermorasuements and validate the calculations
as a tool for determining the activity distributidn this case, the modeling of the detector
and its exact positioning over the phantom werenéoto require additional care. Indeed, the
simulation results often showed differences, u2@®o, on the activity estimates. After the
correction steps, the simulation results were sgebt improved as the relative bias dropped
to within 5%. Finally, the method was tested foffedient counting systems, different
radioactive elements and up to three simultaneoushytaminated organs. The obtained
results further prove the effectiveness of the metlegardless of the measurement protocols.
It must be noted that the larger differences onaittevity estimates remain of the same order
of magnitude as uncertainties usually found for-Ewergyin vivo measurementsA more
detailed study on the conditioning of the matrixsteyn, used to assess the activity, could
provide more insights into the uncertainty and werice intervals for the assessed activities.

Moreover, the measurement conditions were investighy including a study of the impact
of a bad detector positioning on the activity estien the effect of a perturbation source and
also an error on the activity distribution hypotisdsased on biokinetic models. Nevertheless,
some improvements remain necessary especially ningethe measurements, the choice
and positioning of the detector and that of theysbation source.

V.1. Measurements and MC simulations

For the measurements, special care should be taienaccount when exchanging the
radioactive organs to guarantee the linearity ef élxperimental counting rate. Indeed, this
check represents to a certain point the lower liafitthe error on the activity estimate.
Moreover, the positioning of the detector over fifeantom or the contaminated worker
should be carefully recorded. The use of concrete raliable anatomical references could
sensitively improve the reproducibility of the messment conditions when running MC
simulations.

For the simulations, an accurate reproduction efrtteasurement conditions and particularly
of the detector positioning is essential. The satiah results, in the three cases of this study,
have clearly highlighted the impact of the detegtositioning on activity estimates since
shifts of few centimeters (<3 cm) were equivalemtre¢lative bias of up to 70% on the
simulation results (when compared to measuremevit®eover, the modeling of the detector
should be carefully revised. Indeed, the use offpgdurces when characterizing the detector
remains insufficient when considering only diredtots and no cross fire situations.
Furthermore, a study conducted at LEDI has showhaldetector model with a perfect match
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for point sources, i.e. simulation result within 186 the measurements at the considered
energy range, is not always adequate for phant@&mesraud 2011). This means that detector
modeling can be complex since the user should itiegfmfind a compromise between point
source and phantom measurements.

V.2. Choice of the detector and positioning

When adapted experimental measurements are aaithbl developed method demonstrated
a good effectiveness in determining the activitystrdbution following an internal
contamination. The number of measurements, howesleryld be equal to the number of
monitored organs. To reduce the uncertainties dwerors on detector positioning, it would
be even better to use several counting configuratitb process the results of several
experiments. Indeed, the higher the counting sigisvere, the better the activity estimates
agreed with the true values and thus the methodrbeanore efficient.

Moreover, the operated detector positioning in tdomducted measurement experiments
reproduced typicain vivo pulmonary measurement protocols and configuratibltsvever,
the exam protocol is expected to be improved bxitgp for detector positions enabling a
better separation of organs’ contribution. The aé&lonte Carlo simulations to study the
track-distribution of the particles for each soumm@an represents a promising solution.
Indeed, plotting the tracks with ParaView (casethed experiments at KIT) gave a fairly
realistic idea on the particle flux outside the mtioan. This helped positioning the detector in
order to obtain a well-defined contribution propamtfor each organ. This method could be
systematically used to find the optimal detectosiponing whenever an accurate activity
distribution should be assessed.

Finally, the use of a reduced-size detector englihe mapping of a region of interest should
be considered for wounds for example. Indeed, Withuse of X-ray Passivated Implanted
Planar Silicon detectors (X-PIPS) for example, gy \ienited noise contribution is registered
and a focalized measurement with high resolutionbEdone. This would definitely improve
the activity estimate within the monitored regiomce close detector-source spacing is
operated with this type of detector (Broggio et28l09).

V.3. Choice of the point source positioning

When introducing a point perturbation source indige phantom, its positioning should be
carefully selected. Indeed, the positioning of gwnt source should be done taking into
account its activity and strength when compareth&activity of the other loaded organs.
Moreover, a more realistic positioning should beraped if the point source is intended to
represent a contaminated lymphatic node. Besitlebpuld always be kept in mind that point
sources cannot faithfully reproduce any contamamasince the extent of the contaminated
volume is not represented. The volume of the sour¢bee monitored region remains indeed
of significant relevance to represent at leastetfiect of an activity concentration. Finally, it

is very difficult to make schematic assumptiongtwalocation of the lymph nodes in the MC
model of the phantom. Moreover, local measuremesiag germanium detectors have
proven that the source-detector distance is a npgameter affecting the MC representation
of such point sources (Breamaud 2011; Gualdriai.€2000).
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|. Synthesis

I.1. Treatment chain for numerical calibration

The nuclear industry is witnessing an increaséédommunity of female workers for whom
an adapted monitoring is required. As a matteraof,fthein vivo measurement installations

are typically calibrated using a male physical ibham Monte Carlo simulations have proved
to efficiently improve the calibrations by the meainvoxelized numerical phantoms created
from medical images. However, voxel grids are rigiductures that are very difficult to

deform in order to modify the geometry and the bskgpe. Mesh and NURBS 3D modeling
techniques were introduced here to create real@siit deformable phantoms in order to
optimize the monitoring of female workers.

A library of 24 female torso models representing thost common female morphologies was
developed using the Rhino 3D modeling softwarerti@ from the new ICRP adult female
reference computational phantom, a deformable toose model was designed using Mesh
and NURBS representations. The core model wasdbfarmed to realize the morphological
variations. The work focused on changing cup sthest girth and internal organ volume to
study their effect onn vivo lung counting measurements. To realize cup sizngh, the
recommendations by Turner and Dujon (2005) weteviad to establish the target weight of
each cup size depending on the chest girth. Thaadetonsisted in deforming the NURBS
breast surfaces using the control vertices of ghie&s. For internal organ resizing, autopsy
data (Clairand et al. 2000) was used to link irdeergan volume to the total height of the
subject. All the operated size modifications insthgirth and in breast size involved adipose
tissue addition. The library was also compared xistieg models (Hegenbart et al. 2008)
which were also created using BREP representatindshe Rhino 3D modeling tools.

The developed library was next used to realizentlmaerical calibration of the AREVA NC

in vivo counting installation. The simulated efficienciies each model wee compared to
typical counting efficiency values obtained witkethivermore male physical phantom and
correction coefficients were deduced to accountheradditional radiation attenuation due to
breasts. The obtained results showed that errorso 0% on the activity estimate, and
consequently on the dose calculation, were intreduat 15 keV when using the typical
Livermore-based calibration coefficients. The higtie energy is, the lower the error on the
calibration coefficients becomes since attenuatiecreases with increasing photon energy.

Next, counting efficiency variation with energy antbrphology was put into equation to
enable a reliable estimate of the morphologicakdéepnce of lung counting efficiency fior
vivo female monitoring studies. The developed equatdes into account the difference in
the loaded organ volume and in the chest wall tiesk to define the morphological effect.
This equation uses also the energy-dependent nissiation coefficient of adipose tissue
and was tested against simulated data, measuradaddtpublished results. Starting from a
measured Livermore male curve, indications wereemgito calculate the calibration
coefficients of any female subject. The equatiors wpplied for the AREVA NGn vivo
counting installation and a table was given whidiirces the correction coefficients to be
used each time a female subject is monitored depgiah its cup size and chest girth.
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Furthermore, to optimize the numerical calibratitre work’s main focus was to accelerate
Monte Carlo calculations by the mean of variancelucgion techniques, geometry
simplification operations and by the developmentaoUnix/Linux script to automatically
process the MC output file. Several variance radnanethods were tested on two voxelized
phantoms representing respectively the Livermoreehand the torso of the ICRP reference
female (a more complex model with a higher numtestaictures). The study focused on
improving the simulation time and on reducing theistical relative error while maintaining
unbiased results (when compared to values obtaindut variance reduction). The source
biasing -of both emission probabilities and direcs- and the forced collision methods were
found to give satisfying results, since the simatatime was sensitively decreased, and to be
easy to use for routing numerical calibrations. &wer, the combination of these cards
proved that they are working cooperatively andtaltthme reduction factor of about 16 was
obtained. Other methods like weight windows, aalbortance and exponential transport were
found to be more delicate for a routing usage dmdved poor results when investigating the
simulation time reduction. Finally, it was noticttht the methods worked similarly for both
phantoms regardless of the existing differenceatedl to the number of structures, the
number of voxels and the voxel dimension. Geomstmplification operations included
adding void plans and reducing the total numbervafels in each phantom. These also
reduced the simulation time by a factor of aboliu? were recommended to be used with
caution as the scatter contribution and the vogsblution are lost with these geometrical
modifications. Finally, a script using the Unix/ux bash tools was developed to
automatically transform the Monte Carlo tally réstihto a calibration curve and give 4 6
order polynomial equation defining the countingaéincy variation with energy.

1.2. Management of complex contaminations

In vivo measurements are often done under the hypothesikwown activity distribution.
However, the problem arises for wounds or complentaminations where several
radionuclides can be incorporated for which vetieliinformation on the nature, size and
solubility type are available. For such situatiothstermining the activity distribution remains
delicate. The work focused thus, on developing ¢ghotefor the activity mapping using both
in vivomeasurements and Monte Carlo simulations.

The developed method is a three step process vinstr@a whole bodyin vivo counting is
done and the measured spectrum is analyzed toifidéme incorporated radionuclides and
determine the primary and the long-term retentisgans using biokinetic models. The
second step involves the choice of the most adagadting system according to the energy
of the radionuclides and the positioning of theedtdr to cover at best the retention organs or
tissue. The final step includes the vivo measurements and the use of Monte Carlo
simulations to separate the contribution of contet®d structures. Fromn vivo
measurements, the experimental counting rate igirea. This rate is equal to the sum of
counts emitted from several source organs in thaitor@d region and collected in the
detector. The contribution of each organ to theeexpental count is provided by MC
simulations.

The method was first tested and validated usingeexyents with the Livermore phantom,
americium lungs and a LOAX germanium detector. Expental measurements with such a
phantom make the physical separation of the cantdb of each organ possible. Indeed,

166



Chapter 6: Synthesis, Discussion and Perspectives

when for a real subject it is impossible to isolatgiven organ and measure it alone, this is
feasible using the Livermore phantom. From the mmemmsents, it was observed that the
developed method for activity mapping holds sincévdy estimates were within a few
percent (< 5%) from the reference values. The effiédetector positioning was highlighted
through the study as the best activity estimatag wbtained for the positions maximizing the
count. Moreover, the method has proven to be atzesgen when perturbation point sources,
representing and old contamination or a lymphatidenfor example, are available. Finally,
the activity distribution hypotheses were also stigated and the results have shown that
errors on the hypotheses can be identified andledrurrectly by the developed method.

For the case of a contaminated subject, however,sMtlilations are needed to assess the
contribution of each organ alone by calculating toenting efficiency. These simulations
require a realistic modeling of the experimentabswements including the phantom/subject,
the source, the detectors and their positioninge &kperimental counting rate and the MC
simulated contributions are then used to estinfaecttivity distribution. The obtained results
have proven the method to work with calculatedcedficies. Nevertheless, Monte Carlo
simulations were strongly dependent on the modetleiectors and on their positioning.
Indeed, a slight error in the detector modeling pesven to cause errors on the activity
estimate beyond 5-10%. Meanwhile, an error on #teaor positioning can be more severe
and induce errors on the activity estimates of o@+30%. The detector modeling was
reviewed for cross fire situations as the contrdng of each organ were overestimated with
simulations each time the loaded organ and thectbetevere not aligned.

Finally, the method was tested with different caugtsystems and different radioactive

sources including europium and americium lungs americium liver. The obtained results

prove that the method successfully estimates thetgaistribution in three loaded organs at

the same time and for several radionuclides. Tccloole, the mathematical separation of
activity distribution works well in real time experents and can be useful for the case of
complex contaminations.

lI. Discussion and improvements

1.1. Library of female phantoms and numerical calbration

In this work, two protocols were developed to geaterdeformable anthropomorphic
phantoms by extracting organ contours from meditages or from a voxelized phantom.
The library development requires the use of thenRI3D modeling software to create Mesh
and NURBS geometries and the Binvox program foreli@ation. The automatic contour

extraction from a voxel model, using a home madk iButine, saves consequent time and
effort when compared to manual segmentation of caédimages. However, improvements
remain necessary to smooth the surfaces for exaamgléo correct organ intersections if any.
Moreover, using Binvox requires multiple iteratiodepending on the number of available
structures that need to be separately voxelizedéwvidnoring the others). To accelerate this
process, an MS-DOS script was developed to autoaigtirun Binvox with the correct

parameters for the ignore function. As for orgafodeaation, new tools based on atrtificial
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intelligence are being tested (cf. Section Ill2)ture work will focus on further automating
these processes and ultimately on designing a nedulma in the OEDIPE software to
implement the new phantom creation protocol.

The developed library of female phantoms was sidtting from a deformable torso core
model that was created from the ICRP referencet ddalale. However, in the designed
models, only organs most influencing the in vivaicting simulations were modeled using
Mesh and NURBS geometries. These include the siiesnum, shoulder blades, spine, heart,
lungs, liver, breasts and skin. However, for a widse of the developed library in internal
and external dosimetry studies, it is desirabledd some other organs such as the thyroid
gland, the stomach, the kidneys etc. In additibe, ¢conducted simulations involved a lung
contamination study where all the activity was iretd in the lungs. This is rarely the case in
real situations where radionuclides are distribwt&tiin different retention organs depending
on their biokinetics. It is thus, also necessargdoount for the radionuclide’s distribution by
simulating the activity spread inside the phantom.

To modify the size and shape of the core modelraeioto create the library of female
phantoms, the method consisted in fixing a finafj¢é volume for each structure and organ
and then realizing morphology transformations usihg Rhino 3D modeling software.
However, the shape of each organ was modeled basedisual criteria to operate
morphological variations. For breasts, the modetiagame more delicate with increasing cup
size due to the falling of breasts over chest ipire position. Moreover breasts can differ
significantly from one person to another considgrege, musculature, origin and other
parameters (Fabié et al. 2006). Thus, improvemearisbe made on the breast modeling and
new morphologies and sizes can be created to @oweder female population. For example,
CT scan images of female patients could be usedetite realistic breast shapes which could
then be adjusted to the chest of any model froniibbihary. Besides, morphing algorithms and
software used in 3D animations and graphic desiguch as MakeHuman
(http://www.makehuman.orpbr Autodesk yww.autodesk.fr/), could also be implemented to
improve the breast modeling in supine positionsveéineless, this library represents at least
a mean to correct the typical calibration coeffitge obtained with the male Livermore
physical phantom. Finally, the added tissue toizeatup size and chest girth increase was
considered to be of adipose nature only which cardébated. However, since the main
thoracic compounds (adipose tissue, muscle) andhtinal organs have similar energy-
dependent mass attenuation coefficients, the impadhe additional tissue on radiation
interaction with matter remains negligible. Besiddghe simplified mass attenuation
coefficient eases the tissue composition and dewlgtinition for all organs and structures
and hass commonly been used in similar works (Cass@l. 2010).

To run the MC calculations, the developed phantamese voxelized using the Binvox

program. This step can be time-consuming depenainthe classification algorithm and on
the voxel resolution. However, voxels remain thé/ darmat accepted by MCNPX. It would

be of prime interest to upgrade the MCNPX code hgbéing particles transport with Mesh

and NURBS representations and skipping the voxézaprocess. Nevertheless, even if
other Monte Carlo codes (Geant 4, Penlope etc.) ltamdle such representations, the
calculation speed and efficiency is sensitivelysléban with voxel geometries. This is
inherent to the particles tracking process whiclbased on situating the particle inside or
outside the volume of interest. A new approachttierMC transport of particles in non-voxel
geometries seems necessary to accelerate simgldioMesh and NURBS formats.
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Finally, the morphological dependency of countifficeency was put into equation by
modeling the effect of both chest wall thicknesgp@ential attenuation of radiation) and of
the loaded organ volume (inverse proportion). Téggiation was able to reproduce the
simulation results and indications were given tm&form a Livermore measured curve into
that of any female. Improvements are however nacgss the equation relates a Livermore
P1 plate measurement to an 85A female subject. i@less, the operated detectors’
positioning should be taken into account to repretee effect of the source-detector distance
since radiation flux decreases inversely with thaase of the distance (Podgorsak 2003).
Furthermore, the equation was given for the AREVA N vivo counting installation and
should be adapted before being used for anothertiogusystem.

1.2. Variance reduction techniques for in vivo sinulations

Variance reduction techniques were introduced I8 thork to reduce the Monte Carlo

simulation time while maintaining acceptable stat# relative errors. These include typical
methods implemented in the MCNPX source code sadhe source emissions’ biasing, the
weight windows, the forced collision cards and salvethers. The high attenuation of low
energy photons is the main issue for sucthvivo simulations. The obtained results showed
that some of these methods work properly with twieent phantoms.

However, the tally results were not always in gamgeement with the predicted results.
Indeed, for the cell card for example, althoughithportance ratio defining the splitting was
increased up to 10, the total number of partickegiired for the same statistical relative error
did not vary accordingly. Furthermore, the figufareerit gave some disappointing results for
methods such as the exponential transform. Suchadstwere basically designed for point
source neutron simulations and energy-independadies and should be adapted for studies
involving photons of different energies.

Besides, thanks to the introduction of these VRIgait was possible to obtain statistically
reliable results for the 15 keV photons with thgdast female morphologies. This was not the
case in the prior simulations as such low energytqis were severely attenuated by the
phantom organs and structures.

The work done on applying variance reduction meshfod in vivo numerical calibrations
should be deepened for other activity distributidvisreover, methods such as the DXTRAN
spheres, available in the MCNPX 6.0 version ofdbde, should give outstanding results and
further accelerate the simulations. This was natedsince the US authorities did not grant
non US citizens an access to the latest versiotteed¥ICNPX code.

Finally, variance reduction methods should alsoirbplemented in the OEDIPE software
with a user-friendly interface and sufficient ingions enabling a simple, direct and optimal
use of the most adapted techniques for a giveatsiu
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11.3. Contamination mapping procedure

In this work, a method was developed to estimatdarthorporated activity and its distribution
inside the body as well as handle post accideitiztgons usingn vivo measurements and
Monte Carlo calculations.

Thanks to Monte Carlo simulations, it is possildeassess the contribution of each organ to
an experimental measurement. This is essential vde¢ermining the activity distribution
inside the body of the monitored subject. Inde@t;esit is simply impossible to isolate each
potentially contaminated organ and measure it aldagermining its contribution to the total
count helps determining the activity mapping.

However, to correctly simulate the contributions ezfch organ, a thorough Monte Carlo
representation of than vivo experiments is necessary. This involves a comemdeling of
subject’'s anatomy through the creation and useeo$gm-specific voxelized phantom. In
addition, a faithful modeling of the used countisygstem and a precise positioning of the
latter are mandatory. Nevertheless, generatingrsopalized voxel model of the monitored
subject is extremely delicate and time-consumingtHermore, experimental positioning of
the counting system is subject to high uncertasntigazafindralambo 1995) and is difficult to
reproduce with MC simulations especially when d#fd tilts of the counting system are
operated. When realizinigg vivo measurements, extreme caution and care shouldvbe g
when taking the overall positions of the detectmirig the subject. Finally, the MC model of
detectors should respond identically to the usednting system which involves correct
modeling of the active cells, gaps, shieldings atier relevant parameters.

To solve the positioning problem, it is suggestedise sensors positioned not only in the
measurement chamber but also on the subject’s thesirrectly locate the detector facing
the monitored organ. Moreover, to improve detectmdeling, a CT scan of the detector
could bring sufficient indications on the size aamdangement of the main compounds and
elements inside the aluminum cap. A direct compariith the technical drawing may
identify any manufacturing errors. Furthermore, titaglitional protocol followed for detector
modeling could need some upgrades. Indeed, pounceomeasurements aligned with the
detector remain insufficient to reproduce crose Situations. It would thus be useful to
systematically accomplish new measurements witmtpsources situated off axis when
compared to the detector. Besides, the study bynBue (2011) has proven that a validated
model of detector for point source experiments ¢ automatically correct for phantom
measurements. Therefore, additional experimentsh vphysical phantoms should be
accomplished to further validate the detector miadelFinally, detector manufacturers often
suggest a method to improve the detector modeliyngmbdifying successively the gap
between the front surface of the crystal and thedawv, the crystal diameter and thickness,
and the side and back dead-layer thickness. Foactasizations going down to 10 keV, the
front dead layer could also be adjusted. Thesemmewendations should be taken into account
to efficiently adjust the detector model.
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[Il.  Perspectives

In vivo monitoring remains of little use since countingtailations are extremely expensive
and require well-trained and qualified personnélisTmakesn vivo measurements of limited
interest and even inaccessible for a wide commusfityuclear workers. This is particularly
the case of hospital personnel working in the rarclaedicine departments which is only
monitored usingn vitro monitoring programs. Howeven vivo measurements have proven
to be more efficient when detecting accidental rpocations especially for radioactive
elements of a short half life. Thus, to render thhnique available for these workers, mobile
in vivo measurement units initially developed for intemi@ms in nuclear crisis situations
were considered. A numerical calibration of a nmehilnit was considered in this work
involving the modeling of the detectors and the osaumerical phantoms of various body
size and morphology.

Moreover, until today, internal and external dodiyestudies are based on the use of
recommended values obtained for a reference ing@idHowever, this reference individual
is far from representing the entire human popuhatigth its dissimilarities and specificity.
Errors and uncertainties are systematically intoeduwhen using the reference individual
data despite the dosimetry challenges and precisegairements. Thus, several research
groups have been working on the development oédies of adult male, female and even
pediatric phantoms to offer more appropriate, peaiped and realistic human
representations (Johnson et al. 2009; Na et al0)204a this framework, the female library
developed here was considered for a more geneealnuesmergency situations through the
development of a case-based reasoning platformhwlbizks for the most similar phantom
and adapts it to fit, at best, the morphology efvictim.

".1. Numerical calibration of a mobile in vivo unit

IRSN has been recently asked to provide its exgeertdo monitor hospital workers from
several nuclear medicine departments. Howeverc#tibration process of the detectors is
again limited by the use of physical phantoms axelf activity distributions. The know-how
and tools developed in this PhD were therefore tigadalize a numerical calibration of this
counting system using voxelized phantoms and bedlardistributions.

An MCNPX model of the detector was first upgraded avalidated through the use of
experimental measurements with point sources amd IBOR phantom. Monte Carlo

simulations were then operated using a library bbbl body male phantoms of different size
and shape. Realistic activity distributions wereeraped in these phantoms for the most
commonly used radionuclides in nuclear medicineinsdepartments.
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1.1.1. The IRSN in vivo mobile unit

To fulfill its mission of intervention and monitmg in the case of major nuclear catastrophes
or crises, IRSN has developed a series of mabNévo measurement units (LMA) (cf. Figure
6.1.). These include light and heavy trucks withapacity of over 50 simultaneous vivo
examinations. These mobile units have also beeheimgnted to makén vivo monitoring
techniques available for nuclear medicine hospigglartments.

Figure 6.1.Photos of the IRSN LMAn vivo mobile unit and of the two installed germanium
detectors.

Measurement campaigns have been conducted at alatmspitals and particularly for
workers in nuclear medicine and imaging departm@pdstiers, Angers etc.). Several internal
contaminations were identified with these measurgm&herein vitro bioassay analyses
were usually “clean” (unless samples were measaorethe same day). Most contaminations
involved radiopharmaceuticals such as Technetium,9%allium 201 and lodine 131. These
further confirmed the advantage of usingvivo measurements to improve the monitoring of
workers handling radioactive materials and suliigatternal contamination accidents.

[.1.2. MCNPX modeling of the in vivo mobile unit detectors

The IRSN LMAin vivo mobile unit consists of two broad energy germanugtectors for
which the Canberra MCNPX model was acquired. Thigleh was upgraded by adding the
shielding surrounding each detector.

To validate the available MCNPX model of detectaggperimental measurements were
achieved with several X and gamma point sourcesyding ***Am, *'Co, >'Cr, 8°sr, 1*'Cs,
8y and ®°Co covering a wide energy range (21 keV to 1.33 Mélhe experiments were
simulated using the MCNPX model of detectors aritiehcy values were compared to the
measurement results. Next, the IGOR bricks werentealito represent a 70 kg subject and
142 cylindrical sources of’Co, ®°Co, *'Cs and'*Ba were used corresponding to a
homogeneous whole body contamination (cf. Figueg. 8.0 simulate the IGOR experiments,
a MCNPX model of the phantom was developed andstme source distribution and
detector positioning was faithfully reproduced.
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Figure 6.2.Visualization of the experimental measurementsedeith point sources (left) and with
the IGOR phantom (right).

At first, the observed differences between expenisieand simulations with point sources
showed a necessity to review the detector modelmgprs >10%). To improve detector
modeling, the work focused on changing the fror@ddiayer thickness, modifying the crystal
size and patrticularly its radius and thickness alsd the positioning of the crystal inside the
detector cap. With the upgraded model of detectibies, measured and simulated counting
efficiencies agreed within 10% at the considereergy range for point sources. As for the
IGOR simulations, the obtained results furtherdatie the upgraded model of detectors since
the differences on counting efficiency remainechmitc% at the considered energy range.

.1.3. Numerical calibration using a whole body nale library

A numerical calibration of the mobile vivo counting system was realized using a library of
male phantoms representing the most common malphulmgies (Broggio et al. 2010). The
work includes modeling the activity distributionaging from biokinetic recommendations
and simulating the morphological effect on coungfigciency.

Indeed, the calibration of counting systems isdliyedependent on the activity distribution
(Kramer and Burns 1995). Thus, biokinetic modelgevesed (Legget et al. 2003; ICRP
1995) to reproduce the activity distribution'dfCs and*™Tc inside the body (cf. Figure 6.3).

the'*'Cs (left) and®™Tc (right). (red = 95% activity, blue = 5% activjity
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Moreover, to study the effect of body size and shap counting efficiency, ten different
voxelized male of various heights (1.62 m to 2 mjl aveights (50.8 kg to 110.3 kg) were
considered. Figure 6.4 gives théCs counting efficiency simulated values (green) simows
examples of the used phantoms of different bodghteiweight and morphology. Similar
results were obtained for tf&"Tc.
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0,00E+00 |
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Figure 6.4.MCNPX counting efficiency (counts/s/gamma) valtmsthe ten phantoms. Inset:
Example of several phantoms representing adult medleiduals of different height and weight.

Future work will focus on finding parametric equats based on external parameters of
height and weight that enable a correct and raglidhate of the counting efficiency variation
with morphology. As a first step, efficiency coagbns with subject’s height have been
identified and a practical parameter was defineditectly determine the efficiency of any
individual just multiplying by the actual height thfe subject. When using this parameter, the
previous simulations results were correctly repoedili(Figure 6.4 orange values). Further
investigations remain however necessary to imprthee agreement between simulation
results and the developed equation which ultimatghpuld be related to the typical
calibration coefficients obtained with the IGOR mahysical calibration phantom.

1.1.4. Conclusion

Thanks to the development of mobile in vivo uniB®SN provides now its expertise to
monitor hospital workers from several nuclear megiclepartments. The MCNPX modeling
of the counting system installed in this mobile tuaenables the improvement ai vivo
spectrometry analyses through the use of numedahlbrations. The effect on counting
efficiency of both phantom morphology and actiwtigtribution following biokinetic models
were investigated through the use of voxelized fras. The results indicate that the counts
are directly affected by both the activity disttilmm and the morphology of the subject.

Calibrations using the developed female libraryl sadon be done to improve the monitoring
of female workers undergoingn vivo measurements using the LMA. Moreover, the
developed method enabling the assessment of tietyadistribution could be tested and

validated for the counting system of the mobiletumhus, a better estimate of the activity
mapping can be provided when monitoring workershvinternal contamination risks using

this particular counting system.
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11.2. A CBR-Based platform for dosimetry in emergency situations

1.2.1. Aim and methods

In the case of accidental exposure to radiatiols,necessary to establish as soon as possible a
dosimetry evaluation for each victim. In most casks evaluation is based on available 3D
voxel phantoms. However, even when medical imageswaailable, the specific phantom of
the victim is not always accessible since its cmesion is delicate and time-consuming. In
emergency cases, such time and effort are unafiteddoreover, medical images are
avoided to prevent any additional exposure to tamhiaThus, existing models are used even
if their characteristics are far from the biometdtidata of the victim. However, the dosimetry
assessment accuracy is highly dependent on thdasigmiof the phantom and the victim.
Hence, a new approach based on Case-Based Reaq@iii®) and Artificial Neural
Networks (ANN) was considered to assist the phgsi¢h choosing the best fitting phantom
from the existing and available models and to attaptatter to the victim.

The EquiVox platform was developed in collaboratiaith “Université de Franche Comté” to
optimize the dosimetry in emergency situations gighre developed female torso phantoms
(Bopp et al. 2009, Henriet et al. 2010). EquiVorstfiuses the CBR method to solve new
problems based on similar past problem solutiomistaen adapts the selected phantom to the
victim, with ANN tools, and stores the victim eqalgnt phantom in the case-base database
for future reuse (Makovicka et al. 2009).

1.2.2. Case-Based reasoning principles

The central unit of the CBR-cycle is the case-bdatabase that contains the available
solutions. At the beginning of the cycle, the nease or problem is formulated by defining
the comparison criteria (Mille 1999). Given a targeoblem, the most similar case(s) in the
case-base database is retrieved then (re)usedteimpatto solve the problem, this step
includes the adaptation of the case-base retrievedel(s). Next the new solution is tested
and, if necessary, revised. Finally, the modelatined if successfully adapted and the
resulting experience stored in the case-base fardueuse (cf. Figure 6.5).

Problem

[Confirmed Solution 1

Suggested Solution

Figure 6.5.The CBR cycle: problem definition (new case),ieste (most similar case from the
database), reuse (previous solution), revise (atlap) and retain (storage in the CBR database).
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Selecting the most similar phantom with CBR includee calculation of a similarity index,
which defines the correspondence between the viaticththe phantom, and of a confidence
index, which associates an error to the retrievellition. The higher the number of
“informed” descriptors is, the better the convemgenowards the “correct” solution. The
similarity calculation was done using the K-nearesghbor algorithm (Bremner et al. 2005)
that allows a weight application to stress on theartance of some parameters, gender for
example, when compared to others, smoker/non sniokexample.

1.2.3. Avrtificial neuronal network methods

Once a matching case is retrieved with CBR, théegysadapts the solution to the needs of
the current case. Adaptation looks for promineffetences between the retrieved case and
the current case and then applies formulas or ihiastake those differences into account
when suggesting a solution. ANN tools were usece hter adapt organ geometries and
volumes. An ANN is a mathematical or computationabdel that tries to simulate the
structure and/or functional aspects of biologicalimal networks. It is an adaptive system that
changes its structure based on external or inténf@mation that flows through the network
during the learning phase (Drew and Monson 2000).

There are many learning algorithms available dejgndn the ANN type and its intended
application, the backpropagation is the most fratjyeused learning algorithm (Drew and
Monson 2000). Backpropagation attempts to minintireeleast mean square difference over
the entire training set. The ANN output is thus paned with the true output, and the error is
backpropagated through the network, altering theghis of the connections to reduce the
least mean square error (the best fit with the )dakhis is repeated until the error is
minimized (a tolerated error is set during the méay phase). The more the available models
are, the better the ANN convergence to the cogelcition.

.2.4. Preliminary results of the platform

* The retrieval phase validation

A set of 80 female subjects was randomly selecteninfthe CAESAR database
(http://store.sae.org/caegadnd the available descriptors were inserted th® EquiVox
platform to find the most similar phantom betweka 24 models available in the developed
library. In 85% of the cases (28 times), EquiVoxsvable to find for the 80 new cases the
exact model when the latter existed in the libréddgwever, in 5 cases, EquiVox did not find
the correct case-base model although it existeds@®’® cases in which EquiVox missed the
correct solution are the result of the influenceeaich informed descriptor (age, height,
weight, etc.). Moreover, in the 47 cases where @¢kact model was unavailable in the
database, EquiVox retrieved the case-base modeidthe closest morphology.

Figure 6.6 shows the EquiVox graphical interfacgresenting a random CAESER female
(pink area) compared to two case-base models @iea): the 85A phantom (left) and the
120F phantom (right). The better the areas are ederthe more similar the case-base model
is to the victim (new case). This is the case & &8A model for which the morphology
reasonably matches with that of the CAESER fenmlaldeed, the similarity indegomputed
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for this phantom was equal to 0.765 meaning thatcitnsidered CAESER female and the
case-base 85A model correspond up to 76.5 % camsydéhe available descriptors. The
confidence index, equivalent to an uncertainty wlakton, was found to be equal to 0.8 and
suggests that the obtained similarity can be tdu@tarah et al. 2011).

Gender
Weight

Smoker

Thorax
vol.

Lung

vol.

Height

Thickness Age Thicknes

FMP

Under
bust Wirst Chest

Figure 6.6.The EquiVox graphical comparison of the CAESERdEnwith case-base model 85A
(left) and model 120F (right).

« The adaptation phase validation

ANN tools were used here to adapt the lungs ofctse-base most similar model to those of
the victim in order to perform more realistic andrgonalized dosimetry. To validate the
ANN adaptation process, eight phantoms of variowmg) lvolumes were developed using the
Rhino 3D modeling software and following the recoemdations by Clairand et al. (2000).
One of the lung models was selected and considerbé the unknown lung volume of the
victim that needs to be determined with EquiVoxeTtase-base phantoms are the seven
remaining lung models for which the ANN learns pusition of well defined characteristic
points. The unknown lung was changed eight timedetermine the efficiency of the ANN
algorithm in reconstructing the lung volume wheartshg from different lung size and
morphology.

The ANN adaptation process starts with a learnimgsp for which the algorithm is trained to
generate lungs starting from the characteristioggoiThree different learning configurations
have been used here to study the efficiency oAt algorithm when learning separately or

together the 3 coordinates (x, y and z) of eachtptefining the lung surface. The results are
very convenient as the overall error on the lunuwve remained within 1%. Moreover, the

key point in using such ANN tools is its speed.ded, once the ANN training is finalized, it

was able to estimate the positioning of 2400 paimtgist tens of milliseconds using a very
common Dual Core 2.1 GHz processor (Laurent é2Cdl0).

111.2.5. Conclusion

The EquiVox platform was developed to be used irergency cases where a rapid but
reliable decision is required to choose the bestiehceproducing the actual situation. The
choice is done using the CBR approach based onooesimilar experiences feedback.
EquiVox helps the experts to choose the most adapiedel thanks to the computations of
similarity and confidence indices. The similaritydex defines the equivalence between the
new case and a previous one available in the case-bnd the confidence index highlights
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the uncertainty in the similarity calculation. Alig stage of our work, the adaptation phase is
being designed and the ANN tools implemented to Hwpiivox platform with very
encouraging preliminary results. In perspective, ddaptation will be extended to all organs
using the same ANN algorithm and future work wiBafocus on enriching the case-base
database with new phantoms.
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General conclusion

In the case of accidental internal contaminatiémsjivo gamma spectrometry measurements
represent a very efficient and direct method teeine the incorporated radionuclides and
to estimate their activity. However, the calibratiprocess oin vivo counting installations is
based on the use physical calibration phantomisniteld anatomical realism. To optimize the
monitoring with in vivo measurements, numerical calibrations using antmapphic
phantoms and Monte Carlo simulations were carrigd Dhis worked focused on improving
the monitoring of female workers, for whom no plegsicalibration phantom is available.

This study started with the development of a lipraf 24 different female torso phantoms,
using deformable Mesh and NURBS geometries, basgulastic surgery recommendations,
autopsy data and clothing standards and repregetiten most common female body types
and morphologies. Using the developed library, mewncal calibration of the AREVA N@
vivo counting system was achieved. The work has queditthe effect of breast size and
chest girth on counting efficiency and enabledrmvjale correction factors for measurements
based on the Livermore physical male phantom. Naet morphology-induced variations of
counting efficiency as a function of female morgigyl were put into equation. Thanks to the
use of such an equation, practical recommendatisese given to correct the typical
calibration coefficients for any female worker. $héquation, based on simple physical
considerations to properly describe the variatibrcaunting efficiency with morphology,
further supports the realism and the coherenckeoMC simulation results.

The next chain in the numerical calibration prodesslved the work on accelerating Monte
Carlo calculations with the use of variance reductechniques and geometry simplification
operations. When combining the source biasingethission direction biasing and the forced
collision cards, the simulation time was divided 2. These cards did not bias the results
since the maximum difference on counting efficienaynen compared to reference values
obtained without VR, did not exceed 5% at all erergThe use of void plans and the voxel
fusion geometry simplification operations also @ased the simulation time by a factor of
1.3 and 2 respectively. Meanwhile, combining VRometry simplification operations and
parallel calculations made a MC numerical calcalafieasible within 1-2 hours while it first
took a whole week. Finally, a script was developsthg Unix/Linux to automatically treat
the MCNPX output file and plot the counting efficgy variation with energy.

The study next focused on improving the post-actaleestimation of activity distribution for
complex or old internal contaminations. The devetbpnethod usem vivo spectrometry
measurements coupled with Monte Carlo simulationdetermine the activity mapping. The
unknown activity is directly derived from the expeental counting rate by using the
simulated counting efficiencies which represent toatributions of a given contaminated
organ to the count of a detector at a given pasith feasibility study with the Livermore
phantom was first done to validate the method. NEXE tools were used to reproduce the
Livermore experiments and to confirm simulationsaasrrect mean to determine the organ
contributions. Further investigations were doneabidate the method for different counting
systems, different detector positioning, varioudioauclides with different energies and
several contaminated organs. The reliability ofrtilethod was also tested by investigating the
effect on activity mapping of a perturbation souscel of errors in biokinetic distributions.
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Finally, to go towards a more realistic and perfiaad dosimetry in emergency situations, a
platform based on the case-based reasoning prscagpid the artificial neural network tools

was also developed in collaboration with the Ursitér de Franche Comté. This platform

looks, among the models of the developed femataryh for the phantom most similar to the

victim. Next, it adapts the model to the victimdnable a personalized dosimetry study by
accounting for the particular morphology, body typel characteristics of the victim.

Future step will include the adding of several atidn-sensitive internal organs to the models
and making the developed library available to a&éms who wish to use it for dosimetry
studies or any other application. The OEDIPE saféwauld also be upgraded by the adding
of a new module to implement the new phantom avagtrotocol and the different variance
reduction methods that have been successfullyddsie pulse height tallies. Finally, the
effort to use case-based reasoning principles atifitial neural network tools in internal
dosimetry should be pursued and also expanded&r ddiation safety studies.
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Appendix A.1. IDL routine used to extract orgammurs from the
ICRP reference phantom.

pro Voxels_To_VRML
;; number of voxels of each dimenstion and voxas si
|_nNbPixels_X#ix (299 & Vx=0.1775
|_nNbPixels_Y#ix(137) & Vy=0.1775
|_nNbPixels_Z#£ix(77) & Vz=0.4840
|_bytarrFantColBYTARR (I_nNbPixels_Z, |_nNbPixels_X, |_nNbPixels_Y)
;; reading the input file
|_dir="T:\SDNLEDI_FAR\Jad FARAH\OEDIPE_Regina\dassCipr\ETUDE-Cipr-1\fantseg\"
|_File="Thorax-reg-seg.seg'
|_path=l_dir+l_File
openr,lun,l_path, /GET_LUN
readu,lun,l_bytarrFantCol
free_lun, lun
;; defining the output file
|_outFile="JFRegina_strtrim (string(fix (keep_color)R)+'-heart.wrl'
|_save=l_dir+l_outFile
;; FeRRkeRkeek jsolating the organ (color) of int erest * ki
keep_colors6b
ind_KEEP=awhere(l_bytarrFantCoEQ keep_color)
|_bytarrFantCol8b*l_bytarrFantCol
|_bytarrFantCol[ind_KEEP]xb
” kkkkkkkkkkkkkkkkkkkkkkkkk MESHING *kkkkkkkkkkkkk **
SHADE_VOLUME, |_bytarrFantCoQb, v, p, /low, $
Xrange={, |_nNbPixels_Z71], Yrange=D, |_nNbPixels_X1], Zrange=p,
|_nNbPixels_vy1], /verbose
SCALES3, Xrange=D, |_nNbPixels_z1], Yrange=D, |_nNbPixels_X1], Zrange=0, |_nNbPixels_y-
1]
TV, POLYSHADE (v, p, /T3D)
jFeRkkelkk Generating the string matrix of ve rtices **rkkktkkthk
S=sizgv, /dimensions)
N_vertex=S]]
v(0,¥)=Vz*v(0,*)
v(1,¥)=Vy*v( 1,%)
V(2,%)=Vx*v( 2,%)
StrArrV=strarr (3,N_vertex)
StrArV(0:2,*)=string(v)
StrArV(2,0:N_vertex2)=StrArrV(2,0:N_vertex2)+'," +string(10b)
StrArV(2,N_vertexd)=StrArrV(2,N_vertexd) +string(10b)
;; FERRkeRskeklkk Generating the string matrix of connectivities ***xk**
;; hnumber of faces of each polygon
temp=ulonarr (n_elementgp)) ; saving the connectivities in p (we notichdttsometimes 3, 4 or even
5 points were connected. So, when meshing, we dltisgociate those of 4 and 5 to create triangles)
tempPosalonarr (n_element$p)) ; saving the associated positions in p
ctr=0UL ; parameter that will count the number of 3, #inked summits
i=OUL ; loop on p
while i LE n_element$p)-1 do begin
tempPos(ctr)elong(i+p(i)+1) ;position of 3/4 ; we add the position of first “next” summit
temp(ctr)=p(i) ; 3or 4
i=ulong(i+p(i)+1) ; jump to the next 3/ 4
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ctr=ctrdUL
endwhile
ind=where(tempNE OUL)
ArrNbre_pointsslonarr (n_elementgind))
ArrNbre_points=temp(ind)
ind=where(tempPoSNE OUL, nc)

Pos=pUL, tempPos[ind):nc-2]]] ; nc-2 because the last element in tempPo$ [+l size

ind_3=where(ArrNbre_pointsEQ 3UL, nc3)
ind_4=where(ArrNbre_pointsEQ 4UL, nc4)
ind_5=where(ArrNbre_pointsEQ 5UL, ncb)
N_connectslong(nc4*2 + nc3+ nc53)
print, N_connect
print , ArrNbre_pointsliniq( ArrNbre_pointssort( ArrNbre_points))]
Mat_connectalonarr (3,N_connect)
ctr=0UL
for i=0UL,n_element¢Pos)4 do begin
if p(Pos(i))EQ 3 then begin
Mat_connect(*,ctr)=p(Pos(i}+Pos(i)+3)
ctr=ctr#
endif elsebegin
if p(Pos(i))EQ 4 then begin
Mat_connect(*,ctr)=p(Pos(i}HPos(i)+3)
Mat_connect(*,ctri)=[p(Pos(i)3),p(Pos(i)#),p(Pos(i)H)]
ctr=ctr®
endif elsebegin
Mat_connect(*,ctr)=p(Pos(i}HPos(i)+3)
Mat_connect(*,ctri)=[p(Pos(i)3),p(Pos(i)#),p(Pos(i)5)]
Mat_connect(*,ctrd)=[p(Pos(i)+),p(Pos(i)4),p(Pos(i)8)]
ctr=ctr8
endelse
endelse
endfor
5 ¥ writing the string matrix of connectivitis in the Rhino input format
StrMatConnectstrarr (4, N_connect)
StrMatConnect):2,*]=string(Mat_Connect)
StrMatConnecf,0:N_connect2]="-1," +string(10b)
StrMatConnect,N_connectt]="-1' +string(10b)
StrMatConnect):2,*]=string (StrMatConnecf):2,*])
StrMatConnect):2,*]=StrMatConnect(:2,*]+ ', '
jFeRkkekkkkkk Generating the string matrix 0 f normal vectors * s+
MatNorm=ltarr (sizg§Mat_connect, /dimensions))
for i=ulong(0), N_connectt do begin
uu=V(*,Mat_Connectl,i))-V(*,Mat_Connect0,i))
vv=V(*,Mat_Connect?,i))-V(*,Mat_ConnectQ,i))
w=crossp(uu,vv)horm(crossguu,vv),/double,Inorm2)
MatNorm(*,i)=w
endfor
StrArrNorms=strarr (3,N_connect)
StrArrNorm(0:2,*)=string(MatNorm)
StrArrNorm@,0:N_connect2)=StrArrNorm@,0:N_connect2)+','+string (10b)
StrArrNorm@,N_connectt)=StrArrNorm@,N_connectt)+string (10b)
” *kkkkkkkkkkkkhkkkkkkhkk ertlng Of the flnal VRML f |Ie *kkkkhkkkkkkkkhkkkhkhkkkhkkk
N_cut=3;
Entete="#VRML V2.0 utf8'string(10b)+$
'‘Background {'string(10b)+$
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'skyColor [ 0.627451 0.627451 0.62745s}tng(10b)+$
"Y'+ string(10b)+$
'Shape { # triangle meststring(10b)+$
‘appearance Appearance §tring(10b)+$
'material Material {" string(10b)+$
'ambientintensity 0'string(10b)+$
'diffuseColor 1 1 1'string(10b)+$
'specularColor 0 0 Ostring(10b)+$
'emissiveColor 0 0 O'string(10b)+$
'shininess 1'string(10b)+$
‘transparency  Osting(10b)+$
"} +string(10b)+$
"} # appearance'string(10b)+$
'‘geometry IndexedFaceSet { # triangle mesiring (10b)+$
‘ccw TRUE' string(10b)+$
'‘convex TRUE' string(10b)+$
'solid FALSE' string(10b)+$
‘coordindex ['
openwlun,|_save, /IGET_LUN
writeu,lun,Entete
writeu,lun strcompresgstrtrim (StrMatConnect))
writeu,lun, '+string(10b)+'coord Coordinate { point ['
writeu,lun strcompresgstrtrim (StrArrV))
writeu,lun, ] }'+string(10b)+'normal Normal { vector [’
writeu,lun strcompresgstrtrim (StrArrNorm))
writeu, lun,] }'+string(10b)+' } # geometry'string(10b)+'} # triangle mesh'

free_lun, lun

» kkkkkkkkkkkkkkkkkkkkkkkk PLOT *kkkkkkkkkkkkkkkkkk *kkkk
’

oModel =OBJ_NEW('IDLgrModel") ; Initialize model for display.

vertex=v

; Initialize polygon and polyline outline to comai

; the mesh of the octahedron.

oPolygon =OBJ_NEW('IDLgrPolygon’, vertex, $
POLYGONS = Mat_connect, SHADING % $
COLOR =D, 255 0Q))

oPolyline =OBJ_NEW('IDLgrPolyline', vertex, $
POLYLINES = Mat_connect, COLOR 4,[1, 1])

oModel->Add, oPolyline

; Rotate model for better initial perspective.

oModel->Rotate, [-1, 0, 1], 22.5

; Display model.

XOBJVIEW , oModel, /BLOCK, SCALE 4, $
TITLE = 'Regina VRML'

end
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Appendix A.2. IDL routine used to correct phantimtersections.

pro phantom_intersections_correction

j RERRRIRALRIIRAA reading organ matrix and assigning a Cofgrxkssrikixx
N=256 ;number of voxels i.e. matrix dimension
Input_Dir="D:\Travail_sur_Regina\Regina_NURBS-Vole¥rpath to the voxel matrixes
Mat_cxt=read_binary(Input_Dir+'cxt.raw',Data_dims=[N,N,N])
Mat_cxt=Mat_cxt <6b ; assign to the chest wall thickness the color 5
Mat_sternumsead_binary(Input_Dir+'sternum.raw',Data_dims=[N,N,N])
Mat_sternum=Mat_sternumX0b ;assign to the sternum the color 10
Mat_scapulae read_binary(Input_Dir+'scapulae.raw',Data_dims=[N,N,N])
Mat_scapulae = Mat_scapula@8b ;assign to the scapulae the color 20
Mat_ribs=read_binary(Input_Dir+'ribs.raw',Data_dims=[N,N,N])
Mat_ribs=Mat_ribs <80b ;assign to the ribs the color 30
Mat_spinexead_binary(Input_Dir+'spine.raw’,Data_dims=[N,N,N])
Mat_spine=Mat_spine 40b ;assign to the spine the color 40
Mat_b_leftread_binary(Input_Dir+'breast_left.raw',Data_dims=[N,N,N])
Mat_b_left=Mat_b_left80b ;assign to the left breast the color 50
Mat_b_rightread_binary(Input_Dir+'breast_right.raw',Data_dims=[N,N,N])
Mat_b_right=Mat_b_right $0b ;assign to the right breast the color 50
Mat_|_left=read_binary(Input_Dir+'lung_left.raw',Data_dims=[N,N,N])
Mat_|_left =Mat_|_left <60b ;assign to the left lung the color 60
Mat_|_right=read_binary(Input_Dir+'lung_right.raw',Data_dims=[N,N,N])
Mat_|_right=Mat_|_right <60b ;assign to the right lung the color 60
Mat_heartxead_binary(Input_Dir+'heart.raw',Data_dims=[N,N,N])
Mat_heart=Mat_heart Z0b ;assign to the heart the color 70
Mat_liver=read_binary(Input_Dir+'liver.raw',Data_dims=[N,N,N])
Mat_liver=Mat_liver <80b ;assign to the liver the color 80

j RERRIIRALRIIRAA start adding matrix and correct intersectiong  rrrwxarx
Mat_totale= Mat_cxt+ Mat_sternum ; adding theraten

Mat_totale = Mat_totale €0b ; replace the intersection by sternum
Mat_totale= Mat_totale + Mat_scapulae ; addingsitepulae

errors_scapulaevhere(Mat_totalegt 20b, count_errors_scapulae)
print, 'error scapulae intersection’, count_errors_daapu
Mat_totale = Mat_totale 20b ; replace the intersection by scapulae

Mat_totale= Mat_totale + Mat_ribs ; adding thesrib
errors_ribswhere(Mat_totalegt 30b, count_errors_ribs)

print, 'error ribs intersection’, count_errors_ribs

Mat_totale = Mat_totale 80b ; replace the intersection by ribs

Mat_totale= Mat_totale + Mat_spine adding the spine
errors_spinewhere(Mat_totalegt 40b, count_errors_spine)

print , 'error spine intersection’, count_errors_spine

Mat_totale = Mat_totale 40b ; replace the intersection by spine

Mat_totale= Mat_totale + Mat_b_left + Mat_b_right adding the breasts
errors_breastsshere(Mat_totalegt 50b, count_errors_breast)

print, 'error breast intersection’, count_errors_breast

Mat_totale = Mat_totale 50b ; replace the intersection by breasts

Mat_totale= Mat_totale + Mat_|_left + Mat_|_right ; adding the lungs
errors_lungswhere(Mat_totalegt 60b, count_errors_lungs)
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print, 'error lungs intersection’, count_errors_lungs
Mat_totale = Mat_totale 60b ; replace the intersection by lungs

Mat_totale= Mat_totale + Mat_heart ; adding tlear
errors_heartwhere(Mat_totalegt 70b, count_errors_heart)

print , ‘error heart intersection', count_errors_heart

Mat_totale = Mat_totale Z0b ; replace the intersection by heart

Mat_totale= Mat_totale + Mat_heart ; adding tlkred adding the liver
errors_liverwhere(Mat_totalegt 80b, count_errors_liver)
print, 'error liver intersection’, count_errors_liver
Mat_totale = Mat_totale 80b ; replace the intersection by liver
j RERIRIRALRIIAAAK calculating the total number of intersectigrigr s wxeisk
tot_nb_errors=count_errors_scapulae+count_erroirsespount_errors_ribs+count_errors_breasts+co
unt_errors_lungs+count_errors_liver+count_errorarthe
print, ‘total nb of errors=', tot_nb_errors
X Fkkkdkkkkkkkkkkkkkkkkkkk plottlng the phanton*f‘**********************
for i=0,100do begin
tvscl, Mat_totale(i,*,*
wait, 0.1
endfor
ivolume, Mat_totale
stop
HRIIHAKRIIAAK SRR generating the .col file for OEDIPE**xxwkkxriiix
openw lun, TASDNLEDI_FAR\Jad FARAH\OEDIPE_Regina\éier\Cipr\ETUDE-Cipr-1\fantcol\
ICRP_female.col', /get_lun
writeu, lun, Mat_totale
free_lun, lun
print , file .col written'
Entete="UNDEFINED'string (10b)+$
'COULEUR'#string(10b)+$
'ICRP_female'string(10b)+$;attention, change the name
'Cipr'+string(10b)+$
'ETUDE-Cipr-1'4string (10b)+$
' 256'string(10b)+$
' 256'string(10b)+$
' 256'string(10b)+$
" 0.1907'string(10b)+$ ;attention, change the elementary voxel size
' 0.1907'string(10b)+$
' 0.1907'string(10b)+$
' 8string(10b)+$
' 0.000000'string (10b)+$
' 0.000000'string (10b)+$
‘cm'+string (10b)+$
' 04string(10b)+$
' 0'4string (10b)+$
' 10'string(10b)+$ ;attention, change the number of colors inghantom
" 051020 3040 50 60 70 80'; attention, dpehe available colors in the phantom
openw, lun, 'TASDNLEDI_FAR\Jad FARAH\OEDIPE_Regina\dgos\CipnETUDE-Cipr-1\fantcol\
ICRP_female.col.ref', /get_lun
writeu, lun, Entete

free_lun, lun
print , file .col.ref written’
end
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Appendix A.3. IDL routine used to add the skin.

PRO Add_Skin

; loading the phantom :
|_strPath="T:\SDN\LEDI_FAR\Jad FARAH\OEDIPE_Regidassier\Cipr\ETUDE-Cipr-1\fantcol\"
|_strFantColFile = DIALOG_PICKFILE ( PATH = |_strg TITLE = "Select the file .col of the
input phantom: ", /READ) ; phantom matrix
|_strFantColRefFile = DIALOG_PICKFILE ( PATH = |_Rath, TITLE = "Select the file .col.ref of
this phantom: ", /READ) ; phantom colors

; Reading the phantom parameters and colors (fitencol.ref):

|_nNbLinesFichREF = FILE_LINES (I_strFantColRefRile
|_strarrParamFantColstrarr (I_nNbLinesFichREF)
openr,lun,l_strFantColRefFile, /GET_LUN
readf,lun,|_strarrParamFantCol
free_lun, lun
PRINT, "
PRINT, "input file .col.ref : ", |_strFantColRefFile
PRINT, "Parametres and colors of input file .col.ref : "
HELP, |_strarrParamFantCol
PRINT, |_strarrParamFantCol
PRINT, "
; Reading the voxel grid dimensions and elementargl size
|_nNbPixels_X4fix(I_strarrParamFantCd)) ; the X dimension is written at line number 6lo¢
.col.ref file
|_nNbPixels_Y4ix(l_strarrParamFantCdl)) ; the Y dimension is written at line number 7tioé
.col.ref file
|_nNbPixels_Z#ix (I_strarrParamFantCd) ; the Z dimension is written at line number Siué
.col.ref file
|_fltResol_X=Hloat(l_strarrParamFantCd)) ; the voxel resolution in the X direction is ein at line
number 8 of the .col.ref file
|_fltResol_Y=float(l_strarrParamFantCdl)) ; the voxel resolution in the Y direction is e at line
number 9 of the .col.ref file
|_fltResol_ZHfloat(l_strarrParamFantCdl(Q)) ; the voxel resolution in the Z direction is tien at line
number 10 of the .col.ref file
PRINT, ™"
print, 'Nx : ', |_nNbPixels_X, 'Ny : ', |_nNbPixels_ Yz : ', |_nNbPixels_Z
PRINT, 'dx : ', |_fltResol_X, 'dy : ', |_fltResol_Y, 'dZ, |_fltResol_Z
; Choice of the number of voxels to be added (beevoxel layer):
READ, |_nNbVoxelsX, PROMPT="Entrer the number okets to be colored in the X direction: '
READ, | nNbVoxelsY, PROMPT="Entrer the number okets to be colored in the Y direction: '
READ, |_nNbVoxelsZ, PROMPT='Entrer the number okels to be colored in the Z direction: '
; FeRkekk - Adding voxels based on the operator digmations; ****xx+*
; Opening and reading the file .col :
|_bytarrFantColBYTARR (I_nNbPixels_Z, |_nNbPixels_X, |_nNbPixels_Y)
openr,lun,l_strFantColFile, /GET_LUN
readu,lun,l_bytarrFantCol
free_lun, lun
; Getting the color equivalent to the air material
|_intarrNumColor =STRSPLIT(STRCOMPRESS|_strarrParamFantCdlg)), /EXTRACT)
PRINT, "Number of colors : ", |_intarrNumColor
HELP, |_intarrNumColor
; Color of the skin to be added :
|_strinfo =STRING(I_intarrNumColor)
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Result =DIALOG_MESSAGE (I_strinfo, /INFO, TITLE = Table of the color numise:")
|_nColor=0
READ, |_nColor, PROMPT="Enter a new color number: '
|_intarrNumColor = [|_intarrNumColor, |_nColor]
PRINT, 'New Table of the color numbers: '
PRINT, |_intarrNumColor
; Incrementing the number of colors in the .colfilef:
|_nNbColors =N_ELEMENTS (I_intarrNumColor)
|_strarrParamFantCdly) =' '+STRCOMPRESSSTRING(I_nNbColors))
|_strarrParamFantCdlg) = STRCOMPRESS]_strarrParamFantCdlg) + STRING(I_nColor))
; specifying the phantom region in which the voxstsuld be added:
print , 'Choose your Region Of Interest'
READ, |_nXmin, PROMPT="Entrer the startup slicetleé phantom in the X direction: '
READ, |_nXmax, PROMPT="Entrer the final slice oéthhantom in the X direction: "'
READ, |_nYmin, PROMPT="Entrer the startup sliceleé phantom in the Y direction: '
READ, |_nYmax, PROMPT='Entrer the final slice okthhantom in the Y direction: '
READ, |_nZmin, PROMPT="Entrer the startup slicale phantom in the Z direction:
READ, |_nZmax, PROMPT="Entrer the final slice oéthhantom in the Z direction: '
; FeRkkekkkkekkkkx - Starting from 'Y min and upword s and replacing the first encountered air voxel
by a Skln VOXG| *kkkkkkkkkkkkkkk
print, 'Adding voxels in the Y direction’
FOR K =1_nZmin, |_nZmax>O BEGIN
FOR i=1_nXmin, |_nXmaxDO BEGIN
j=1_nYmin
WHILE |_bytarrFantCol (k, i, JNE |_intarrNumColorQ) DO BEGIN
j++
ENDWHILE
IF jNE|_nYmaxTHEN $
if |_bytarrFantCol (k,i,jt) NE |_nColorthen $
|_bytarrFantCol (k,i,j) =1_nColor
ENDFOR
ENDFOR
; FeRkkeekkkekkkkx - Starting from X min and upwords  and replacing the first encountered air voxel
by a Skln VOX9| *kkkkkkkhkkkhkkhkkk
print, ' Adding voxels in the X direction’
|_nXmin =0
|_nXmax =255
FOR K =1_nZmin, |_nZmaxDO BEGIN
FOR j=1_nYmin, |_nYmaxDO BEGIN
i =1_nXmin
WHILE |_bytarrFantCol (k, i, JNE |_intarrNumColorQ) DO BEGIN
i++
ENDWHILE
IF i NE [_nXmin THEN if |_bytarrFantCol (k, &, j) NE |_nColorthen |_bytarrFantCol (k, i, j)
=| _nColor
ENDFOR
ENDFOR
; PRkl Starting from Z min and upwords  and replacing the first encountered air voxel
by a Skln VOXG| *kkkkkkkkkkkkkkk
print, 'Adding voxels in the Z direction’
FOR i =1 nXmin, |_nXmaxDO BEGIN
FOR j=1_nYmin, |_nYmaxDO BEGIN

k=1 _nZmin
WHILE |_bytarrFantCol (k, i, JNE |_intarrNumColorQ) DO BEGIN
K++
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ENDWHILE
IF KNE |_nZmaxTHEN
if |_bytarrFantCol (kt, i, j) NE |_nColorthen
|_bytarrFantCol (k, i, j) =1_nColor
ENDFOR
ENDFOR
; *kkkkkkkhkkkkkhkkhkkhkkhkikk ertlng the modlfled ph antom *kkkkkkkhkkkhkkhkkk
|_strOUTPUTFantCol = DIALOG_PICKFILE ( PATHI=strPath, TITLE = 'Indicate the name of
the output file :', $
/IWRITE, /OVERWRITE_PROMPT)
PRINT, "Output file .col.ref : ", |_strOUTPUTFantCol+akref'
|_strREFSortie ="
for i=0,N_ELEMENTS (I_strarrParamFantCol} do
IF i EQ O THEN |_strREFSortie -STRING(I_strarrParamFantCol(i)) $
ELSE |_strREFSortie = |_strREFSortieSTRING (13b)+STRING (10b)
+STRING(I_strarrParamFantCol(i))
openw,lun,l_strOUTPUTFantCol+'.col.ref', /GET_LUN
printf , lun, |_strREFSortie
FREE_LUN, lun
openw,lun,l_strOUTPUTFantCol+'.col', /GET_LUN
writeu,lun,|_bytarrFantCol
FREE_LUN, lun
END
ENDFOR
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Appendix B.1. MC artificial source defined using DIPE and used
for the simulations.

Table 1. Energy and yield of gamma rays used fersimulation, according to Mini Table de
radionucléides (Laboratoire National Henri Becquée®P science 2007).

Emission energy True yield

Radioactive Element
(X or Gamma) keV (%)

2y 15 7.9
1%%¢cd 22 54.7
1¥%Ce 33 41.2
=t 40 37.7
24IAm 59 35.8
13Ba 81 32.9
*Co 122 85.5
13%Ce 165 79.9
2 185 57.2
By 244 7.6
¥Ba 356 62.1
“Na 511 178.0
1¥ics 661 85.0
>Mn 834 100.0
®Co 1173 99.8
“Na 1274 99.9
By 1408 20.8

205



Appendix

Appendix B.2. MC simulation results of the librarfy/female workers.

Table 1. Simulated counting efficiency values fbaptoms with a chest girth of 85.

Counting efficiency (counts/s/gamma) for each pbiant

Energy
85A 85B 85C 85D 85E

15 1.10E-04 4.50E-05 3.38E-05 2.45E-05 1.72E-05
22 2.43E-03 1.67E-03 1.41E-03 1.25E-03 1.02E-03
33 9.41E-03 7.57E-03 6.73E-03 6.32E-03 5.52E-03
40 1.22E-02 1.01E-02 9.05E-03 8.58E-03 7.61E-03
59 1.60E-02 1.36E-02 1.24E-02 1.19E-02 1.06E-02
81 1.75E-02 1.52E-02 1.40E-02 1.35E-02 1.21E-02
122 1.76E-02 1.54E-02 1.44E-02 1.38E-02 1.26E-02
165 1.57E-02 1.39E-02 1.31E-02 1.27E-02 1.17E-02
185 1.46E-02 1.30E-02 1.22E-02 1.19E-02 1.10E-02
244 1.18E-02 1.05E-02 9.99E-03 9.64E-03 8.94E-03
356 8.16E-03 7.39E-03 7.08E-03 6.93E-03 6.46E-03
511 5.99E-03 5.51E-03 5.27E-03 5.13E-03 4.81E-03
661 4.85E-03 4.48E-03 4.31E-03 4.23E-03 3.98E-03
834 4.03E-03 3.75E-03 3.65E-03 3.56E-03 3.38E-03
1173 3.14E-03 2.96E-03 2.88E-03 2.83E-03 2.68E-03
1274 2.95E-03 2.80E-03 2.71E-03 2.68E-03 2.56E-03
1408 2.76E-03 2.61E-03 2.56E-03 2.52E-03 2.40E-03

Table 2. Simulated counting efficiency values fhaptoms of hest girth of 90.

Counting efficiency (counts/s/gamma) for each pbiant

Energy
90A 90B 90C 90D 90E

15 5.89E-05 2.99E-05 2.69E-05 2.13E-05 1.42E-05
22 1.88E-03 1.40E-03 1.29E-03 1.15E-03 9.41E-04
33 8.13E-03 6.86E-03 6.44E-03 5.97E-03 5.29E-03
40 1.06E-02 9.11E-03 8.64E-03 8.08E-03 7.24E-03
59 1.43E-02 1.26E-02 1.20E-02 1.13E-02 1.03E-02
81 1.59E-02 1.42E-02 1.36E-02 1.28E-02 1.19E-02
122 1.60E-02 1.44E-02 1.39E-02 1.32E-02 1.23E-02
165 1.45E-02 1.32E-02 1.27E-02 1.20E-02 1.14E-02
185 1.35E-02 1.23E-02 1.19E-02 1.13E-02 1.07E-02
244 1.08E-02 9.94E-03 9.61E-03 9.15E-03 8.68E-03
356 7.66E-03 7.11E-03 6.87E-03 6.62E-03 6.31E-03
511 5.55E-03 5.20E-03 5.07E-03 4.97E-03 4.70E-03
661 4.48E-03 4.25E-03 4.19E-03 4.10E-03 3.89E-03
834 3.74E-03 3.55E-03 3.49E-03 3.43E-03 3.34E-03
1173 2.95E-03 2.82E-03 2.75E-03 2.73E-03 2.66E-03
1274 2.80E-03 2.68E-03 2.62E-03 2.58E-03 2.52E-03
1408 2.63E-03 2.52E-03 2.47E-03 2.42E-03 2.38E-03
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Table 3. Simulated counting efficiency values fbaptoms of hest girth of 100.

Counting efficiency (counts/s/gamma) for each pbiamnt

Energy
100B 100C 100D 100E 100F

15 1.48E-05 9.97E-06 5.93E-06 4.33E-06 2.91E-06
22 8.66E-04 6.86E-04 5.32E-04 4.53E-04 3.57E-04
33 4.52E-03 3.90E-03 3.34E-03 3.03E-03 2.56E-03
40 6.15E-03 5.41E-03 4.73E-03 4.33E-03 3.73E-03
59 8.57E-03 7.69E-03 6.85E-03 6.38E-03 5.56E-03
81 9.71E-03 8.80E-03 7.94E-03 7.42E-03 6.50E-03
122 1.00E-02 9.15E-03 8.28E-03 7.81E-03 6.89E-03
165 9.16E-03 8.47E-03 7.69E-03 7.27E-03 6.47E-03
185 8.57E-03 7.94E-03 7.28E-03 6.87E-03 6.14E-03
244 6.97E-03 6.47E-03 6.00E-03 5.68E-03 5.15E-03
356 4.94E-03 4.70E-03 4.40E-03 4.15E-03 3.82E-03
511 3.69E-03 3.48E-03 3.31E-03 3.19E-03 2.95E-03
661 3.04E-03 2.88E-03 2.73E-03 2.63E-03 2.44E-03
834 2.56E-03 2.45E-03 2.34E-03 2.27E-03 2.13E-03
1173 2.06E-03 1.99E-03 1.88E-03 1.84E-03 1.76E-03
1274 1.94E-03 1.88E-03 1.79E-03 1.75E-03 1.65E-03
1408 1.81E-03 1.76E-03 1.69E-03 1.66E-03 1.56E-03

Table 4. Simulated counting efficiency values fbaptoms of hest girth of 110.

Counting efficiency (counts/s/gamma) for each pbiant

Energy
110B 110C 110D 110E 110F

22 1.73E-04 1.33E-04 9.27E-05 8.14E-05 6.96E-05
33 1.58E-03 1.33E-03 1.07E-03 9.65E-04 8.57E-04
40 2.37E-03 2.03E-03 1.68E-03 1.52E-03 1.37E-03
59 3.67E-03 3.22E-03 2.74E-03 2.50E-03 2.27E-03
81 4.35E-03 3.85E-03 3.32E-03 3.04E-03 2.78E-03
122 4.72E-03 4.21E-03 3.73E-03 3.47E-03 3.14E-03
165 4.48E-03 4.03E-03 3.57E-03 3.34E-03 3.07E-03
185 4.26E-03 3.83E-03 3.41E-03 3.19E-03 2.94E-03
244 3.57E-03 3.24E-03 2.92E-03 2.73E-03 2.53E-03
356 2.68E-03 2.47E-03 2.26E-03 2.12E-03 1.99E-03
511 2.06E-03 1.92E-03 1.77E-03 1.68E-03 1.58E-03
661 1.74E-03 1.63E-03 1.52E-03 1.45E-03 1.37E-03
834 1.51E-03 1.42E-03 1.34E-03 1.29E-03 1.21E-03
1173 1.24E-03 1.18E-03 1.13E-03 1.07E-03 1.03E-03
1274 1.19E-03 1.13E-03 1.08E-03 1.03E-03 9.95E-04
1408 1.12E-03 1.07E-03 1.03E-03 9.90E-04 9.49E-04
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Table 5. Simulated counting efficiency values fbaptoms of hest girth of 120.

Energy Counting efficiency (counts/s/gamma) for each pbiamnt
120C 120D 120E 120F
22 2.69E-05 2.22E-05 1.86E-05 1.28E-05
33 4.38E-04 3.83E-04 3.31E-04 2.54E-04
40 7.33E-04 6.47E-04 5.64E-04 4.42E-04
59 1.27E-03 1.13E-03 9.96E-04 7.99E-04
81 1.57E-03 1.42E-03 1.25E-03 1.02E-03
122 1.82E-03 1.65E-03 1.48E-03 1.22E-03
165 1.81E-03 1.65E-03 1.49E-03 1.25E-03
185 1.74E-03 1.60E-03 1.44E-03 1.22E-03
244 1.52E-03 1.40E-03 1.27E-03 1.08E-03
356 1.20E-03 1.13E-03 1.03E-03 8.93E-04
511 9.75E-04 9.18E-04 8.44E-04 7.42E-04
661 8.52E-04 8.04E-04 7.47E-04 6.62E-04
834 7.60E-04 7.23E-04 6.74E-04 6.06E-04
1173 6.52E-04 6.22E-04 5.88E-04 5.37E-04
1274 6.28E-04 6.00E-04 5.67E-04 5.23E-04
1408 6.00E-04 5.73E-04 5.46E-04 5.03E-04
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Appendix B.3. Counting efficiency variation withdast morphology.

Table 1. Chest girth of 100 and cup size E and F.

100E (#1) 100E (#2) 100E (#3) 100F (#1) 100F (#2) OO0FL(#3)

Energy  Counting Stat. Counting Stat. Counting Stat. Counting Stat. Counting Stat. Counting Stat.

(keV) efficiency R g efficiency R g efficiency R g efficiency R g efficiency R g efficiency R E.

(counts/sy) (%) (counts/sy) (%) (counts/sy) (%) (counts/sy) (%) (counts/sy) (%) (counts/sy) (%)
15 4.33E-06 15 1.52E-05 2.9 5.84E-06 4.7 2.91E-06 1.9 9.85E-06 3.6 9.37E-06 3.7
22 4.53E-04 0.5 8.15E-04 2.3 5.34E-04 2.9 3.57E-04 0.5 6.57E-04 2.6 6.62E-04 2.6
33 3.03E-03 0.6 4.47E-03 2.4 3.41E-03 2.8 2.56E-03 0.6 3.78E-03 2.6 3.79E-03 2.6
40 4.33E-03 0.5 6.61E-03 2.7 4.62E-03 3.1 3.73E-03 0.6 5.08E-03 2.9 5.15E-03 2.9
59 6.38E-03 0.5 8.60E-03 2.9 6.80E-03 3.2 5.56E-03 0.6 7.42E-03 3.1 7.36E-03 3.1
81 7.42E-03 1.2 9.79E-03 2.8 8.11E-03 3.0 6.50E-03 0.6 8.60E-03 3.0 8.55E-03 3.0
122 7.81E-03 0.7 1.01E-02 2.8 8.44E-03 3.0 6.89E-03 0.7 9.08E-03 2.9 9.00E-03 2.9
165 7.27E-03 0.5 8.98E-03 2.9 7.96E-03 3.0 6.47E-03 0.7 8.40E-03 3.0 8.38E-03 3.0
185 6.87E-03 0.5 8.47E-03 2.9 7.54E-03 3.1 6.14E-03 0.7 7.87E-03 3.1 8.02E-03 3.0
244 5.68E-03 0.5 6.99E-03 2.8 6.14E-03 2.9 5.15E-03 0.7 6.29E-03 2.9 6.36E-03 2.9
356 4.15E-03 0.7 5.22E-03 2.7 4.45E-03 2.9 3.82E-03 0.8 4.57E-03 2.8 4.59E-03 2.8
511 3.19E-03 0.6 3.87E-03 2.8 3.36E-03 3.0 2.95E-03 1.1 3.44E-03 3.0 3.48E-03 3.0
661 2.63E-03 0.6 3.12E-03 2.8 2.73E-03 3.0 2.44E-03 0.7 2.81E-03 3.0 2.85E-03 3.0
834 2.27E-03 0.7 2.60E-03 2.8 2.27E-03 3.0 2.13E-03 1.0 2.32E-03 3.0 2.35E-03 3.0
1173 1.84E-03 0.7 2.09E-03 2.8 1.85E-03 3.0 1.78E-0 2.3 1.97E-03 2.9 1.93E-03 2.9
1274 1.75E-03 0.8 1.93E-03 2.8 1.82E-03 2.9 1.65E-0 0.9 1.87E-03 2.8 1.84E-03 2.9
1408 1.66E-03 0.6 1.83E-03 2.8 1.69E-03 2.9 1.56E-0 0.8 1.76E-03 2.9 1.74E-03 2.9
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Table 2. Chest girth of 110 and cup size B, E and F

110B (#1) 110B (#2) 110E (#1) 110E (#2) 110F (#1) 10A (#2) 110F (#3)
Energy Counting Stat. Counting Stat. Counting Stat. Counting Stat. Counting Stat. Counting Stat Counting StatR.
(keV) efficiency R g efficiency R g. efficiency R g efficiency R g efficiency R g efficiency R.E. efficiency E. (%).
(counts/sf) (%) (counts/sf) (%) (counts/sf) (%) (counts/sf) (%) (counts/sf) (%) (counts/sf) (%). (counts/sy)
22 1.73E-04 0.2 1.46E-04 2.2 8.14E-05 0.4 9.18E-052.8 6.96E-05 0.4 7.21E-05 3.2 5.79E-05 3.6
33 1.58E-03 0.1 1.42E-03 1.8 9.65E-04 0.1 9.98E-042.1 8.57E-04 0.2 8.74E-04 2.3 7.61E-04 2.4
40 2.37E-03 0.2 2.17E-03 1.9 1.52E-03 0.3 1.56E-032.2 1.37E-03 0.3 1.38E-03 2.3 1.20E-03 25
59 3.67E-03 0.2 3.44E-03 1.9 2.50E-03 0.3 2.57E-032.2 2.27E-03 0.3 2.28E-03 2.3 1.95E-03 25
81 4.35E-03 0.2 4.12E-03 1.8 3.04E-03 0.3 3.11E-032.0 2.78E-03 0.3 2.76E-03 2.2 2.38E-03 2.3
122 4.72E-03 0.2 4.48E-03 1.7 3.47E-03 0.9 3.58E-031.9 3.14E-03 0.3 3.16E-03 2.0 2.75E-03 2.2
165 4.48E-03 0.2 4.25E-03 1.7 3.34E-03 0.9 3.39E-031.9 3.07E-03 0.3 3.07E-03 2.0 2.71E-03 2.2
185 4.26E-03 0.2 4.05E-03 1.8 3.19E-03 0.9 3.24E-032.0 2.94E-03 0.3 2.93E-03 2.1 2.61E-03 2.2
244 3.57E-03 0.2 3.43E-03 1.6 2.73E-03 0.2 2.79E-031.8 2.53E-03 0.2 2.57E-03 1.9 2.28E-03 2.0
356 2.68E-03 0.3 2.55E-03 1.6 2.12E-03 0.3 2.09E-031.7 1.99E-03 0.3 1.96E-03 1.8 1.75E-03 1.9
511 2.06E-03 0.3 1.96E-03 1.6 1.68E-03 0.3 1.71E-031.8 1.58E-03 0.3 1.60E-03 1.8 1.38E-03 2.0
661 1.74E-03 0.3 1.66E-03 1.6 1.45E-03 0.3 1.50E-031.7 1.37E-03 0.3 1.42E-03 1.7 1.21E-03 1.9
834 1.51E-03 0.3 1.45E-03 1.6 1.29E-03 0.3 1.30E-031.6 1.21E-03 0.3 1.25E-03 1.7 1.07E-03 1.8
1173 1.24E-03 0.3 1.21E-03 15 1.07E-03 0.3 1.0%E-0 1.6 1.03E-03 0.3 1.08E-03 1.6 9.42E-04 1.7
1274 1.19E-03 0.3 1.14E-03 15 1.03E-03 0.3 1.05E-0 1.6 9.95E-04 0.3 1.02E-03 1.6 9.07E-04 1.7
1408 1.12E-03 0.2 1.08E-03 15 9.90E-04 0.3 1.03E-0 1.6 9.49E-04 0.3 9.74E-04 1.6 8.74E-04 1.7
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Table 3. Chest girth of 120 and cup size D, E and F

120D (#1) 120D (#2) 120D (#3) 120E (#1) 120E (#2) 20H (#1) 120F (#2)

Energy Counting Stat. Counting Stat. Counting Stat. Counting Stat. Counting Stat. Counting Stat Counting Stat

(keV) efficiency R g efficiency R g. efficiency R g efficiency R g efficiency R g efficiency R.E. efficiency R E.

(counts/sf) (%) (counts/sf) (%) (counts/sf) (%) (counts/sf) (o) (counts/sf) (%) (counts/sf) (%). (counts/sf) (%)
22 2.22E-05 0.7 2.01E-05 4.8 1.77E-05 4.8 1.86E-050.7 1.27E-05 4.4 1.28E-05 0.7 1.17E-05 0.6
33 3.83E-04 0.2 3.84E-04 2.7 3.46E-04 2.8 3.31E-040.2 2.70E-04 3.2 2.54E-04 0.3 2.33E-04 3.5
40 6.47E-04 0.4 6.27E-04 3.4 5.84E-04 3.6 5.64E-040.4 4.62E-04 4.0 4.42E-04 0.5 4.15E-04 4.2
59 1.13E-03 0.4 1.09E-03 2.6 1.01E-03 2.7 9.96E-040.5 8.27E-04 3.0 7.99E-04 0.5 7.49E-04 3.2
81 1.42E-03 0.4 1.35E-03 2.4 1.28E-03 2.5 1.25E-030.4 1.05E-03 2.8 1.02E-03 0.4  9.62E-04 0.7
122 1.65E-03 0.4 1.59E-03 2.3 1.50E-03 2.3 1.48E-030.4 1.21E-03 0.6 1.22E-03 0.4 1.11E-03 2.7
165 1.65E-03 0.4 1.59E-03 2.2 1.51E-03 2.3 1.49E-030.4 1.27E-03 25 1.25E-03 0.4 1.15E-03 2.6
185 1.60E-03 0.4 1.55E-03 2.2 1.49E-03 2.3 1.44E-030.4 1.27E-03 25 1.22E-03 0.4 1.13E-03 2.6
244 1.40E-03 0.3 1.35E-03 2.1 1.28E-03 2.1 1.27E-030.3 1.11E-03 2.3 1.08E-03 0.4 1.02E-03 2.4
356 1.13E-03 0.4 1.12E-03 1.9 1.04E-03 1.9 1.03E-030.4 9.17E-04 2.1 8.93E-04 0.4 8.38E-04 2.2
511 9.18E-04 0.4 9.28E-04 1.9 8.56E-04 2.0 8.44E-040.4 7.71E-04 2.1 7.42E-04 0.4 7.09E-04 2.2
661 8.04E-04 0.4 8.05E-04 1.8 7.56E-04 1.9 7.47E-040.4 6.87E-04 2.0 6.62E-04 0.4 6.30E-04 2.1
834 7.23E-04 0.4 7.13E-04 1.8 6.80E-04 1.8 6.74E-040.4 6.28E-04 1.9 6.06E-04 0.4 5.80E-04 1.9
1173 6.22E-04 0.4 6.38E-04 1.7 6.00E-04 1.7 5.88E-0 0.4 5.53E-04 1.8 5.37E-04 0.4  5.19E-04 1.9
1274 6.00E-04 0.4 6.02E-04 1.6 5.77E-04 1.7 5.64E-0 0.4 5.25E-04 1.8 5.23E-04 0.4  5.08E-04 1.8
1408 5.73E-04 0.4 5.81E-04 1.6 5.59E-04 1.7 5.46E-0 0.4 5.08E-04 1.7 5.03E-04 0.4  4.93E-04 1.8
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Appendix B.4. Counting efficiency values obtainehg the 85A simulation and Equation 3.2.

Table 1. Counting efficiency values estimated ugtagation (3.2), starting from the 85A simulatedvey for the phantoms of chest girth of 85
and differences to the reference simulated values.

85B 85C 85D 85E
Energy Counting Stat. R. Counting Stat. R. Counting Stat. R. Counting Stat. R.
(keV) efficiency E. (%) efficiency E. (%) efficiency E. (%) efficiency E. (%)
(counts/sy) (counts/sy) (counts/sy) (counts/sy)
15 4.57E-05 -1.5 3.28E-05 3.0 2.44E-05 0.5 1.61E-05 6.4
22 1.65E-03 14 1.42E-03 -0.7 1.25E-03 0.5 1.04E-03 -1.4
33 7.45E-03 1.7 6.82E-03 -1.3 6.30E-03 0.2 5.65E-03 -2.3
40 9.96E-03 1.0 9.23E-03 -2.0 8.62E-03 -0.4 7.83E-0 -3.0
59 1.35E-02 0.6 1.27E-02 -2.3 1.20E-02 -0.7 1.19E-0 -4.0
81 1.50E-02 1.2 1.42E-02 -1.3 1.35E-02 0.4 1.25E-02 -35
122 1.54E-02 0.1 1.46E-02 -1.8 1.40E-02 -0.9 1.62E- -3.8
165 1.39E-02 0.4 1.32E-02 -1.0 1.27E-02 -0.04 1-QPE -2.4
185 1.29E-02 0.5 1.23E-02 -0.8 1.19E-02 0.3 1.12E-0 -1.9
244 1.06E-02 -0.5 1.01E-02 -1.4 9.76E-03 -1.2 9-03E -3.8
356 7.42E-03 -0.4 7.16E-03 -1.1 6.94E-03 -0.1 6-63E -2.7
511 5.52E-03 -0.1 5.35E-03 -1.5 5.20E-03 -1.4 5.02E -4.0
661 4.51E-03 -0.6 4.38E-03 -1.8 4.27E-03 -1.1 4-Q3E -3.9
834 3.77E-03 -0.5 3.68E-03 -0.8 3.59E-03 -0.9 3-a9E -3.1
1173 2.97E-03 -0.2 2.91E-03 -0.8 2.85E-03 -0.9 2-08 -3.6
1274 2.80E-03 -0.03 2.74E-03 -1.1 2.69E-03 -0.5 3R-63 -2.6
1408 2.63E-03 -0.5 2.58E-03 -0.5 2.53E-03 -0.7 2-a3 -3.1
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Table 2. Counting efficiency values estimated ugtggation (3.2), starting from the 85A simulatedvey for the phantoms of chest girth of 90
and differences to the reference simulated values.

90A 90B 90C 90D 90E
Energy Counting R. E. Counting R. E. Counting R. E. Counting R. E. Counting R. E.
(keV) efficiency (%) efficiency (%) efficiency (%) efficiency (%) efficiency (%)
(counts/sy) (counts/sy) (counts/sy) (counts/sy) (counts/sy)
15 5.93E-05 -0.7 3.02E-05 -1.2 2.62E-05 2.7 2.03E-0 45 1.33E-05 6.1
22 1.85E-03 1.7 1.37E-03 2.0 1.29E-03 0.5 1.15E-03 0.2 9.53E-04 -1.3
33 7.98E-03 1.9 6.67E-03 2.6 6.43E-03 0.2 6.01E-03 -0.6 5.37E-03 -1.6
40 1.06E-02 0.1 9.06E-03 0.6 8.76E-03 -1.4 8.26E-03 -2.3 7.50E-03 -3.5
59 1.42E-02 0.5 1.25E-02 0.9 1.21E-02 -1.3 1.15E-02 -2.3 1.06E-02 -3.3
81 1.57E-02 1.3 1.40E-02 1.6 1.36E-02 -0.5 1.31E-02 -1.7 1.21E-02 -2.0
122 1.60E-02 -0.3 1.44E-02 -0.3 1.41E-02 -1.6 1-GBE -2.7 1.27E-02 -3.1
165 1.44E-02 0.4 1.31E-02 0.4 1.28E-02 -1.1 1.22E0 -2.8 1.17E-02 2.4
185 1.34E-02 0.6 1.22E-02 0.5 1.20E-02 -0.6 1.1BE-0 -2.4 1.09E-02 2.4
244 1.09E-02 -0.9 1.00E-02 -0.9 9.85E-03 -2.4 9-63E -4.2 9.06E-03 -4.4
356 7.63E-03 0.3 7.10E-03 0.2 6.99E-03 -1.8 6.8BE-0 -2.8 6.50E-03 -3.1
511 5.65E-03 -1.9 5.31E-03 2.1 5.24E-03 -3.3 5:02E -2.9 4.92E-03 -4.6
661 4.60E-03 2.7 4.35E-03 -2.5 4.30E-03 -2.8 4-Q3E -2.7 4.07E-03 -4.4
834 3.84E-03 2.7 3.65E-03 -2.8 3.61E-03 -3.5 3-63E -3.4 3.44E-03 -2.7
1173 3.02E-03 -2.2 2.89E-03 -2.5 2.87E-03 -4.2 2-83 -3.4 2.74E-03 -3.1
1274 2.84E-03 -1.7 2.73E-03 -1.9 2.70E-03 -3.2 B2-68 -3.1 2.60E-03 -2.9
1408 2.67E-03 -1.4 2.56E-03 -1.6 2.54E-03 -2.9 2-63 -3.4 2.45E-03 -2.6
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Table 3. Counting efficiency values estimated ugtqgation (3.2), starting from the 85A simulatedvey for the phantoms of chest girth of 100
and differences to the reference simulated values.

100B 100C 100D 100E 100F
Energy Counting R. E. Counting R. E. Counting R. E. Counting R. E. Counting R. E.
(keV) efficiency (%) efficiency (%) efficiency (%) efficiency (%) efficiency (%)
(counts/sy) (counts/sy) (counts/sy) (counts/sy) (counts/sy)
15 1.51E-05 -2.0 9.94E-06 0.3 5.87E-06 1.0 4.25E-06 1.8 2.79E-06 3.9
22 8.47E-04 2.2 6.95E-04 -1.3 5.45E-04 -2.4 4.70E-0 -3.6 3.78E-04 -6.0
33 4.42E-03 2.4 3.89E-03 0.4 3.34E-03 -0.2 3.04E-03 -0.4 2.62E-03 -2.2
40 6.07E-03 1.3 5.42E-03 -0.1 4.74E-03 -0.2 438BE-0 -0.6 3.80E-03 -2.0
59 8.48E-03 11 7.68E-03 0.0 6.86E-03 -0.1 6.39E-03 -0.1 5.65E-03 -1.6
81 9.58E-03 1.3 8.75E-03 0.6 7.88E-03 0.7 7.38E-03 0.5 6.57E-03 -1.1
122 9.96E-03 0.5 9.16E-03 -0.2 8.33E-03 -0.7 7.88E- -0.6 7.04E-03 -2.2
165 9.09E-03 0.8 8.41E-03 0.8 7.70E-03 -0.1 7.23E-0 -0.2 6.57E-03 -1.4
185 8.49E-03 1.0 7.87E-03 1.0 7.22E-03 0.8 6.85E-03 0.3 6.18E-03 -0.6
244 7.00E-03 -0.5 6.52E-03 -0.7 6.02E-03 -0.3 5:03E -0.8 5.19E-03 -0.9
356 4.99E-03 -1.0 4.67E-03 0.6 4.35E-03 0.9 413E-0 -0.3 3.80E-03 0.6
511 3.75E-03 -1.6 3.53E-03 -1.5 3.32E-03 -0.1 3-Q9E 0.0 2.92E-03 1.1
661 3.09E-03 -1.4 2.92E-03 -1.4 2.75E-03 -0.9 2-68E -1.1 2.44E-03 -0.2
834 2.60E-03 -1.7 2.47E-03 -0.8 2.34E-03 -0.1 2-08E 0.7 2.08E-03 2.2
1173 2.07E-03 -0.5 1.97E-03 1.1 1.88E-03 0.2 1.82E- 1.3 1.69E-03 4.2
1274 1.95E-03 -0.6 1.86E-03 0.8 1.78E-03 0.8 1.03E- 1.6 1.60E-03 3.0
1408 1.84E-03 -1.5 1.76E-03 0.1 1.68E-03 0.6 1.63E- 1.7 1.51E-03 2.9
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Table 4. Counting efficiency values estimated ugtqggation (3.2), starting from the 85A simulatedvey for the phantoms of chest girth of 110
and differences to the reference simulated values.

110B 110C 110D 110E 110F
Energy Counting R. E. Counting R. E. Counting R. E. Counting R. E. Counting R. E.
(keV) efficiency (%) efficiency (%) efficiency (%) efficiency (%) efficiency (%)
(counts/sy) (counts/sy) (counts/sy) (counts/sy) (counts/sy)

22 1.80E-04 -3.7 1.37E-04 2.7 9.45E-05 -1.9 8.03E- -1.0 6.94E-05 0.2
33 1.53E-03 2.8 1.29E-03 2.5 1.03E-03 3.7 9.43E-04 2.3 8.40E-04 2.0
40 2.32E-03 2.2 1.99E-03 2.0 1.63E-03 2.9 151E-03 1.2 1.36E-03 0.8
59 3.60E-03 1.7 3.17E-03 1.7 2.68E-03 2.2 2.50E-03 0.3 2.27E-03 -0.1
81 4.28E-03 15 3.81E-03 1.1 3.27E-03 1.3 3.06E-03 -0.6 2.80E-03 -0.8
122 4.70E-03 0.5 4.22E-03 -0.3 3.69E-03 1.3 3.43E-0 0.1 3.19E-03 -1.8
165 4.45E-03 0.7 4.03E-03 0.1 3.56E-03 0.4 3.36E-03 -0.4 3.10E-03 -1.3
185 4.21E-03 1.1 3.82E-03 0.3 3.39E-03 0.6 3.20E-03 -0.3 2.97E-03 -0.9
244 3.59E-03 -0.6 3.28E-03 -1.3 2.93E-03 -0.6 2-08E -1.9 2.58E-03 2.1
356 2.68E-03 0.3 2.47E-03 0.0 2.24E-03 0.7 2.13E-03 -0.4 1.99E-03 -0.2
511 2.09E-03 -1.6 1.95E-03 -1.3 1.79E-03 -1.2 1-02E -1.6 1.60E-03 -1.1
661 1.77E-03 -1.8 1.66E-03 -1.6 1.53E-03 -1.1 1-a3E -1.1 1.38E-03 -0.6
834 1.53E-03 -1.3 1.43E-03 -0.8 1.34E-03 0.3 1.08E- 0.2 1.21E-03 -0.3
1173 1.25E-03 -0.8 1.18E-03 -0.1 1.11E-03 1.1 1-03E 0.1 1.02E-03 15
1274 1.19E-03 -0.4 1.13E-03 0.3 1.06E-03 1.8 1.03E- 0.9 9.72E-04 2.3
1408 1.13E-03 -0.8 1.07E-03 0.0 1.01E-03 1.1 9.09E- 1.1 9.28E-04 2.2
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Table 5. Counting efficiency values estimated ugtqggation (3.2), starting from the 85A simulatedvey for the phantoms of chest girth of 120
and differences to the reference simulated values.

120C 120D 120E 120F

Energy Counting Stat. Counting Stat. Counting Stat. Counting Stat.
(keV) efficiency R. E. efficiency R. E. efficiency R. E. efficiency R. E.
(counts/sy) (%) (counts/sy) (%) (counts/sy) (%) (counts/sy) (%)

22 2.79E-05 -3.8 2.28E-05 -2.5 1.87E-05 -0.1 1.05E- 2.4
33 4.20E-04 4.1 3.68E-04 3.7 3.21E-04 3.3 247E-04 2.6
40 7.07E-04 3.5 6.28E-04 3.0 5.53E-04 2.0 437E-04 1.1
59 1.24E-03 1.6 1.12E-03 1.0 1.00E-03 -0.5 8.15E-04 -2.0
81 1.57E-03 0.2 1.43E-03 -0.6 1.28E-03 2.1 1.08E-0 -3.5
122 1.83E-03 -0.6 1.67E-03 -1.4 1.51E-03 2.4 1-03E 4.1
165 1.81E-03 -0.1 1.67E-03 -0.8 1.51E-03 -1.8 1-08E -2.6
185 1.74E-03 0.1 1.60E-03 -0.4 1.46E-03 -1.1 1.08E- -2.0
244 1.54E-03 -1.4 1.42E-03 -2.0 1.30E-03 2.1 1-Q3E -3.0
356 1.21E-03 -0.4 1.13E-03 -0.1 1.03E-03 -0.5 9:00E -0.8
511 9.91E-04 -1.6 9.29E-04 -1.2 8.57E-04 -1.5 7-64E -1.5
661 8.65E-04 -1.5 8.14E-04 -1.3 7.53E-04 -0.9 6-68E -0.9
834 7.66E-04 -0.8 7.23E-04 0.0 6.71E-04 0.4 5.99E-0 1.2
1173 6.52E-04 0.0 6.18E-04 0.6 5.76E-04 2.1 5.18E-0 3.5
1274 6.25E-04 0.4 5.93E-04 1.0 5.54E-04 2.5 4.99E-0 4.6
1408 5.99E-04 0.0 5.70E-04 0.5 5.32E-04 2.6 4.84E-0 4.4
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Appendix B.5. Counting efficiency values obtainehg the Livermore P1 measurement and Equation 3.2.

Table 1. Results for the phantoms of chest girtB5o&nd differences to the reference simulatedeglu

85A 85B 85C 85D 85E
Energy Counting R. E. Counting R. E. Counting R. E. Counting R. E. Counting R. E.
(keV) efficiency (%) efficiency (%) efficiency (%) efficiency (%) efficiency (%)
(counts/sy) (counts/sy) (counts/sy) (counts/sy) (counts/sy)
15 1.21E-04 -9.4 5.00E-05 -11.1 3.59E-05 -6.1 2-66E -8.8 1.77E-05 2.4
22 3.29E-03 -34.9 2.22E-03 -33.0 1.92E-03 -35.9 8H-63 -34.3 1.40E-03 -36.8
33 1.16E-02 -22.9 9.15E-03 -20.9 8.38E-03 -24.6  5H-03 -22.7 6.95E-03 -25.8
40 1.44E-02 -18.1 1.18E-02 -17.0 1.09E-02 -20.5 2B-02 -18.6 9.26E-03 -21.7
59 1.72E-02 -7.6 1.45E-02 -6.9 1.36E-02 -10.0 1-09E -8.3 1.19E-02 -11.9
81 1.76E-02 -0.5 1.51E-02 0.7 1.43E-02 -1.8 1.38E-0 -0.1 1.26E-02 -4.0
122 1.68E-02 4.7 1.47E-02 4.8 1.39E-02 3.0 1.33E-02 3.8 1.25E-02 11
165 1.51E-02 4.1 1.33E-02 4.4 1.27E-02 3.1 1.22E-02 4.0 1.15E-02 1.8
185 1.42E-02 2.4 1.26E-02 2.9 1.20E-02 1.7 1.16E-02 2.8 1.09E-02 0.6
244 1.17E-02 0.3 1.05E-02 -0.2 1.01E-02 -1.0 9.03E- -0.8 9.24E-03 -3.4
356 8.36E-03 2.4 7.60E-03 -2.9 7.34E-03 -3.6 7-Q3E -25 6.80E-03 5.2
511 5.90E-03 1.5 5.43E-03 14 5.27E-03 0.1 5.12E-03 0.2 4.93E-03 2.4
661 4.75E-03 2.1 4.41E-03 15 4.29E-03 0.4 4.18E-03 1.1 4.04E-03 -1.7
834 4.05E-03 -0.6 3.79E-03 -1.1 3.70E-03 -1.4 3-63E -1.5 3.51E-03 -3.7
1173 3.29E-03 -4.7 3.11E-03 -4.9 3.04E-03 -5.5 2-09 -5.6 2.91E-03 -8.4
1274 3.08E-03 -4.3 2.92E-03 -4.3 2.86E-03 5.4 2-63 -4.8 2.74E-03 -7.0
1408 2.79E-03 -0.9 2.65E-03 -1.4 2.60E-03 -1.4 P2-68 -1.7 2.50E-03 -4.0
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Table 2. Counting efficiency values estimated ugtggation (3.2), starting from the Livermore P1 swead, for the phantoms of chest girth of
90 and differences to the reference simulated galue

90A 90B 90C 90D 90E
Energy Counting R. E. Counting R. E. Counting R. E. Counting R. E. Counting R. E.
(keV) efficiency (%) efficiency (%) efficiency (%) efficiency (%) efficiency (%)
(counts/sy) (counts/sy) (counts/sy) (counts/sy) (counts/sy)
15 6.49E-05 -10.2 3.31E-05 -10.8 2.87E-05 -6.4 2-03 -4.5 1.46E-05 -2.8
22 2.49E-03 -32.7 1.85E-03 -32.2 1.74E-03 -34.3 5H-63 -34.6 1.29E-03 -36.7
33 9.81E-03 -20.7 8.20E-03 -19.7 7.90E-03 -22.6 8H-G3 -23.7 6.60E-03 -24.9
40 1.25E-02 -18.0 1.07E-02 -17.4 1.04E-02 -19.8 6B-03 -20.9 8.86E-03 -22.3
59 1.53E-02 -7.1 1.34E-02 -6.6 1.30E-02 -8.9 1.02E- -10.0 1.15E-02 -11.1
81 1.58E-02 0.9 1.41E-02 1.1 1.37E-02 -1.0 1.31E-02 -2.2 1.22E-02 -2.5
122 1.53E-02 4.4 1.37E-02 4.5 1.34E-02 3.2 1.29E-02 2.2 1.21E-02 1.8
165 1.38E-02 4.4 1.26E-02 4.4 1.23E-02 3.0 1.19E-02 1.3 1.12E-02 1.7
185 1.31E-02 3.0 1.19E-02 3.0 1.17E-02 1.9 1.13E-02 0.1 1.07E-02 0.1
244 1.09E-02 -0.5 9.99E-03 -0.5 9.81E-03 2.1 9-63E -3.9 9.02E-03 -4.0
356 7.82E-03 2.1 7.27E-03 -2.3 7.16E-03 -4.3 6-03E -5.3 6.66E-03 -5.6
511 5.57E-03 -0.3 5.23E-03 -0.6 5.16E-03 -1.8 5-03E -1.3 4.84E-03 -3.0
661 4.51E-03 -0.5 4.26E-03 -0.3 4.21E-03 -0.6 4-02E -0.5 3.98E-03 -2.2
834 3.87E-03 -3.4 3.68E-03 -3.5 3.64E-03 4.1 3-63E -4.0 3.46E-03 -3.4
1173 3.16E-03 -7.0 3.03E-03 -7.3 3.00E-03 9.1 2-03 -8.2 2.87E-03 -7.9
1274 2.97E-03 -6.0 2.85E-03 -6.3 2.82E-03 -7.6 R2-08 -7.6 2.71E-03 -7.3
1408 2.69E-03 -2.4 2.59E-03 -2.6 2.57E-03 -3.9 2-63 -4.4 2.47E-03 -3.6
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Table 3. Counting efficiency values estimated ugtggation (3.2), starting from the Livermore P1 swead, for the phantoms of chest girth of
100 and differences to the reference simulatedegalu

100B 100C 100D 100E 100F
Energy X . . : .
(keV) Cqu_ntlng R. E. Cqu_ntlng R. E. Cqu_ntlng R. E. Cqu_ntlng R. E. Cqu_ntlng R. E.
efficiency (%) efficiency (%) efficiency (%) efficiency (%) efficiency (%)
(counts/sy) (counts/sy) (counts/sy) (counts/sy) (counts/sy)

15 1.65E-05 -11.6 1.09E-05 -9.0 6.42E-06 -8.3 4-66E -7.5 3.06E-06 -5.2
22 1.14E-03 -32.0 9.37E-04 -36.6 7.36E-04 -38.2 4B:064 -39.9 5.11E-04 -43.1
33 5.43E-03 -20.0 4.78E-03 -22.5 4.11E-03 -23.2  4B:0@3 -23.4 3.22E-03 -25.7
40 7.17E-03 -16.6 6.40E-03 -18.3 5.60E-03 -18.4  5B:3 -18.9 4.49E-03 -20.5
59 9.12E-03 -6.4 8.27E-03 -7.5 7.38E-03 -7.7 6.83E- -7.7 6.07E-03 -9.3
81 9.63E-03 0.8 8.79E-03 0.1 7.92E-03 0.2 7.42E-03 0.0 6.60E-03 -1.6
122 9.49E-03 5.2 8.73E-03 4.6 7.94E-03 4.1 7.49E-03 4.2 6.71E-03 2.7
165 8.72E-03 4.8 8.06E-03 4.8 7.39E-03 4.0 6.99E-03 3.9 6.30E-03 2.7
185 8.28E-03 3.4 7.67E-03 3.4 7.05E-03 3.2 6.68E-03 2.7 6.03E-03 1.9
244 6.98E-03 -0.1 6.49E-03 -0.3 6.00E-03 0.0 5.03E- -0.5 5.17E-03 -0.5
356 5.11E-03 -3.4 4.79E-03 -1.9 4.46E-03 -1.5 4-03E -2.7 3.89E-03 -1.8
511 3.69E-03 0.0 3.48E-03 0.1 3.27E-03 14 3.14E-03 1.5 2.88E-03 2.6
661 3.02E-03 0.8 2.86E-03 0.8 2.70E-03 1.2 2.60E-03 1.1 2.39E-03 1.9
834 2.62E-03 -2.3 2.48E-03 -1.4 2.35E-03 -0.7 2-03E 0.0 2.10E-03 15
1173 2.16E-03 5.1 2.06E-03 -3.5 1.97E-03 -4.5 B-02 -3.4 1.77E-03 -0.3
1274 2.04E-03 -5.0 1.94E-03 -3.4 1.85E-03 -3.4 H-88 -2.7 1.67E-03 -1.2

1408 1.85E-03 -2.42 1.77E-03 -0.8 1.69E-03 -0.3 5H-63 0.8 1.53E-03 2.0
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Table 4. Counting efficiency values estimated ugtggation (3.2), starting from the Livermore P1 swead, for the phantoms of chest girth of
110 and differences to the reference simulatedegalu

110B 110C 110D 110E 110F
Energy
(keV) Counting R. E. Counting R. E. Counting R. E. Counting R. E. Counting R. E.
efficiency (%) efficiency (%) efficiency (%) efficiency (%) efficiency (%)
(counts/sy) (counts/sy) (counts/sy) (counts/sy) (counts/sy)

22 2.43E-04 -40.0 1.85E-04 -38.6 1.27E-04 -37.5 18-04 -36.3 9.37E-05 -34.6
33 1.89E-03 -19.5 1.59E-03 -19.9 1.27E-03 -18.3 6H-03 -20.1 1.03E-03 -20.5
40 2.74E-03 -15.6 2.35E-03 -15.8 1.93E-03 -14.7 8H-03 -16.8 1.60E-03 -17.2
59 3.87E-03 -5.7 3.41E-03 5.7 2.89E-03 -5.2 2.69E- -7.3 2.45E-03 -1.7
81 4.31E-03 1.0 3.82E-03 0.6 3.29E-03 0.8 3.08E-03 -1.1 2.82E-03 -1.3
122 4.47E-03 5.2 4.02E-03 4.5 3.51E-03 6.0 3.30E-03 4.8 3.04E-03 3.0
165 4.27E-03 4.8 3.86E-03 4.2 3.41E-03 4.4 3.22E-03 3.6 2.98E-03 2.8
185 4.11E-03 3.6 3.73E-03 2.7 3.31E-03 3.0 3.13E-03 2.2 2.89E-03 1.6
244 3.57E-03 -0.3 3.27E-03 -0.9 2.92E-03 -0.3 2-03E -1.5 2.58E-03 -1.7
356 2.74E-03 2.1 2.53E-03 2.4 2.29E-03 -1.7 2-Q8E -2.8 2.04E-03 -2.6
511 2.06E-03 0.0 1.92E-03 0.2 1.76E-03 0.4 1.68E-03 -0.1 1.58E-03 0.5
661 1.73E-03 0.4 1.62E-03 0.5 1.50E-03 1.0 1.44E-03 1.0 1.35E-03 15
834 1.54E-03 -1.9 1.44E-03 -1.4 1.35E-03 -0.3 1-09E -0.4 1.22E-03 -0.9
1173 1.31E-03 -5.5 1.24E-03 -4.8 1.17E-03 -3.5 BH-02 -4.5 1.06E-03 -3.1
1274 1.24E-03 4.7 1.18E-03 -4.0 1.11E-03 -2.5 B-03 -3.4 1.01E-03 -1.9
1408 1.14E-03 -1.8 1.08E-03 -0.9 1.02E-03 0.2 9.88E 0.2 9.37E-04 1.3
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Table 5. Counting efficiency values estimated ugtggation (3.2), starting from the Livermore P1 swead, for the phantoms of chest girth of
120 and differences to the reference simulatedegalu

120C 120D 120E 120F

Energy (keV) Counting efficiency  Stat. Counting efficiency  Stat. Counting efficiency  Stat. Counting efficiency  Stat.
(counts/sy) R. E. (counts/sy) R. E. (counts/sy) R. E. (counts/sy) R. E.
(%) (%) (%) (%)

22 3.77E-05 -40.1 3.07E-05 -38.3 2.52E-05 -35.1 9H-65 -31.7

33 5.17E-04 -17.9 4.53E-04 -18.3 3.94E-04 -18.9 4B-04 -19.7

40 8.36E-04 -14.0 7.42E-04 -14.6 6.53E-04 -15.8 75-04 -16.9
59 1.34E-03 -5.8 1.21E-03 -6.5 1.08E-03 -8.1 8.04E- -9.8
81 1.58E-03 -0.3 1.43E-03 -1.1 1.29E-03 -2.6 1.08E- -4.0
122 1.74E-03 4.1 1.60E-03 3.4 1.44E-03 2.4 1.21E-03 0.9
165 1.74E-03 3.9 1.60E-03 3.3 1.45E-03 2.4 1.23E-03 15
185 1.70E-03 2.6 1.56E-03 2.1 1.42E-03 14 1.21E-03 0.5
244 1.53E-03 -1.1 1.42E-03 -1.6 1.30E-03 -1.7 1-03E -2.6
356 1.24E-03 -2.8 1.15E-03 -2.5 1.06E-03 -3.0 9-02E -3.2
511 9.75E-04 0.0 9.14E-04 0.4 8.43E-04 0.0 7.42E-04 0.1
661 8.46E-04 0.6 7.96E-04 0.9 7.37E-04 1.3 6.54E-04 1.3
834 7.71E-04 -1.4 7.27E-04 -0.6 6.75E-04 -0.2 6-03E 0.6
1173 6.82E-04 -4.7 6.47E-04 -4.0 6.03E-04 -2.5 .03 -1.1
1274 6.52E-04 -3.9 6.19E-04 -3.2 5.77E-04 -1.7 B-02 0.5
1408 6.05E-04 -0.9 5.75E-04 -0.4 5.37E-04 1.7 4-85E 3.6
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Appendix B.6. Counting efficiency values obtainehg the Livermore P4 measurement and Equation 3.2.

Table 1. Counting efficiency values estimated udtiggiation (3.2), starting from the Livermore P4 swad curve, for the phantoms of chest
girth of 85 and differences to the reference siteaaalues.

85A 85B 85C 85D 85E
Energy Counting R. E. Counting R. E. Counting R. E. Counting R. E. Counting R. E.
(keV) efficiency (%) efficiency (%) efficiency (%) efficiency (%) efficiency (%)
(counts/sy) (counts/sy) (counts/sy) (counts/sy) (counts/sy)
15 1.07E-04 2.8 4.44E-05 1.3 3.18E-05 5.8 2.37E-05 3.3 1.57E-05 9.1
22 2.48E-03 2.1 1.68E-03 -0.6 1.45E-03 -2.8 1.03E- -1.6 1.06E-03 -3.5
33 1.01E-02 -7.0 7.96E-03 -5.2 7.29E-03 -8.4 6.08E- -6.7 6.04E-03 -9.5
40 1.33E-02 -8.7 1.08E-02 -1.7 1.00E-02 -10.9 9-63E -9.1 8.52E-03 -12.0
59 1.69E-02 5.7 1.43E-02 -5.1 1.34E-02 -8.1 1.08E- -6.4 1.17E-02 -9.9
81 1.76E-02 -0.3 1.51E-02 1.0 1.42E-02 -1.5 1.38E-0 0.2 1.26E-02 -3.7
122 1.67E-02 5.2 1.46E-02 5.3 1.38E-02 3.5 1.32E-02 4.3 1.24E-02 1.6
165 1.49E-02 5.2 1.32E-02 5.6 1.26E-02 4.2 1.20E-02 5.1 1.14E-02 2.9
185 1.40E-02 3.8 1.24E-02 4.2 1.19E-02 3.0 1.14E-02 4.1 1.08E-02 1.9
244 1.15E-02 2.1 1.03E-02 1.6 9.91E-03 0.8 9.55E-03 1.0 9.07E-03 -1.6
356 8.16E-03 0.1 7.42E-03 -0.4 7.16E-03 -1.1 6.03E- 0.0 6.63E-03 -2.6
511 5.73E-03 4.3 5.28E-03 4.2 5.12E-03 2.9 4.98E-03 3.0 4.79E-03 0.5
661 4.61E-03 5.0 4.28E-03 4.4 4.16E-03 3.3 4.06E-03 4.0 3.92E-03 1.3
834 3.94E-03 2.1 3.69E-03 1.7 3.60E-03 1.3 3.52E-03 1.2 3.41E-03 -0.9
1173 3.24E-03 -34 3.07E-03 -3.6 3.00E-03 -4.2 2-08 -4.3 2.87E-03 -7.1
1274 3.06E-03 -3.7 2.90E-03 -3.8 2.84E-03 -4.8 2-09 -4.2 2.72E-03 -6.4
1408 2.80E-03 -1.4 2.66E-03 -2.0 2.61E-03 -1.9 2-63 -2.2 2.51E-03 -4.6
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Table 2. Counting efficiency values estimated ugtggation (3.2), starting from the Livermore P4 swead, for the phantoms of chest girth of
90 and differences to the reference simulated galue

90A 90B 90C 90D 90E
Energy Counting R. E. Counting R. E. Counting R. E. Counting R. E. Counting R. E.
(keV) efficiency (%) efficiency (%) efficiency (%) efficiency (%) efficiency (%)
(counts/sy) (counts/sy) (counts/sy) (counts/sy) (counts/sy)
15 5.77E-05 2.2 2.94E-05 1.6 2.55E-05 5.5 1.97E-05 7.2 1.30E-05 8.7
22 1.89E-03 -0.4 1.40E-03 0.0 1.31E-03 -1.6 1.13E-0 -1.8 9.72E-04 -3.4
33 8.54E-03 -5.0 7.14E-03 4.1 6.87E-03 -6.7 6.03E- -7.7 5.75E-03 -8.7
40 1.15E-02 -8.6 9.85E-03 -8.1 9.53E-03 -10.3 8-08E -11.3 8.15E-03 -12.5
59 1.50E-02 -5.2 1.32E-02 -4.8 1.28E-02 -7.0 1.02E- -8.1 1.13E-02 -9.2
81 1.58E-02 1.1 1.40E-02 1.4 1.37E-02 -0.8 1.31E-02 -2.0 1.22E-02 -2.3
122 1.52E-02 4.9 1.37E-02 5.0 1.34E-02 3.7 1.29E-02 2.7 1.21E-02 2.3
165 1.37E-02 5.6 1.24E-02 5.6 1.22E-02 4.2 1.17E-02 2.5 1.11E-02 2.9
185 1.29E-02 4.3 1.17E-02 4.3 1.15E-02 3.2 1.11E-02 1.5 1.05E-02 14
244 1.07E-02 1.3 9.81E-03 1.3 9.64E-03 -0.3 9.33E-0 -2.0 8.86E-03 2.1
356 7.63E-03 0.3 7.10E-03 0.2 6.99E-03 -1.7 6.8BE-0 -2.7 6.50E-03 -3.0
511 5.41E-03 2.5 5.08E-03 2.3 5.01E-03 1.1 4.89E-03 15 4.71E-03 -0.1
661 4.37E-03 2.4 4.13E-03 2.7 4.09E-03 2.4 4.00E-03 2.4 3.86E-03 0.8
834 3.76E-03 -0.6 3.58E-03 -0.6 3.54E-03 -1.3 3-a3E -1.2 3.36E-03 -0.5
1173 3.12E-03 -5.7 2.99E-03 -5.9 2.96E-03 -7.7 2-03 -6.8 2.84E-03 -6.6
1274 2.95E-03 -5.5 2.83E-03 -5.7 2.81E-03 -7.0 R2-08 -7.0 2.69E-03 -6.7
1408 2.71E-03 -2.9 2.60E-03 -3.1 2.58E-03 -4.4 2-63 -4.9 2.48E-03 -4.1
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Table 3. Counting efficiency values estimated ugtggation (3.2), starting from the Livermore P4 swead, for the phantoms of chest girth of
100 and differences to the reference simulatedegalu

100B 100C 100D 100E 100F
Energy Counting R. E. Counting R. E. Counting R. E. Counting R. E. Counting R. E.
(keV) efficiency (%) efficiency (%) efficiency (%) efficiency (%) efficiency (%)
(counts/sy) (counts/sy) (counts/sy) (counts/sy) (counts/sy)
15 1.47E-05 0.9 9.66E-06 3.2 5.70E-06 3.8 4.13E-06 4.5 2.72E-06 6.6
22 8.64E-04 0.2 7.09E-04 -3.3 5.56E-04 -4.5 4.78E-0 -5.8 3.86E-04 -8.2
33 4.72E-03 4.4 4.16E-03 -6.6 3.57E-03 -7.2 3.08E- -7.4 2.80E-03 9.4
40 6.60E-03 -7.3 5.89E-03 -8.9 5.15E-03 -9.0 4.08E- -9.4 4.13E-03 -10.9
59 8.96E-03 -4.6 8.12E-03 -5.7 7.25E-03 -5.8 6.08E- -5.9 5.97E-03 -7.4
81 9.61E-03 1.0 8.77E-03 0.3 7.90E-03 0.5 7.40E-03 0.2 6.59E-03 -1.4
122 9.44E-03 5.6 8.68E-03 5.1 7.90E-03 4.6 7.45E-03 4.7 6.67E-03 3.2
165 8.62E-03 5.9 7.97E-03 5.9 7.30E-03 5.1 6.91E-03 5.0 6.23E-03 3.8
185 8.17E-03 4.8 7.57E-03 4.7 6.95E-03 4.6 6.59E-03 4.1 5.95E-03 3.2
244 6.85E-03 1.7 6.38E-03 15 5.89E-03 1.8 5.61E-03 1.3 5.08E-03 1.3
356 4.99E-03 -0.9 4.67E-03 0.6 4.35E-03 1.0 4.18E-0 -0.2 3.80E-03 0.6
511 3.59E-03 2.8 3.38E-03 2.9 3.17E-03 4.2 3.05E-03 4.3 2.80E-03 5.3
661 2.93E-03 3.7 2.77E-03 3.7 2.62E-03 4.1 2.52E-03 4.0 2.32E-03 4.8
834 2.54E-03 0.5 2.42E-03 14 2.29E-03 2.0 2.21E-03 2.8 2.04E-03 4.2
1173 2.14E-03 -3.8 2.04E-03 -2.2 1.94E-03 -3.2 E-88 2.1 1.74E-03 0.9
1274 2.02E-03 -4.4 1.93E-03 -2.9 1.84E-03 -2.9 B-09 2.1 1.66E-03 -0.6
1408 1.86E-03 -2.9 1.78E-03 -1.3 1.70E-03 -0.8 H-63 0.3 1.54E-03 1.5
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Table 4. Counting efficiency values estimated ugtggation (3.2), starting from the Livermore P4 swead, for the phantoms of chest girth of
110 and differences to the reference simulatedegalu

110B 110C 110D 110E 110F
Energy Counting R. E. Counting R. E. Counting R. E. Counting R. E. Counting R. E.
(keV) efficiency (%) efficiency (%) efficiency (%) efficiency (%) efficiency (%)
(counts/sy) (counts/sy) (counts/sy) (counts/sy) (counts/sy)
22 1.83E-04 -5.9 1.40E-04 -4.9 9.64E-05 -4.0 8.89E- -3.1 7.08E-05 -1.8
33 1.64E-03 -4.0 1.38E-03 -4.3 1.10E-03 -3.0 1.03E- -4.5 8.98E-04 -4.8
40 2.52E-03 -6.4 2.17E-03 -6.5 1.78E-03 -5.5 1.63E- -7.5 1.47E-03 -7.8
59 3.81E-03 -3.9 3.35E-03 -3.9 2.84E-03 -3.4 2.63E- -5.4 2.40E-03 -5.8
81 4.30E-03 1.2 3.82E-03 0.8 3.28E-03 11 3.07E-03 -0.9 2.81E-03 -1.1
122 4.45E-03 5.7 4.00E-03 4.9 3.49E-03 6.5 3.28E-03 5.3 3.02E-03 3.5
165 4.22E-03 5.9 3.82E-03 5.3 3.37E-03 5.5 3.18E-03 4.8 2.94E-03 4.0
185 4.05E-03 4.9 3.68E-03 4.0 3.26E-03 4.3 3.08E-03 3.5 2.85E-03 2.9
244 3.51E-03 1.5 3.21E-03 0.9 2.87E-03 1.5 2.72E-03 0.3 2.53E-03 0.1
356 2.67E-03 0.4 2.47E-03 0.1 2.24E-03 0.7 2.13E-03 -0.3 1.99E-03 -0.1
511 2.00E-03 2.8 1.86E-03 3.0 1.71E-03 3.2 1.63E-03 2.7 1.53E-03 3.2
661 1.68E-03 3.3 1.57E-03 3.4 1.46E-03 3.9 1.40E-03 3.9 1.31E-03 4.4
834 1.49E-03 0.8 1.40E-03 14 1.31E-03 2.4 1.26E-03 2.3 1.19E-03 1.8
1173 1.29E-03 4.1 1.22E-03 -3.5 1.15E-03 -2.2 BH-03 -3.2 1.05E-03 -1.9
1274 1.24E-03 -4.1 1.17E-03 -3.4 1.10E-03 -1.9 B-08 -2.8 1.01E-03 -1.3
1408 1.15E-03 -2.3 1.09E-03 -1.4 1.03E-03 -0.3 ©.03 -0.3 9.41E-04 0.8
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Table 5. Counting efficiency values estimated ugtggation (3.2), starting from the Livermore P4 swad, for the phantoms of chest girth of
120 and differences to the reference simulatedegalu

120C 120D 120E 120F

Energy Counting Stat. Counting Stat. Counting Stat. Counting Stat.
(keV) efficiency R. E. efficiency R. E. efficiency R. E. efficiency R. E.
(counts/sy) (%) (counts/sy) (%) (counts/sy) (%) (counts/sy) (%)

22 2.85E-05 -6.0 2.32E-05 -4.6 1.90E-05 -2.2 1.08E- 0.4
33 4.50E-04 -2.6 3.94E-04 -3.0 3.43E-04 -3.5 2.64E- -4.1
40 7.69E-04 -4.9 6.83E-04 -5.5 6.01E-04 -6.6 4.08E- -7.6
59 1.32E-03 -4.0 1.19E-03 -4.7 1.06E-03 -6.2 8.62E- -7.9
81 1.57E-03 0.0 1.43E-03 -0.8 1.28E-03 -2.4 1.08E-0 -3.7
122 1.73E-03 4.6 1.59E-03 3.9 1.43E-03 2.9 1.20E-03 1.4
165 1.72E-03 5.0 1.58E-03 4.4 1.43E-03 3.5 1.22E-03 2.7
185 1.67E-03 3.9 1.54E-03 3.4 1.40E-03 2.7 1.19E-03 1.9
244 1.51E-03 0.7 1.39E-03 0.2 1.27E-03 0.1 1.09E-03 -0.8
356 1.21E-03 -0.3 1.13E-03 0.0 1.03E-03 -0.5 9.00E- -0.7
511 9.48E-04 2.8 8.89E-04 3.2 8.20E-04 2.8 7.21E-04 2.9
661 8.22E-04 3.6 7.73E-04 3.8 7.16E-04 4.2 6.34E-04 4.2
834 7.50E-04 1.3 7.08E-04 2.1 6.57E-04 2.5 5.86E-04 3.3
1173 6.74E-04 -3.4 6.39E-04 -2.7 5.95E-04 -1.2 568 0.2
1274 6.48E-04 -3.3 6.16E-04 -2.6 5.74E-04 -1.2 B-08 1.0
1408 6.08E-04 -14 5.78E-04 -0.9 5.40E-04 1.2 4-88E 3.1
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Appendix B.7. Counting efficiency values obtainesing the AA cup
simulation and Equation 3.2.

Table 1. Comparison of published and calculatedieslof counting efficiency with the
associated difference (%) for the Cs-137 photori6at66 keV.

MC. Count. Eff. Cal. Count. Eff.  Diff.

Phantom (counts/sk) (counts/sk) (%)
A 2.22E-02 2.23E-02 -0.66
B 2.02E-02 2.04E-02 -1.07
C 1.94E-02 1.96E-02 -1.17

105 D 1.80E-02 1.82E-02 -1.11
E 1.67E-02 1.70E-02 -1.66
F 1.55E-02 1.58E-02 -1.78
G 1.47E-02 1.49E-02 -1.62

Table 2. Comparison of published and calculatedieslof counting efficiency with the
associated difference (%) for the Co-60 photorisld@B.23 keV.

MC. Count. Eff. Cal. Count. Eff.  Diff.

Phantom (counts/sk) (counts/sk) (%)
A 1.87E-02 1.85E-02 1.16
B 1.72E-02 1.69E-02 1.83
C 1.66E-02 1.62E-02 2.21

105 D 1.54E-02 1.51E-02 2.26
E 1.45E-02 1.40E-02 3.16
F 1.35E-02 1.30E-02 3.35
G 1.28E-02 1.24E-02 3.47
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Appendix B.8. Counting efficiency values obtainehg the A cup simulations and Equation 3.2.

Table 1. Values oficand ¢ parameters for all cup sizes (B to G) with the  Table 2. Comparison of published and calculateduiaslof counting
associated R2 and values (left). efficiency with the associated difference (%) fbe tAm-241 photons at
59.54 keV (right).

MC. Count. Eff. Cal. Count. Eff. Diff.
Phantom c c (g/cm?) R2 22 Phantom (counts/sh) (counts/sh) (%)
B 0.93 0.16 0.9046 2.7E-05 B 2.030E-02 2.03E-02 0.07
C 0.90 0.30 0.9595 4.0E-05 C 1.920E-02 1.92E-02 0.08
105 D 0.84 0.36 0.9800 2.8E-05 105 D 1.768E-02 1.77E-02 0.07
E 0.80 0.58 0.9595 1.5E-04 E 1.610E-02 1.61E-02 0.16
F 0.74 0.63 0.9571 1.9E-04 F 1.488E-02 1.49E-02 0.18
G 0.71 0.75 0.9777 1.3E-04 G 1.390E-02 1.39E-02 0.15
Table 3. Comparison of published and calculatedesbf counting Table 4. Comparison of published and calculatedesbf counting
efficiency with the associated difference (%) floe (Cs-137 photons efficiency with the associated difference (%) foe tCo-60 photons
at 661.66 keV (right). at 1173.23 keV (right).
Phantom MC. Count. Eff. Cal. Count. Eff. Diff. Phantor MC. Count. Eff. Cal. Count. Eff. Diff.
(counts/sk) (counts/sk) (%) (counts/sk) (counts/sk) (%)
B 2.02E-02 2.03€-02 -0.40 B 1.72E-02 1.71E-02 0.33
C 1.94E-02 1.95E-02 -0.49 C 1.66E-02 1.65E-02 0.40
105 ©° 1.80E-02 1.81E-02 -0.40 05 P 1.54E-02 1.53E-02 0.34
E 1.678-02 1.69E-02 -0.94 E 1.45E-02 1.44E-02 0.77
F 1.55E-02 1.578-02 -L.oa F 1.35E-02 1.34E-02 0.87
G 1.47E-02 1.48E-02 0.88 G 1.28E-02 1.27E-02 0.73
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Appendix C.1 List of cell, densities and correspagdmaterials in

the used phantoms

Case of the Livermore phantom

Cell density Material Cell density Material

1 2.70 $AI 38 2.70 $AI

2 5.32 $Ge 39 5.32 $Ge

3 1.25 $CEpoxy_EndCap 40 1.00E-08 $Air_Dry LowP

4 11.4 $Pb 41 1.00E-08 $Air_Dry LowP

5 2.70 SAl 42 1.00E-08 $Air_Dry LowP

6 2.70 SAl 43 1.00E-08 $Air_Dry LowP

7 2.70 SAI 44 1.00E-08 $Air_Dry LowP

8 2.70 Al 45 1.00E-08 $Air_Dry LowP

9 5.32 $Ge 46 2.70 $AI

10 1E-08 $Air_Dry LowP 47 5.32 $Ge

11 1E-08 $Air_Dry_LowP 48 1.25 $CEpoxy_EndCap
12 1E-08 $Air_Dry_LowP 49 11.4 $Pb

13 1E-08  $Air_Dry_LowP 50 270  $Al

14 1E-08 $Air_Dry LowP 51 2.70 $Al

15 1E-08 $Air_Dry LowP 52 2.70 $Al

16 2.70 $Al 53 2.70 $AI

17 5.32 $Ge 54 5.32 $Ge

18 1.25 $CEpoxy_EndCap 55 1.00E-08 $Air_Dry LowP

19 11.4 $Pb 56 1.00E-08 $Air_Dry LowP

20 2.70 SAI 57 1.00E-08 $Air_Dry LowP

21 2.70 $Al 58 1.00E-08 $Air_Dry_LowP

22 2.70 S$Al 59 1.00E-08 $Air_Dry LowP

23 2.70 S$Al 60 1.00E-08 $Air_Dry LowP

24 5.32 $Ge 1002 - $rpp_phantom

25 1.00E-08  $Air_Dry LowP 1003 - $repeated_struct

26 1.00E-08  $Air_Dry LowP 1004 1.21E-03 $air

27 1.00E-08  $Air_Dry LowP 1005 1.21E-03 $air

28 1.00E-08  $Air_Dry LowP 1014 1.03 $tissu_equiasfic

29 1.00E-08  $Air_Dry LowP 1015 1.03 $tissu_equiastit

30 1.00E-08  $Air_Dry LowP 1024 1.03 $bhone_equivsiita

31 2.70 $AI 1025 1.03 $bone_equiv_plastic
32 5.32 $Ge 1034 1.03 $lungs_equiv_plastic
33 1.25 $CEpoxy_EndCap 1035 1.03 $lungs_equiv_iplast
34 11.4 $Pb 1044 1.03 $plate50% _equiv_plastic
35 2.70 SAI 1045 1.03 $plate50%_equiv_plastic
36 2.70 $AI 10000 0.00 $ void_outside_world
37 2.70 $AI 10001  1.20E-03 $air_sphere of work
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» Case of the ICRP phantom

Cell density Material Cell density Material

1 2.70 $Al 1185 1.17 $lumbar_spine_spongiosa

2 5.32 $Ge 1194 1.92 $sternum_cortical

3 1.25 $CEpoxy_EndCap 1195 1.92 $sternum_cortical

4 11.4 $Pb 1204 1.08 $sternum_spongiosa

5 2.70 SAl 1205 1.08 $sternum_spongiosa

6 2.70 $AI 1214 1.10 $cartilage_trunk

7 2.70 $AI 1215 1.10 $cartilage_trunk

8 2.70 SAl 1224 0.95 $breast_left_adiposetissue

9 5.32 $Ge 1225 0.95 $breast_left_adiposetissue
10 1E-08 $Air_Dry LowP 1234 1.02 $breast_left_glaad tissue
11 1E-08 $Air_Dry_LowP 1235 1.02 $breast_left_glalad tissue
12 1E-08 $Air_Dry_LowP 1244 0.95 $breast_right_adgtissue

13 1E-08 $Air_Dry LowP 1245 0.95 $breast_right_adgiissue

14 1E-08 $Air_Dry LowP 1254 1.02 $breast_right_dldartissue
15 1E-08 $Air_Dry LowP 1255 1.02 $breast_right_dlaartissue
16 2.70 $AI 1264 1.03 $gall_bladder_wall

17 5.32 $Ge 1265 1.03 $gall_bladder_wall

18 1.25 $CEpoxy_EndCap 1274 1.03 $gall_bladder ecisit

19 11.4 $Pb 1275 1.03 $gall_bladder_contents

20 2.70 $AI 1284 1.04 $stomach_wall

21 2.70 $AI 1285 1.04 $stomach_wall

22 2.70 $AI 1294 1.04 $stomach_contents

23 2.70 $AI 1295 1.04 $stomach_contents

24 5.32 $Ge 1304 1.04 $small_intestine_wall

25 1.00E-08 $Air_Dry LowP 1305 1.04 $small_intestiwall

26 1.00E-08 $Air_Dry LowP 1314 1.04 $small_intesticontents

27 1.00E-08 $Air_Dry LowP 1315 1.04 $small_intesticontents

28 1.00E-08  $Air_Dry LowP 1324 1.04 $ascending_rcokeall

29 1.00E-08  $Air_Dry LowP 1325 1.04 $ascending_rcokeall

30 1.00E-08  $Air_Dry LowP 1334 1.04 $ascending_rcobmntents

31 2.70 $AI 1335 1.04 $ascending_colon_contents
32 5.32 $Ge 1344 1.04 $transverse_colon_wall_right
33 1.25 $CEpoxy_EndCap 1345 1.04 $transverse_coflh right
34 11.4 $Pb 1354 1.04 $transverse_colon_cont_right
35 2.70 $AI 1355 1.04 $transverse_colon_cont_right
36 2.70 $AI 1364 1.04 $transverse_colon_wall_left
37 2.70 $AI 1365 1.04 $transverse_colon_wall_left
38 2.70 SAI 1374 1.04 $transverse_colon_cont_left
39 5.32 $Ge 1375 1.04 $transverse_colon_cont_left
40 1.00E-08 $Air_Dry LowP 1384 1.04 $descendingorolvall

41 1.00E-08 $Air_Dry LowP 1385 1.04 $descendingorolvall

42 1.00E-08 $Air_Dry LowP 1394 1.04 $descendingorotontents
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43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
1002
1003
1004
1005
1014
1015
1024
1025
1034
1035
1044
1045
1054
1055
1064
1065
1074
1075
1084
1085
1094
1095
1104
1105
1114
1115

1.00E-08
1.00E-08
1.00E-08
2.70
5.32
1.25
114
2.70
2.70
2.70
2.70
5.32
1.00E-08
1.00E-08
1.00E-08
1.00E-08
1.00E-08
1.00E-08

1.21E-03
1.21E-03
1.03
1.03
1.03
1.03
1.03
1.03
1.03
1.03
1.06
1.06
1.92
1.92
1.18
1.18
0.98
0.98
1.92
1.92
1.19
1.19
1.92
1.92

$Air_Dry LowP
$Air_Dry LowP
$Air_Dry LowP

$AI

$Ge

$CEpoxy_EndCap

$Pb

$AI

$AI

$AI

$AI

$Ge

$Air_Dry LowP
$Air_Dry LowP
$Air_Dry LowP
$Air_Dry LowP
$Air_Dry LowP
$Air_Dry LowP
$rpp_phantom
$repeated_struct

$air

$air

$adrenal_left
$adrenal_left
$adrenal_right
$adrenal_right
$trachea

$trachea

$bronchi

$bronchi
$blood_vessels_trunk
$blood_vessels_trunk
$humeri_upperhalf_cort
$humeri_upperhalf_cort
$humeri_upperhalf_spong
$humeri_upperhalf_spong
$humeri_upperhalf_medu
$humeri_upperhalf_medu
$clavicles_cortical
$clavicles_cortical
$clavicles_spongiosa
$clavicles_spongiosa
$ribs_cortical
$ribs_cortical

1395
1404
1405
1414
1415
1424
1425
1434
1435
1444
1445
1454
1455
1464
1465
1474
1475
1484
1485
1494
1495
1504
1505
1514
1515
1524
1525
1534
1535
1544
1545
1554
1555
1564
1565
1574
1575
1584
1585
1594
1595
1604
1605
1614

1.04
1.05
1.05
1.06
1.06
1.05
1.05
1.05
1.05
1.05
1.05
1.05
1.05
1.05
1.05
1.05
1.05
1.05
1.05
1.06
1.06
0.385
0.385
1.06
1.06
0.385
0.385
1.03
1.03
1.03
1.03
1.05
1.05
1.03
1.03
1.05
1.05
1.09
1.09
1.03
1.03
1.04
1.04
1.03

$descendingorotontents
$heart_wall
$heart_wall
$heart_contents
$heart_contents
$kidney_left_gorte
$kidney_left_cortex
$kidney_left_medulla
$kidney_left_medulla
$kidney_left_pelvis
$kidney_left_pelvis
$kidney_right_cortex
$kidney_righdrtex
$kidney_righedulla
$kidney_righedulla
$kidney_rigrelvis
$kidney_rigrelvis
$liver
Sliver
$lung_left_blood
$lung_left_blood
$lung_left_tissue
$lung_left_gssu
$lung_right_blood
$lung_right_thloo
$lung_righsutis
$lung_right_tissue
$lymph_nodes_thoraggw
$lymph_nodes_thor agisw
$lymph_nodes_trunk
$lymphesatunk
$musciek tr
$musalak
$oegppha
$oespsh
$pancre
$pascrea
$skinktr
$skin_trunk
$spinaldcor
$spined_co
$spleen
$spleen
$thymus
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1124
1125
1134
1135
1144
1145
1154
1155
1164
1165
1174
1175
1184

1.09
1.09
1.92
1.92
1.13
1.13
1.92
1.92
1.08
1.08
1.92
1.92
1.17

$ribs_spongiosa
$ribs_spongiosa
$scapulae_cortical
$scapulae_cortical
$scapulae_spongiosa
$scapulae_spongiosa
$thoracic_spine_cortical
$thoracic_spine_cortical
$thoracic_spine_spong
$thoracic_spine_spong
$lumbar_spine_cortical
$lumbar_spine_cortical
$lumbar_spine_spongiosa

1615
1624
1625
1634
1635
1644
1645
1654
1655
1664
1665
10000
10001

1.03 $thymus
1.04 $thyroid
1.04 $thyroid
1.03 $Sureter_left
1.03 $Sureter_lef
1.03 $uretert_rig
1.03 Sureight

1.21E-03ir_Beside_body
1.21E-03 ifaide_body
0.95
0.95
0.00
1.20E-03r_sphere of work

$resitisslie _trunk
$residisaue_trunk
$ wvaidside _world
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Appendix C.2. Reference MC simulation results withdR methods.

» Case of the Livermore phantom

Table 1. MC reference simulated counting ratespaated statistical relative error, counting
efficiency value and associated uncertainty.

Statistical

o) S " R Eror O ey Uncetany
15 1.21E-04 1.90 6.03E-05 3.37
22 1.62E-03 0.32 1.53E-03 0.36
33 6.43E-03 0.16 6.22E-03 0.17
40 8.54E-03 0.14 8.32E-03 0.15
59 1.17E-02 0.12 1.15E-02 0.13
81 1.31E-02 0.11 1.29E-02 0.11
122 1.32E-02 0.11 1.31E-02 0.11
165 1.19E-02 0.12 1.18E-02 0.12
185 1.10E-02 0.12 1.10E-02 0.12
244 8.79E-03 0.14 8.76E-03 0.14
356 6.20E-03 0.17 6.19E-03 0.17
511 4.48E-03 0.19 4.47E-03 0.19
661 3.63E-03 0.22 3.62E-03 0.22
834 3.06E-03 0.24 3.06E-03 0.24

1173 2.40E-03 0.27 2.40E-03 0.27

1274 2.27E-03 0.27 2.27E-03 0.27

1408 2.12E-03 0.28 2.12E-03 0.28

233



Appendix

» Case of the ICRP female torso phantom

Table 2. MC reference simulated counting ratespa@ated statistical relative error, counting
efficiency value and associated uncertainty.

Statistical

T S el ror Cn ey Unany
15 1.15E-04 1.20 4.52E-05 4.61
22 1.70E-03 0. 32 1.60E-03 0.36
33 7.38E-03 0.15 7.11E-03 0.16
40 9.70E-03 0.13 9.44E-03 0.14
59 1.32E-02 0.11 1.29E-02 0.12
81 1.47E-02 0.11 1.45E-02 0.11
122 1.48E-02 0.11 1.47E-02 0.11
165 1.35E-02 0.11 1.34E-02 0.11
185 1.26E-02 0.12 1.25E-02 0.12
244 1.01E-02 0.13 1.01E-02 0.13
356 7.25E-03 0.15 7.25E-03 0.15
511 5.33E-03 0.18 5.32E-03 0.18
661 4.34E-03 0.20 4.33E-03 0.20
834 3.67E-03 0.22 3.67-03 0.22

1173 2.91E-03 0.24 2.91E-03 0.24

1274 2.76E-03 0.25 2.75E-03 0.25

1408 2.58E-03 0.26 2.58E-03 0.26
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Appendix C.3. MC simulation results for the CellP\ard.

» Case of the Livermore phantom

Table 1. Counting efficiency values, associatedtned error and uncertainty obtained with the cell
importance card with the parameters 1, 3, 9 and 18.

Energy Simulated counting Statistical Counting efficiency Uncertainty Difference
(keV) rate (counts) Relat(lg;oe) Error (counts/sy) (%) (%)
15 1.24E-04 2.52 6.13E-05 8.00 -1.62
22 1.61E-03 0.76 1.51E-03 0.85 1.01
33 6.43E-03 0.44 6.21E-03 0.47 0.18
40 8.54E-03 0.40 8.32E-03 0.42 -0.04
59 1.17E-02 0.35 1.15E-02 0.36 0.03
81 1.31E-02 0.34 1.29E-02 0.35 0.23
122 1.33E-02 0.33 1.31E-02 0.34 -0.37
165 1.19E-02 0.33 1.18E-02 0.33 -0.15
185 1.10E-02 0.33 1.10E-02 0.33 -0.01
244 8.77E-03 0.33 8.74E-03 0.33 0.24
356 6.21E-03 0.33 6.20E-03 0.33 -0.19
511 4.52E-03 0.33 4.51E-03 0.33 -0.82
661 3.65E-03 0.34 3.64E-03 0.34 -0.48
834 3.07E-03 0.34 3.06E-03 0.34 -0.06
1173 2.40E-03 0.35 2.40E-03 0.35 0.02
1274 2.28E-03 0.36 2.28E-03 0.36 -0.71
1408 2.12E-03 0.36 2.12E-03 0.36 0.11
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» Case of the ICRP female torso phantom

Table 2. Counting efficiency values, associatedtned error and uncertainty obtained with the cell
importance card with the parameters 1, 3, 9 and 18.

Statistical

Energy  Simulated counting ° .~ 2 Counting efficiency Uncertainty Difference
(keV) rate (counts) (%) (counts/sy) (%) (%)
15 1.21E-04 2.67 5.07E-05 9.92 -12.20
22 1.69E-03 0.71 1.58E-03 0.81 0.72
33 7.36E-03 0.40 7.10E-03 0.43 0.16
40 9.73E-03 0.36 9.46E-03 0.38 -0.25
59 1.31E-02 0.32 1.28E-02 0.33 0.67
81 1.47E-02 0.31 1.45E-02 0.32 -0.11
122 1.48E-02 0.30 1.47E-02 0.30 0.06
165 1.36E-02 0.30 1.35E-02 0.30 -0.70
185 1.26E-02 0.30 1.25E-02 0.30 -0.28
244 1.01E-02 0.30 1.01E-02 0.30 -0.08
356 7.24E-03 0.30 7.22E-03 0.30 0.10
511 5.33E-03 0.30 5.33E-03 0.30 -0.07
661 4.34E-03 0.31 4.34E-03 0.31 -0.17
834 3.64E-03 0.32 3.63E-03 0.32 0.84
1173 2.90E-03 0.32 2.89E-03 0.32 0.52
1274 2.75E-03 0.33 2.75E-03 0.33 0.23
1408 2.57E-03 0.33 2.57E-03 0.33 0.36
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Table 3. Counting efficiency values, associatecettainty and difference to reference values obthine
for the ICRP female and for various cell importarogries.
Cell IMP parameters

1-4-8 1-4-16
Energy Count Eff. Unc. Diff. Count Eff. Unc. Diff.
(counts/sy) (%) (%) (counts/sy) (%) (%)

15 4.62E-05 1231  -2.23 4.01E-05 15.26 11.24

22 1.59E-03 1.03 0.33 1.59E-03 1.04 011
33 7.12E-03 0.54 -0.15 7.13E-03 0.56 -0.33
40 9.42E-03 0.49 0.25 9.41E-03 051 0.36
59 1.28E-02 0.44 0.64 1.28E-02 046  0.65
81 1.45E-02 0.42 -0.04 1.45E-02 043 -0.13
122 1.46E-02 0.41 0.40 1.47E-02 0.43  0.00
165 1.35E-02 0.40 -0.79 1.35E-02 041 -0.34
185 1.26E-02 0.40 -0.30 1.26E-02 041 -0.52
244 1.01E-02 0.41 -0.39 1.01E-02 041 -0.35
356 7.20E-03 0.43 0.43 7.24E-03 042 -0.10
511 5.31E-03 0.45 0.18 5.32E-03 042 0.11
661 4.33E-03 0.47 -0.04 4.33E-03 0.44  0.09
834 3.65E-03 0.49 0.38 3.64E-03 045 0.56
1173 2.88E-03 0.52 0.92 2.87E-03 047 1.16
1274 2.75E-03 0.52 0.27 2.74E-03 046  0.58
1408 2.56E-03 0.53 0.67 2.56E-03 0.47 0.56
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Appendix C.4. MC simulation results for the WW card

» Case of the Livermore phantom

Table 1. Counting efficiency values, associatedettainty and the difference to the reference
simulation obtained with the mesh-based rectang\f.

Statistical

Energy  Simulated counting ° .~ = Counting efficiency Uncertainty Difference
(keV) rate (counts) (%= (counts/sy) (%) (%)
15 1.19E-04 4.40 6.21E-05 11.84 -2.95
22 1.60E-03 1.20 1.51E-03 1.35 1.29
33 6.42E-03 0.60 6.20E-03 0.64 0.34
40 8.42E-03 0.52 8.19E-03 0.55 1.49
59 1.18E-02 0.44 1.15E-02 0.46 -0.43
81 1.31E-02 0.42 1.29E-02 0.43 -0.46
122 1.32E-02 0.42 1.31E-02 0.43 -0.24
165 1.18E-02 0.44 1.17E-02 0.45 0.51
185 1.11E-02 0.46 1.11E-02 0.46 -0.66
244 8.84E-03 0.51 8.81E-03 0.51 -0.60
356 6.23E-03 0.61 6.21E-03 0.61 -0.42
511 4.51E-03 0.72 4.50E-03 0.72 -0.60
661 3.65E-03 0.80 3.65E-03 0.80 -0.69
834 3.07E-03 0.87 3.07E-03 0.87 -0.24
1173 2.40E-03 0.98 2.39E-03 0.98 0.21
1274 2.27E-03 1.01 2.27E-03 1.01 -0.25
1408 2.13E-03 1.04 2.13E-03 1.04 -0.14
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Table 2. Counting efficiency values, associatedettainty and the difference to the reference
simulation obtained with the mesh-based spheridAl.W

Energy Simulated counting Statistical Counting efficiency Uncertainty Difference
(keV) rate (counts) Relat(lg;oe) Error (counts/sy) (%) (%)
15 1.22E-04 2.36 6.05E-05 6.52 -0.41
22 1.61E-03 0.75 1.52E-03 0.83 0.72
33 6.42E-03 0.42 6.21E-03 0.44 0.19
40 8.51E-03 0.37 8.28E-03 0.39 0.40
59 1.18E-02 0.33 1.15E-02 0.34 -0.39
81 1.31E-02 0.32 1.29E-02 0.33 -0.27
122 1.33E-02 0.32 1.31E-02 0.32 -0.44
165 1.19E-02 0.32 1.18E-02 0.32 0.05
185 1.10E-02 0.33 1.10E-02 0.33 0.10
244 8.80E-03 0.35 8.77E-03 0.35 -0.10
356 6.21E-03 0.38 6.20E-03 0.38 -0.14
511 4.51E-03 0.43 4.50E-03 0.43 -0.61
661 3.65E-03 0.46 3.64E-03 0.46 -0.51
834 3.07E-03 0.49 3.07E-03 0.49 -0.18
1173 2.40E-03 0.54 2.40E-03 0.54 0.10
1274 2.26E-03 0.55 2.26E-03 0.55 0.22
1408 2.13E-03 0.56 2.13E-03 0.56 -0.23
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» Case of the ICRP female torso phantom

Table 3. Counting efficiency values, associatedetainty and the difference to the reference
simulation obtained with the mesh-based rectanuhat.

Statistical

Energy  Simulated counting ° .~ 2 Counting efficiency Uncertainty Difference
(keV) rate (counts) (%) (counts/sy) (%) (%)
15 1.20E-04 4.39 4.48E-05 17.62 0.85
22 1.71E-03 1.16 1.60E-03 1.32 -0.07
33 7.28E-03 0.56 7.01E-03 0.60 1.38
40 9.68E-03 0.49 9.42E-03 0.52 0.24
59 1.32E-02 0.42 1.29E-02 0.44 0.09
81 1.47E-02 0.40 1.45E-02 0.41 -0.09
122 1.49E-02 0.39 1.48E-02 0.40 -0.40
165 1.36E-02 0.41 1.35E-02 0.42 -0.41
185 1.26E-02 0.43 1.25E-02 0.43 -0.14
244 1.01E-02 0.48 1.01E-02 0.48 -0.02
356 7.23E-03 0.57 7.21E-03 0.57 0.26
511 5.27E-03 0.66 5.26E-03 0.66 1.21
661 4.36E-03 0.73 4.35E-03 0.73 -0.46
834 3.66E-03 0.79 3.66E-03 0.79 0.18
1173 2.89E-03 0.89 2.89E-03 0.89 0.76
1274 2.77E-03 0.91 2.77E-03 0.91 -0.47
1408 2.57E-03 0.95 2.57E-03 0.95 0.04
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Table 4. Counting efficiency values, associatedettainty and the difference to the reference
simulation obtained with the mesh-based spheridAl.W

Energy Simulated counting Statistical Counting efficiency Uncertainty Difference
(keV) rate (counts) Relat(lg;oe) Error (counts/sy) (%) (%)
15 1.15E-04 2.37 4 .54E-05 8.73 -0.36
22 1.70E-03 0.71 1.59E-03 0.79 0.42
33 7.41E-03 0.38 7.13E-03 0.40 -0.28
40 9.73E-03 0.34 9.47E-03 0.35 -0.33
59 1.32E-02 0.30 1.29E-02 0.31 0.08
81 1.47E-02 0.29 1.45E-02 0.30 0.08
122 1.49E-02 0.29 1.48E-02 0.29 -0.44
165 1.36E-02 0.29 1.35E-02 0.29 -0.68
185 1.26E-02 0.30 1.26E-02 0.30 -0.32
244 1.02E-02 0.32 1.01E-02 0.32 -0.54
356 7.27E-03 0.35 7.25E-03 0.35 -0.31
511 5.29E-03 0.39 5.28E-03 0.39 0.73
661 4.35E-03 0.41 4.35E-03 0.41 -0.33
834 3.64E-03 0.44 3.64E-03 0.44 0.67
1173 2.86E-03 0.49 2.86E-03 0.49 1.79
1274 2.76E-03 0.49 2.76E-03 0.49 -0.09
1408 2.57E-03 0.51 2.57E-03 0.51 0.38
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Appendix C.5. MC simulation results for the SB card

» Case of the Livermore phantom

Table 1. Counting efficiency values, associatedetainty and the difference to the reference
simulation obtained with the SB card simulation/gli5starting at 15 keV, NPS 2e8).

Energy Simulated counting Statistical Counting efficiency Uncertainty Difference
(keV) rate (counts) Relat(lg;oe) Error (counts/sy) (%) (%)
15 1.23E-04 2.43 6.10E-05 8.25 -1.12
22 1.62E-03 0.66 1.53E-03 0.76 -0.38
33 6.46E-03 0.47 6.24E-03 0.50 -0.29
40 8.48E-03 0.41 8.26E-03 0.43 0.73
59 1.18E-02 0.35 1.15E-02 0.37 -0.02
81 1.31E-02 0.33 1.29E-02 0.34 -0.39
122 1.33E-02 0.33 1.32E-02 0.34 -0.81
165 1.19E-02 0.35 1.18E-02 0.35 -0.27
185 1.11E-02 0.36 1.10E-02 0.36 -0.42
244 8.74E-03 0.41 8.71E-03 0.41 0.59
356 6.17E-03 0.49 6.16E-03 0.49 0.46
511 4.47E-03 0.57 4.47E-03 0.57 0.17
661 3.62E-03 0.63 3.62E-03 0.63 0.20
834 3.03E-03 0.69 3.03E-03 0.69 1.06
1173 2.39E-03 0.53 2.39E-03 0.53 0.42
1274 2.29E-03 0.55 2.29E-03 0.55 -0.95
1408 2.14E-03 0.56 2.14E-03 0.56 -0.65
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Table 2. Counting efficiency values and associa&dative error obtained with the second SB card
simulation (15/37.5 starting at 15 keV) when theS\Ras reduced in regions #2 and #3 and
maintained at 15 keV.

Statistical

Energy  Simulated counting - .~ 2 Counting efficiency Uncertainty Difference
(keV) rate (counts) (%) (counts/sy) (%) (%)
15 1.19E-04 2.96 5.92E-05 10.18 1.90
22 1.62E-03 0.67 1.53E-03 0.80 0.00
33 6.43E-03 0.56 6.22E-03 0.60 -0.07
40 8.56E-03 0.49 8.34E-03 0.52 -0.26
59 1.18E-02 0.42 1.15E-02 0.44 0.03
81 1.31E-02 0.39 1.29E-02 0.40 -0.05
122 1.32E-02 0.39 1.31E-02 0.40 -0.06
165 1.18E-02 0.42 1.17E-02 0.43 0.59
185 1.10E-02 0.43 1.10E-02 0.43 0.22
244 8.74E-03 0.48 8.71E-03 0.48 0.55
356 6.18E-03 0.57 6.16E-03 0.57 0.41
511 4.54E-03 0.67 4.53E-03 0.67 -1.28
661 3.66E-03 0.75 3.66E-03 0.75 -0.97
834 3.09E-03 0.81 3.09E-03 0.81 -0.88
1173 2.39E-03 0.92 2.38E-03 0.92 0.63
1274 2.30E-03 0.94 2.30E-03 0.94 -1.39
1408 2.14E-03 0.98 2.14E-03 0.98 -0.66
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Table 3. Counting efficiency values, associatedettainty and the difference to the reference
simulation obtained with the second SB card sinutaind doubled NPS.

Energy Simulated counting Statistical Counting efficiency Uncertainty Difference
(keV) rate (counts) Relat(lg;oe) Error (counts/sy) (%) (%)
15 1.20E-04 2.07 5.93E-05 7.22 1.68
22 1.62E-03 0.47 1.52E-03 0.56 0.22
33 6.45E-03 0.40 6.24E-03 0.43 -0.32
40 8.55E-03 0.35 8.33E-03 0.37 -0.19
59 1.17E-02 0.29 1.15E-02 0.30 0.11
81 1.31E-02 0.28 1.29E-02 0.29 -0.31
122 1.32E-02 0.28 1.31E-02 0.29 -0.08
165 1.18E-02 0.29 1.17E-02 0.29 0.44
185 1.10E-02 0.30 1.09E-02 0.30 0.46
244 8.74E-03 0.34 8.71E-03 0.34 0.57
356 6.20E-03 0.41 6.19E-03 0.41 0.01
511 4.55E-03 0.47 4.55E-03 0.47 -1.62
661 3.64E-03 0.53 3.63E-03 0.53 -0.27
834 3.05E-03 0.58 3.05E-03 0.58 0.50
1173 2.39E-03 0.65 2.39E-03 0.65 0.29
1274 2.28E-03 0.67 2.28E-03 0.67 -0.71
1408 2.15E-03 0.69 2.15E-03 0.69 -1.15
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» Case of the ICRP female torso phantom

Table 4. Counting efficiency values, associatedettainty and the difference to the reference
simulation obtained with the SB card simulation/glli5starting at 15 keV, NPS 2e8).

Simulated Statistical Countin . ;
I%lr(ws\rgy counting rate Relative Error efficiencg/ Unc(%/rot)amty D|ff(e(:)/roe):nce
(counts) (%) (counts/sy)

15 1.15E-04 2.72 4.13E-05 13.08 8.70
22 1.71E-03 0.64 1.60E-03 0.75 -0.15
33 7.37E-03 0.44 7.11E-03 0.47 -0.03
40 9.73E-03 0.39 9.46E-03 0.41 -0.27
59 1.32E-02 0.33 1.30E-02 0.34 -0.56
81 1.47E-02 0.31 1.44E-02 0.32 0.21
122 1.49E-02 0.31 1.47E-02 0.32 -0.12
165 1.34E-02 0.33 1.33E-02 0.33 0.90
185 1.25E-02 0.34 1.24E-02 0.34 0.52
244 1.01E-02 0.38 1.01E-02 0.38 -0.13
356 7.27E-03 0.45 7.26E-03 0.45 -0.41
511 5.31E-03 0.52 5.30E-03 0.52 0.41
661 4.37E-03 0.58 4.36E-03 0.58 -0.68
834 3.61E-03 0.64 3.60E-03 0.64 1.74
1173 2.92E-03 0.48 2.92E-03 0.48 -0.48
1274 2.75E-03 0.50 2.74E-03 0.50 0.35
1408 2.57E-03 0.51 2.57E-03 0.51 0.35
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Table 5. Counting efficiency values and associa&dative error obtained with the second SB card
simulation (15/37.5 starting at 15 keV) when theS\Ras reduced in regions #2 and #3 and
maintained at 15 keV.

Statistical

Energy  Simulated counting - .~ 2 Counting efficiency Uncertainty Difference
(keV) rate (counts) (%) (counts/sy) (%) (%)
15 1.18E-04 3.31 4.68E-05 14.13 -3.53
22 1.69E-03 0.66 1.59E-03 0.79 0.54
33 7.41E-03 0.52 7.14E-03 0.56 -0.47
40 9.65E-03 0.46 9.38E-03 0.49 0.64
59 1.32E-02 0.39 1.29E-02 0.41 0.02
81 1.47E-02 0.37 1.45E-02 0.38 -0.01
122 1.50E-02 0.37 1.48E-02 0.38 -0.89
165 1.36E-02 0.39 1.35E-02 0.40 -0.29
185 1.26E-02 0.40 1.26E-02 0.40 -0.54
244 1.01E-02 0.45 1.01E-02 0.45 -0.17
356 7.16E-03 0.53 7.14E-03 0.53 1.18
511 5.33E-03 0.62 5.33E-03 0.62 -0.08
661 4.33E-03 0.69 4.33E-03 0.69 0.13
834 3.66E-03 0.75 3.66E-03 0.75 0.16
1173 2.89E-03 0.84 2.89E-03 0.84 0.65
1274 2.79E-03 0.86 2.79E-03 0.86 -1.14
1408 2.57E-03 0.89 2.57E-03 0.89 0.32
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Table 6. Counting efficiency values, associatedettainty and the difference to the reference
simulation obtained with the second SB card sinutaind doubled NPS.

Energy Simulated counting Statistical Counting efficiency Uncertainty Difference
(keV) rate (counts) Relat(lg;oe) Error (counts/sy) (%) (%)
15 1.14E-04 2.37 4.25E-05 10.92 5.96
22 1.70E-03 0.46 1.59E-03 0.56 0.23
33 7.38E-03 0.37 7.11E-03 0.40 -0.07
40 9.72E-03 0.32 9.45E-03 0.34 -0.14
59 1.31E-02 0.28 1.28E-02 0.29 0.27
81 1.47E-02 0.26 1.44E-02 0.27 0.14
122 1.49E-02 0.26 1.48E-02 0.27 -0.52
165 1.35E-02 0.27 1.34E-02 0.27 -0.10
185 1.25E-02 0.29 1.25E-02 0.29 0.26
244 1.02E-02 0.32 1.01E-02 0.32 -0.48
356 7.20E-03 0.38 7.18E-03 0.38 0.65
511 5.32E-03 0.44 5.31E-03 0.44 0.13
661 4.36E-03 0.48 4.35E-03 0.48 -0.50
834 3.69E-03 0.53 3.68E-03 0.53 -0.45
1173 2.90E-03 0.59 2.90E-03 0.59 0.27
1274 2.76E-03 0.61 2.76E-03 0.61 -0.12
1408 2.56E-03 0.63 2.56E-03 0.63 0.58
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Appendix C.6. MC simulation results for the Vecdar

» Case of the Livermore phantom

Table 1. Counting efficiency values, associatedetlaities and differences to the reference
values obtained for the user-defined cone direatibrasing (VEC).

Energy Simulated counting Statistical Relative ~Counting efficiency Uncertainty Difference

(keV) rate (counts) Error (%) (counts/sy) (%) (%)
15 1.14E-04 1.22 6.32E-05 3.03 -4.88
22 1.61E-03 0.33 1.53E-03 0.36 -0.12
33 6.40E-03 0.16 6.23E-03 0.17 -0.17
40 8.50E-03 0.14 8.33E-03 0.15 -0.17
59 1.17E-02 0.12 1.15E-02 0.12 0.06
81 1.30E-02 0.11 1.29E-02 0.11 -0.17
122 1.32E-02 0.11 1.31E-02 0.11 0.05
165 1.18E-02 0.12 1.18E-02 0.12 0.00
185 1.10E-02 0.12 1.09E-02 0.12 0.39
244 8.75E-03 0.14 8.73E-03 0.14 0.34
356 6.19E-03 0.17 6.17E-03 0.17 0.20
511 4.50E-03 0.19 4.49E-03 0.19 -0.34
661 3.64E-03 0.22 3.63E-03 0.22 -0.25
834 3.05E-03 0.24 3.05E-03 0.24 0.40
1173 2.41E-03 0.27 2.40E-03 0.27 -0.23
1274 2.28E-03 0.27 2.28E-03 0.27 -0.52
1408 2.13E-03 0.28 2.13E-03 0.28 -0.06
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Table 2. Counting efficiency values, associatedeuainties and differences to the reference values
obtained for the continuous exponential directi@sing (SB -31 1).

Energy Simulated counting Statistical Relative Counting efficiency Uncertainty Difference

(keV) rate (counts) Error (%) (counts/syf) (%) (%)
15 2.20E-04 3.24 1.30E-04 7.42 -115.36
22 3.06E-03 0.87 2.91E-03 0.96 -90.86
33 1.19E-02 0.44 1.16E-02 0.46 -87.17
40 1.60E-02 0.38 1.56E-02 0.40 -88.03
59 2.19E-02 0.32 2.16E-02 0.33 -87.71
81 2.42E-02 0.31 2.40E-02 0.32 -86.07
122 2.46E-02 0.31 2.44E-02 0.31 -86.75
165 2.22E-02 0.32 2.21E-02 0.32 -87.30
185 2.05E-02 0.34 2.04E-02 0.34 -86.01
244 1.62E-02 0.38 1.61E-02 0.38 -84.06
356 1.15E-02 0.45 1.15E-02 0.45 -85.53
511 8.29E-03 0.53 8.28E-03 0.53 -85.09
661 6.74E-03 0.59 6.73E-03 0.59 -85.82
834 5.67E-03 0.64 5.66E-03 0.64 -84.91
1173 4.46E-03 0.72 4.45E-03 0.72 -85.57
1274 4.14E-03 0.75 4.14E-03 0.75 -82.78
1408 3.95E-03 0.76 3.95E-03 0.76 -85.93
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» Case of the ICRP female torso phantom

Table 3. Counting efficiency values, associatedeuainties and differences to the reference values
obtained for the user-defined cone directionalib@§VEC).

Energy Simulated counting Statistical Relative Counting efficiency Uncertainty Difference

(keV) rate (counts) Error (%) (counts/sy) (%) (%)
15 1.04E-04 1.28 4.44E-05 4.37 1.79
22 1.70E-03 0.32 1.60E-03 0.36 -0.53
33 7.31E-03 0.15 7.09E-03 0.16 0.21
40 9.67E-03 0.13 9.46E-03 0.14 -0.25
59 1.31E-02 0.11 1.29E-02 0.11 0.06
81 1.46E-02 0.11 1.45E-02 0.11 0.07
122 1.48E-02 0.11 1.47E-02 0.11 0.04
165 1.35E-02 0.11 1.34E-02 0.11 0.32
185 1.26E-02 0.12 1.25E-02 0.12 -0.09
244 1.01E-02 0.13 1.01E-02 0.13 -0.07
356 7.28E-03 0.15 7.26E-03 0.15 -0.44
511 5.33E-03 0.18 5.33E-03 0.18 -0.08
661 4.34E-03 0.20 4.33E-03 0.20 0.01
834 3.67E-03 0.22 3.67E-03 0.22 -0.04
1173 2.90E-03 0.24 2.89E-03 0.24 0.51
1274 2.74E-03 0.25 2.73E-03 0.25 0.72
1408 2.58E-03 0.26 2.58E-03 0.26 -0.22
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Table 4. Counting efficiency values, associatedeuainties and differences to the reference values
obtained for the continuous exponential directi@sing (SB -31 1).

Energy Simulated counting Statistical Relative Counting efficiency Uncertainty Difference

(keV) rate (counts) Error (%) (counts/sy) (%) (%)
15 1.73E-04 2.58 8.83E-05 7.14 -95.24
22 3.07E-03 0.61 2.91E-03 0.68 -82.35
33 1.33E-02 0.30 1.29E-02 0.31 -81.97
40 1.74E-02 0.26 1.71E-02 0.27 -81.44
59 2.36E-02 0.22 2.34E-02 0.23 -81.25
81 2.65E-02 0.21 2.62E-02 0.21 -81.38
122 2.68E-02 0.21 2.67E-02 0.21 -81.36
165 2.45E-02 0.22 2.44E-02 0.22 -81.33
185 2.29E-02 0.22 2.28E-02 0.22 -82.19
244 1.85E-02 0.25 1.85E-02 0.25 -82.83
356 1.32E-02 0.30 1.32E-02 0.30 -81.95
511 9.67E-03 0.35 9.65E-03 0.35 -81.38
661 7.80E-03 0.38 7.79E-03 0.38 -79.90
834 6.64E-03 0.42 6.63E-03 0.42 -80.96
1173 5.28E-03 0.47 5.28E-03 0.47 -81.60
1274 4.98E-03 0.48 4.98E-03 0.48 -80.77
1408 4.69E-03 0.50 4.69E-03 0.50 -81.95
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Appendix C.7. MC simulation results for the FCLaar

» Case of the Livermore phantom

Table 1. Counting efficiency values and associatedertainties obtained with the FCL card and
difference to reference values obtained without VR.

Simulated Statistical Countin . ;
%Eg\r/g)y counting rate Relative Error efficiencg/ Unc(%/rot)amty D|ff(<i/rence
(counts) (%) (counts/sy) 0)

15 1.22E-04 1.12 5.98E-05 3.15 0.85
22 1.62E-03 0.32 1.53E-03 0.36 0.01
33 6.43E-03 0.16 6.22E-03 0.17 -0.01
40 8.54E-03 0.14 8.32E-03 0.15 0.00
59 1.17E-02 0.12 1.15E-02 0.13 0.01
81 1.31E-02 0.11 1.29E-02 0.11 0.02
122 1.32E-02 0.11 1.31E-02 0.11 0.00
165 1.19E-02 0.11 1.18E-02 0.11 0.00
185 1.10E-02 0.11 1.10E-02 0.11 0.08
244 8.79E-03 0.12 8.76E-03 0.12 0.00
356 6.20E-03 0.14 6.19E-03 0.14 -0.01
511 4.49E-03 0.15 4.48E-03 0.15 -0.08
661 3.64E-03 0.17 3.63E-03 0.17 -0.21
834 3.06E-03 0.17 3.05E-03 0.17 0.23
1173 2.40E-03 0.19 2.40E-03 0.19 -0.05
1274 2.27E-03 0.19 2.27E-03 0.19 -0.21
1408 2.13E-03 0.19 2.13E-03 0.19 -0.36
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» Case of the ICRP female torso phantom

Table 2. Counting efficiency values and associatedertainties obtained with the FCL card and
difference to reference values obtained without VR.

Simulated Statistical Countin . ;
I%lr(ws\rgy counting rate Relative Error efficiencg/ Unc(%/rot)amty D|ff(e(:)/roe):nce
(counts) (%) (counts/sy)

15 1.16E-04 1.13 4. 55E-05 4.16 -0.74
22 1.71E-03 0.31 1.60E-03 0.35 -0.08
33 7.38E-03 0.15 7.11E-03 0.16 -0.03
40 9.70E-03 0.13 9.44E-03 0.14 -0.01
59 1.32E-02 0.11 1.29E-02 0.12 0.00
81 1.47E-02 0.11 1.45E-02 0.11 0.00
122 1.48E-02 0.10 1.47E-02 0.10 -0.01
165 1.35E-02 0.11 1.34E-02 0.11 0.03
185 1.26E-02 0.11 1.25E-02 0.11 0.09
244 1.01E-02 0.11 1.01E-02 0.11 -0.11
356 7.26E-03 0.13 7.24E-03 0.13 -0.13
511 5.34E-03 0.14 5.33E-03 0.14 -0.13
661 4.34E-03 0.15 4.34E-03 0.15 -0.11
834 3.66E-03 0.16 3.66E-03 0.16 0.14
1173 2.90E-03 0.17 2.90E-03 0.17 0.18
1274 2.74E-03 0.17 2.74E-03 0.17 0.52
1408 2.57E-03 0.18 2.57E-03 0.18 0.30
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Appendix C.8. MC simulation results for the EXT a¢ar

» Case of the Livermore phantom

Table 1. Counting efficiency values, associatedettainties and difference to reference values
obtained with the combination of mesh-based rect@ndgVW and EXT used for the bone structures
of the phantom (NPS 7.35E07).

Energy Simulated counting Rj;?f\'fg'%?:()r Counting efficiency Uncertainty Difference
(keV) rate (counts) (%) (counts/sy) (%) (%)
15 1.18E-04 4.57 6.27E-05 11.79 -4.04
22 1.61E-03 1.17 1.51E-03 1.32 0.97
33 6.41E-03 0.58 6.20E-03 0.62 0.36
40 8.42E-03 0.51 8.19E-03 0.54 1.50
59 1.18E-02 0.43 1.15E-02 0.45 -0.55
81 1.32E-02 0.41 1.29E-02 0.42 -0.51
122 1.32E-02 0.41 1.31E-02 0.42 -0.16
165 1.18E-02 0.44 1.17E-02 0.45 0.55
185 1.11E-02 0.45 1.10E-02 0.45 -0.58
244 8.82E-03 0.51 8.80E-03 0.51 -0.41
356 6.22E-03 0.60 6.20E-03 0.60 -0.28
511 4.51E-03 0.71 4.50E-03 0.71 -0.64
661 3.65E-03 0.79 3.65E-03 0.79 -0.73
834 3.07E-03 0.86 3.07E-03 0.86 -0.25
1173 2.40E-03 0.97 2.40E-03 0.97 0.10
1274 2.27E-03 1.00 2.27E-03 1.00 -0.17
1408 2.13E-03 1.04 2.13E-03 1.04 -0.15
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Table 2. Counting efficiency values, associatedettainties and difference to reference values
obtained with the combination of mesh-based rectiangVW and EXT used for the phantom body
compounds (NPS 7.35E07).

Statistical

Energy  Simulated counting - .~ 2 Counting efficiency Uncertainty Difference
(keV) rate (counts) (%) (counts/sy) (%) (%)
15 1.22E-04 4.18 5.91E-05 18.23 2.02
22 1.63E-03 0.92 1.52E-03 1.56 0.55
33 6.39E-03 0.41 6.17E-03 0.61 0.85
40 8.48E-03 0.37 8.25E-03 0.65 0.85
59 1.18E-02 0.35 1.15E-02 0.44 -0.29
81 1.31E-02 0.32 1.29E-02 0.35 -0.07
122 1.32E-02 0.33 1.31E-02 0.35 -0.30
165 1.18E-02 0.35 1.18E-02 0.36 0.26
185 1.11E-02 0.36 1.10E-02 0.37 -0.12
244 8.79E-03 0.41 8.76E-03 0.42 0.07
356 6.21E-03 0.50 6.20E-03 0.50 -0.15
511 4.49E-03 0.60 4.48E-03 0.61 -0.16
661 3.66E-03 0.68 3.66E-03 0.68 -0.98
834 3.07E-03 0.76 3.07E-03 0.76 -0.25
1173 2.39E-03 0.87 2.39E-03 0.87 0.57
1274 2.27E-03 0.89 2.27E-03 0.89 -0.31
1408 2.13E-03 0.93 2.13E-03 0.93 -0.12
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Table 3. Counting efficiency values, associatedettainties and difference to reference values
obtained with the combination of mesh-based rectiandVW and EXT used for both the phantom
body compounds and the front dead layer of thectmt® (NPS 7.35E07).

Statistical

Energy  Simulated counting ° .~ "2 Counting efficiency Uncertainty Difference
(keV) rate (counts) (%) (counts/sy) (%) (%)
15 1.22E-04 4.17 5.92E-05 18.19 1.79
22 1.62E-03 0.68 1.51E-03 1.42 1.25
33 6.39E-03 0.41 6.17E-03 0.61 0.86
40 8.48E-03 0.37 8.25E-03 0.65 0.83
59 1.18E-02 0.35 1.15E-02 0.44 -0.29
81 1.31E-02 0.32 1.29E-02 0.35 -0.07
122 1.32E-02 0.33 1.31E-02 0.35 -0.30
165 1.18E-02 0.35 1.18E-02 0.36 0.25
185 1.11E-02 0.36 1.10E-02 0.37 -0.12
244 8.79E-03 0.41 8.76E-03 0.42 0.07
356 6.21E-03 0.50 6.20E-03 0.50 -0.15
511 4.49E-03 0.60 4.48E-03 0.61 -0.14
661 3.66E-03 0.68 3.66E-03 0.68 -0.99
834 3.07E-03 0.76 3.07E-03 0.76 -0.25
1173 2.39E-03 0.87 2.39E-03 0.87 0.57
1274 2.27E-03 0.89 2.27E-03 0.89 -0.31
1408 2.13E-03 0.93 2.13E-03 0.93 -0.12
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Table 4. Counting efficiency values, associatedettainties and difference to reference values
obtained with the combination of mesh-based rectiamgVW and EXT used with the path stretching
vector pointing out the center of the upper paidetectors (NPS 7.35E07).

Statistical

Energy  Simulated counting ° .~ 2 Counting efficiency Uncertainty Difference
(keV) rate (counts) (%) (counts/sy) (%) (%)
15 1.22E-04 3.88 6.17E-05 15.65 -2.32
22 1.62E-03 0.69 1.52E-03 0.96 0.57
33 6.38E-03 0.42 6.16E-03 0.59 0.90
40 8.48E-03 0.39 8.25E-03 0.68 0.76
59 1.18E-02 0.34 1.15E-02 0.39 -0.10
81 1.31E-02 0.32 1.29E-02 0.34 -0.13
122 1.32E-02 0.33 1.31E-02 0.35 -0.20
165 1.18E-02 0.35 1.18E-02 0.36 0.20
185 1.11E-02 0.36 1.10E-02 0.38 -0.12
244 8.79E-03 0.41 8.76E-03 0.42 -0.02
356 6.21E-03 0.50 6.19E-03 0.50 -0.12
511 4.49E-03 0.61 4.49E-03 0.61 -0.26
661 3.67E-03 0.68 3.66E-03 0.68 -1.08
834 3.07E-03 0.76 3.07E-03 0.76 -0.32
1173 2.39E-03 0.87 2.38E-03 0.87 0.67
1274 2.27E-03 0.90 2.27E-03 0.90 -0.26
1408 2.13E-03 0.93 2.13E-03 0.93 -0.11
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Table 5. Counting efficiency values, associatedettainties and difference to reference values
obtained with the combination of mesh-based rectiamgVW and EXT used with the path stretching
vector pointing out the center of the upper paidefectors with a path stretching factor of 0.6 NP
7.35E07).

Energy Simulated counting R(;Ql‘;?it\l/seml:far‘:‘or Counting efficiency Uncertainty Difference
(keV) rate (counts) (%) (counts/sy) (%) (%)
15 1.19E-04 3.39 5.81E-05 11.88 3.72
22 1.62E-03 0.79 1.52E-03 0.94 0.34
33 6.40E-03 0.46 6.18E-03 0.50 0.58
40 8.45E-03 0.41 8.24E-03 0.44 0.90
59 1.18E-02 0.36 1.15E-02 0.38 -0.39
81 1.31E-02 0.35 1.29E-02 0.37 -0.35
122 1.32E-02 0.35 1.31E-02 0.36 -0.14
165 1.18E-02 0.37 1.18E-02 0.38 0.20
185 1.11E-02 0.39 1.11E-02 0.40 -0.66
244 8.81E-03 0.44 8.78E-03 0.44 -0.19
356 6.22E-03 0.53 6.21E-03 0.53 -0.34
511 4.50E-03 0.64 4.49E-03 0.64 -0.32
661 3.67E-03 0.71 3.66E-03 0.71 -1.14
834 3.08E-03 0.79 3.07E-03 0.79 -0.37
1173 2.39E-03 0.90 2.39E-03 0.90 0.42
1274 2.27E-03 0.93 2.27E-03 0.93 -0.30
1408 2.13E-03 0.96 2.13E-03 0.96 -0.06
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Table 6. Counting efficiency values, associatedettainties and difference to reference values
obtained with the combination of mesh-based rectiamgVW and EXT used with the path stretching
vector pointing out the center of the upper paidefectors with a path stretching factor of 0.3 NP
7.35E07).

Energy Simulated counting R(;Ql‘;?it\l/seml:far‘:‘or Counting efficiency Uncertainty Difference
(keV) rate (counts) (%) (counts/sy) (%) (%)
15 1.16E-04 3.67 6.05E-05 10.79 -0.33
22 1.63E-03 0.95 1.53E-03 1.09 -0.26
33 6.40E-03 0.52 6.18E-03 0.56 0.60
40 8.44E-03 0.46 8.22E-03 0.49 1.19
59 1.18E-02 0.40 1.15E-02 0.42 -0.43
81 1.31E-02 0.38 1.29E-02 0.39 -0.46
122 1.32E-02 0.38 1.31E-02 0.39 -0.11
165 1.18E-02 0.41 1.18E-02 0.42 0.23
185 1.11E-02 0.42 1.11E-02 0.42 -0.69
244 8.83E-03 0.47 8.80E-03 0.47 -0.43
356 6.21E-03 0.57 6.20E-03 0.57 -0.19
511 4.50E-03 0.67 4.49E-03 0.67 -0.43
661 3.66E-03 0.75 3.65E-03 0.75 -0.86
834 3.07E-03 0.82 3.07E-03 0.82 -0.24
1173 2.39E-03 0.94 2.38E-03 0.94 0.68
1274 2.28E-03 0.97 2.28E-03 0.97 -0.47
1408 2.13E-03 1.00 2.13E-03 1.00 -0.14
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» Case of the ICRP female torso phantom

Table 7. Counting efficiency values, associatedeuninties and difference to reference values
obtained with the combination of mesh-based rect@ndVW and EXT used for the bone structures
of the phantom (NPS 7.35E07).

Energy Simulated counting Statistical Counting efficiency Uncertainty Difference
(keV) rate (counts) Relat(lg;oe) Error (counts/sy) (%) (%)
15 1.17E-04 2.54 4 .58E-05 9.07 -1.23
22 1.70E-03 0.75 1.58E-03 0.83 0.66
33 7.33E-03 0.41 7.06E-03 0.43 0.72
40 9.72E-03 0.37 9.46E-03 0.39 -0.18
59 1.32E-02 0.33 1.29E-02 0.34 0.07
81 1.47E-02 0.32 1.45E-02 0.33 -0.34
122 1.49E-02 0.31 1.48E-02 0.31 -0.45
165 1.36E-02 0.31 1.35E-02 0.31 -0.63
185 1.26E-02 0.32 1.26E-02 0.32 -0.38
244 1.02E-02 0.33 1.01E-02 0.33 -0.36
356 7.26E-03 0.37 7.24E-03 0.37 -0.18
511 5.30E-03 0.40 5.29E-03 0.40 0.55
661 4.35E-03 0.42 4.34E-03 0.42 -0.24
834 3.64E-03 0.44 3.64E-03 0.44 0.68
1173 2.88E-03 0.48 2.88E-03 0.48 0.92
1274 2.75E-03 0.48 2.75E-03 0.48 0.23
1408 2.56E-03 0.49 2.56E-03 0.49 0.60
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Table 8. Counting efficiency values, associatedettainties and difference to reference values
obtained with the combination of mesh-based rectiangVW and EXT used for the phantom body
compounds (NPS 7.35E07).

Statistical

Energy  Simulated counting - .~ 2 Counting efficiency Uncertainty Difference
(keV) rate (counts) (%) (counts/sy) (%) (%)
15 1.16E-04 2.27 4.53E-05 9.25 -0.21
22 1.71E-03 0.67 1.60E-03 0.75 -0.14
33 7.34E-03 0.38 7.08E-03 0.40 0.46
40 9.70E-03 0.35 9.43E-03 0.37 0.05
59 1.32E-02 0.31 1.29E-02 0.32 0.00
81 1.48E-02 0.30 1.45E-02 0.31 -0.43
122 1.49E-02 0.30 1.48E-02 0.31 -0.38
165 1.36E-02 0.30 1.35E-02 0.30 -0.49
185 1.26E-02 0.30 1.25E-02 0.30 -0.16
244 1.02E-02 0.32 1.01E-02 0.32 -0.28
356 7.27E-03 0.35 7.25E-03 0.35 -0.31
511 5.32E-03 0.38 5.31E-03 0.38 0.26
661 4.33E-03 0.40 4.33E-03 0.40 0.15
834 3.64E-03 0.43 3.64E-03 0.43 0.82
1173 2.87E-03 0.46 2.87E-03 0.46 1.30
1274 2.76E-03 0.47 2.76E-03 0.47 -0.20
1408 2.56E-03 0.48 2.56E-03 0.48 0.58
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Table 9. Counting efficiency values, associatedettainties and difference to reference values
obtained with the combination of mesh-based rectiandVW and EXT used for both the phantom
body compounds and the front dead layer of thectmt® (NPS 7.35E07).

Statistical

Energy  Simulated counting ° .~ "2 Counting efficiency Uncertainty Difference
(keV) rate (counts) (%) (counts/sy) (%) (%)
15 1.17E-04 2.55 4.57E-05 9.25 -1.01
22 1.70E-03 0.75 1.59E-03 0.83 0.49
33 7.32E-03 0.41 7.06E-03 0.44 0.75
40 9.72E-03 0.37 9.46E-03 0.39 -0.19
59 1.32E-02 0.33 1.29E-02 0.34 0.04
81 1.47E-02 0.32 1.45E-02 0.33 -0.35
122 1.49E-02 0.31 1.48E-02 0.31 -0.46
165 1.36E-02 0.31 1.35E-02 0.31 -0.63
185 1.26E-02 0.32 1.26E-02 0.32 -0.40
244 1.02E-02 0.33 1.01E-02 0.33 -0.37
356 7.26E-03 0.37 7.24E-03 0.37 -0.19
511 5.30E-03 0.40 5.29E-03 0.40 0.52
661 4.35E-03 0.42 4.34E-03 0.42 -0.24
834 3.65E-03 0.44 3.64E-03 0.44 0.66
1173 2.88E-03 0.48 2.88E-03 0.48 0.91
1274 2.75E-03 0.48 2.75E-03 0.48 0.24
1408 2.56E-03 0.49 2.56E-03 0.49 0.62
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Table 10. Counting efficiency values, associatedetainties and difference to reference values
obtained with the combination of mesh-based rectiamgVW and EXT used with the path stretching
vector pointing out the center of the upper paidetectors (NPS 7.35E07).

Statistical

Energy  Simulated counting ° .~ 2 Counting efficiency Uncertainty Difference
(keV) rate (counts) (%) (counts/sy) (%) (%)
15 1.18E-04 2.27 4.52E-05 9.54 0.09
22 1.71E-03 0.66 1.60E-03 0.74 0.00
33 7.34E-03 0.38 7.07E-03 0.40 0.53
40 9.70E-03 0.34 9.44E-03 0.36 -0.03
59 1.32E-02 0.31 1.29E-02 0.32 -0.02
81 1.48E-02 0.30 1.45E-02 0.31 -0.50
122 1.49E-02 0.30 1.48E-02 0.31 -0.37
165 1.36E-02 0.30 1.35E-02 0.30 -0.39
185 1.26E-02 0.30 1.25E-02 0.30 -0.29
244 1.02E-02 0.32 1.01E-02 0.32 -0.24
356 7.27E-03 0.35 7.26E-03 0.35 -0.39
511 5.32E-03 0.38 5.31E-03 0.38 0.21
661 4.34E-03 0.40 4.33E-03 0.40 -0.05
834 3.64E-03 0.43 3.63E-03 0.43 0.85
1173 2.88E-03 0.46 2.87E-03 0.46 1.15
1274 2.76E-03 0.47 2.76E-03 0.47 -0.31
1408 2.56E-03 0.48 2.56E-03 0.48 0.69
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Table 11. Counting efficiency values, associatedetainties and difference to reference values
obtained with the combination of mesh-based rectiamgVW and EXT used with the path stretching
vector pointing out the center of the upper paidefectors with a path stretching factor of 0.6 NP
7.35E07).

Energy Simulated counting R(;Ql‘;?it\l/seml:far‘:‘or Counting efficiency Uncertainty Difference
(keV) rate (counts) (%) (counts/sy) (%) (%)
15 1.17E-04 2.24 4.61E-05 8.59 -2.06
22 1.70E-03 0.67 1.59E-03 0.75 0.40
33 7.34E-03 0.39 7.07E-03 0.41 0.50
40 9.71E-03 0.35 9.45E-03 0.36 -0.12
59 1.32E-02 0.32 1.29E-02 0.33 0.03
81 1.48E-02 0.30 1.45E-02 0.31 -0.46
122 1.49E-02 0.30 1.48E-02 0.30 -0.50
165 1.36E-02 0.30 1.35E-02 0.30 -0.45
185 1.26E-02 0.31 1.25E-02 0.31 -0.19
244 1.02E-02 0.32 1.01E-02 0.32 -0.40
356 7.25E-03 0.35 7.24E-03 0.35 -0.10
511 5.30E-03 0.39 5.29E-03 0.39 0.54
661 4.36E-03 0.41 4.36E-03 0.41 -0.61
834 3.64E-03 0.43 3.64E-03 0.43 0.70
1173 2.89E-03 0.47 2.89E-03 0.47 0.72
1274 2.76E-03 0.47 2.76E-03 0.47 -0.20
1408 2.56E-03 0.48 2.56E-03 0.48 0.42
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Table 12. Counting efficiency values, associatedetainties and difference to reference values
obtained with the combination of mesh-based rectiamgVW and EXT used with the path stretching
vector pointing out the center of the upper paidefectors with a path stretching factor of 0.3 NP
7.35E07).

Energy Simulated counting R(;Ql‘;?it\l/seml:far‘:‘or Counting efficiency Uncertainty Difference
(keV) rate (counts) (%) (counts/sy) (%) (%)
15 1.19E-04 2.29 4.73E-05 8.45 -4.57
22 1.72E-03 0.70 1.60E-03 0.78 -0.61
33 7.33E-03 0.40 7.07E-03 0.42 0.54
40 9.72E-03 0.36 9.46E-03 0.38 -0.25
59 1.32E-02 0.32 1.29E-02 0.33 -0.03
81 1.48E-02 0.31 1.45E-02 0.32 -0.43
122 1.49E-02 0.31 1.48E-02 0.31 -0.55
165 1.36E-02 0.31 1.35E-02 0.31 -0.62
185 1.26E-02 0.31 1.25E-02 0.31 -0.23
244 1.02E-02 0.33 1.01E-02 0.33 -0.54
356 7.25E-03 0.36 7.24E-03 0.36 -0.08
511 5.32E-03 0.39 5.31E-03 0.39 0.28
661 4.35E-03 0.41 4.34E-03 0.41 -0.27
834 3.65E-03 0.44 3.64E-03 0.44 0.63
1173 2.89E-03 0.47 2.88E-03 0.47 0.83
1274 2.76E-03 0.48 2.76E-03 0.48 -0.14
1408 2.57E-03 0.49 2.57E-03 0.49 0.07
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Appendix C.9. MC simulation results of combined Mace

Reduction methods.

» Case of the Livermore phantom

Table 1. Counting efficiency values and associatexzbrtainties obtained with the combination of SB
and FCL cards. The differences to reference vatuege the successful combination of these two VR
cards.

Energy Simulated counting Rj;?;[\llsgul:i?:or Counting efficiency Uncertainty Difference
(keV) rate (counts) (%) (counts/sy) (%) (%)
15 1.23E-04 2.63 6.25E-05 8.70 -3.57
22 1.62E-03 0.66 1.53E-03 0.77 -0.23
33 6.43E-03 0.56 6.22E-03 0.60 0.02
40 8.56E-03 0.49 8.33E-03 0.52 -0.22
59 1.18E-02 0.42 1.15E-02 0.44 -0.11
81 1.31E-02 0.39 1.29E-02 0.40 -0.03
122 1.32E-02 0.39 1.31E-02 0.40 0.15
165 1.18E-02 0.39 1.18E-02 0.39 0.29
185 1.10E-02 0.40 1.09E-02 0.40 0.34
244 8.69E-03 0.43 8.66E-03 0.43 1.14
356 6.16E-03 0.48 6.14E-03 0.48 0.71
511 4.55E-03 0.53 4.55E-03 0.53 -1.62
661 3.62E-03 0.57 3.62E-03 0.57 0.20
834 3.08E-03 0.60 3.08E-03 0.60 -0.52
1173 2.42E-03 0.64 2.42E-03 0.64 -0.96
1274 2.29E-03 0.65 2.29E-03 0.65 -1.06
1408 2.14E-03 0.66 2.14E-03 0.66 -0.87
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Table 2. Counting efficiency values and associatezkrtainties obtained with the combination of SB,
FCL and Vec cards. The differences to referencaegmprove the successful combination of these
three VR cards.

Statistical

Energy  Simulated counting ° .~ 2 Counting efficiency Uncertainty Difference
(keV) rate (counts) (%) (counts/sy) (%) (%)
15 1.13E-04 2.60 6.34E-05 7.65 -5.19
22 1.59E-03 0.67 1.51E-03 0.77 0.97
33 6.44E-03 0.56 6.28E-03 0.59 -1.04
40 8.55E-03 0.49 8.38E-03 0.51 -0.73
59 1.17E-02 0.42 1.15E-02 0.43 -0.33
81 1.31E-02 0.39 1.30E-02 0.40 -0.62
122 1.31E-02 0.39 1.30E-02 0.40 0.60
165 1.18E-02 0.39 1.17E-02 0.39 0.32
185 1.10E-02 0.40 1.09E-02 0.40 0.33
244 8.81E-03 0.42 8.79E-03 0.42 -0.34
356 6.17E-03 0.48 6.15E-03 0.48 0.52
511 4.50E-03 0.53 4.49E-03 0.53 -0.38
661 3.64E-03 0.57 3.64E-03 0.57 -0.43
834 3.06E-03 0.60 3.05E-03 0.60 0.25
1173 2.41E-03 0.64 2.40E-03 0.64 -0.22
1274 2.29E-03 0.65 2.29E-03 0.65 -1.08
1408 2.13E-03 0.66 2.13E-03 0.66 -0.14
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Table 3. Counting efficiency values and associatedertainties obtained with the combination of
EXT, mesh-based rectangular WW, Vec, FCL and SB<arhe differences to reference values prove
the successful combination of these five VR cards.

Statistical

Energy  Simulated counting - .~ 2 Counting efficiency Uncertainty Difference
(keV) rate (counts) (%) (counts/sy) (%) (%)
15 1.09E-04 2.75 5.97E-05 10.47 1.00
22 1.60E-03 0.38 1.53E-03 0.55 0.12
33 6.40E-03 0.37 6.23E-03 0.44 -0.21
40 8.54E-03 0.33 8.38E-03 0.39 -0.73
59 1.17E-02 0.31 1.15E-02 0.34 -0.46
81 1.30E-02 0.30 1.29E-02 0.33 -0.07
122 1.31E-02 0.29 1.30E-02 0.31 0.41
165 1.18E-02 0.31 1.17E-02 0.32 0.34
185 1.10E-02 0.31 1.09E-02 0.31 0.59
244 8.80E-03 0.34 8.78E-03 0.34 -0.20
356 6.16E-03 0.39 6.15E-03 0.39 0.68
511 4.48E-03 0.44 4.47E-03 0.44 0.00
661 3.64E-03 0.48 3.63E-03 0.48 -0.24
834 3.06E-03 0.52 3.06E-03 0.52 0.01
1173 2.41E-03 0.56 2.41E-03 0.56 -0.45
1274 2.29E-03 0.57 2.29E-03 0.57 -1.21
1408 2.13E-03 0.59 2.13E-03 0.59 -0.23
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Table 4. Counting efficiency values and associatexkrtainties obtained with the combination of the
Cell Importance card with SB. The differences temence values prove the successful combination of
these two VR cards. (Cell IMP parameters 1-3-9-18).

Statistical

Energy  Simulated counting ° .~ 2 Counting efficiency Uncertainty Difference
(keV) rate (counts) (%) (counts/sy) (%) (%)
15 1.25E-04 3.25 6.47E-05 10.61 -7.24
22 1.64E-03 0.72 1.54E-03 0.86 -0.91
33 6.41E-03 0.68 6.19E-03 0.72 0.43
40 8.65E-03 0.61 8.42E-03 0.64 -1.27
59 1.18E-02 0.55 1.16E-02 0.57 -0.70
81 1.31E-02 0.52 1.29E-02 0.53 0.10
122 1.32E-02 0.51 1.31E-02 0.52 -0.36
165 1.19E-02 0.50 1.18E-02 0.51 -0.22
185 1.10E-02 0.50 1.10E-02 0.50 0.12
244 8.74E-03 0.50 8.71E-03 0.50 0.62
356 6.14E-03 0.51 6.13E-03 0.51 0.90
511 4.51E-03 0.51 4.51E-03 0.51 -0.68
661 3.62E-03 0.52 3.62E-03 0.52 0.17
834 3.07E-03 0.53 3.07E-03 0.53 -0.28
1173 2.42E-03 0.55 2.42E-03 0.55 -0.69
1274 2.29E-03 0.55 2.29E-03 0.55 -1.08
1408 2.11E-03 0.56 2.11E-03 0.56 0.83
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Table 5. Counting efficiency values and associatexkrtainties obtained with the combination of the
Cell Importance card with Vec, FCL and SB cardse Hifferences to reference values prove the
successful combination of these four VR cards.|(I0&P parameters 1-3-9-18).

Statistical

Energy  Simulated counting - .~ 2 Counting efficiency Uncertainty Difference
(keV) rate (counts) (%) (counts/sy) (%) (%)
15 1.14E-04 3.48 6.07E-05 11.50 -0.65
22 1.60E-03 0.94 1.52E-03 1.07 0.37
33 6.45E-03 0.93 6.28E-03 0.97 -1.02
40 8.60E-03 0.83 8.42E-03 0.86 -1.20
59 1.17E-02 0.74 1.15E-02 0.76 -0.55
81 1.31E-02 0.71 1.30E-02 0.72 -0.98
122 1.31E-02 0.70 1.30E-02 0.71 0.23
165 1.19E-02 0.68 1.18E-02 0.69 -0.35
185 1.09E-02 0.68 1.09E-02 0.68 1.10
244 8.84E-03 0.68 8.82E-03 0.68 -0.66
356 6.20E-03 0.67 6.18E-03 0.67 0.06
511 4.51E-03 0.67 4.51E-03 0.67 -0.73
661 3.66E-03 0.67 3.65E-03 0.67 -0.86
834 3.07E-03 0.67 3.06E-03 0.67 -0.08
1173 2.41E-03 0.67 2.41E-03 0.67 -0.25
1274 2.26E-03 0.67 2.26E-03 0.67 0.26
1408 2.12E-03 0.67 2.12E-03 0.67 0.25
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» Case of the ICRP female torso phantom

Table 6. Counting efficiency values and associatezbrtainties obtained with the combination of SB
and FCL cards. The differences to reference vahoege the successful combination of these two VR
cards.

Statistical

Energy ~ Simulated counting  ~~. °'=  Counting efficiency Uncertainty Difference
(keV) rate (counts) (%) (counts/sy) (%) (%)
15 1.17E-04 2.95 4.63E-05 4.98 -2.51
22 1.69E-03 0.65 1.58E-03 0.16 0.88
33 7.41E-03 0.52 7.14E-03 0.71 -0.41
40 9.66E-03 0.46 9.39E-03 0.94 0.58
59 1.32E-02 0.39 1.29E-02 1.29 -0.02
81 1.47E-02 0.37 1.45E-02 1.45 -0.08
122 1.50E-02 0.36 1.48E-02 1.48 -0.78
165 1.35E-02 0.37 1.34E-02 1.34 -0.01
185 1.26E-02 0.37 1.26E-02 1.26 -0.56
244 1.01E-02 0.40 1.01E-02 1.01 0.07
356 7.20E-03 0.45 7.18E-03 0.72 0.63
511 5.32E-03 0.49 5.31E-03 0.53 0.15
661 4.34E-03 0.53 4.34E-03 0.43 -0.10
834 3.67E-03 0.56 3.66E-03 0.37 0.11
1173 2.89E-03 0.59 2.89E-03 0.29 0.68
1274 2.76E-03 0.60 2.76E-03 0.28 -0.05
1408 2.57E-03 0.61 2.57E-03 0.26 0.20
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Table 7. Counting efficiency values and associatezkrtainties obtained with the combination of SB,
FCL and Vec cards. The differences to referencaegmprove the successful combination of these
three VR cards.

Statistical

Energy  Simulated counting ° .~ 2 Counting efficiency Uncertainty Difference
(keV) rate (counts) (%) (counts/sy) (%) (%)
15 1.06E-04 3.03 4.35E-05 12.53 3.84
22 1.68E-03 0.65 1.58E-03 0.76 0.81
33 7.38E-03 0.52 7.16E-03 0.55 -0.75
40 9.72E-03 0.46 9.51E-03 0.48 -0.78
59 1.31E-02 0.39 1.29E-02 0.40 0.21
81 1.47E-02 0.37 1.45E-02 0.38 -0.20
122 1.47E-02 0.36 1.46E-02 0.37 0.73
165 1.35E-02 0.37 1.34E-02 0.37 -0.03
185 1.26E-02 0.37 1.25E-02 0.37 -0.13
244 1.02E-02 0.40 1.02E-02 0.40 -0.73
356 7.30E-03 0.44 7.29E-03 0.44 -0.78
511 5.34E-03 0.49 5.33E-03 0.49 -0.23
661 4.32E-03 0.53 4.31E-03 0.53 0.45
834 3.66E-03 0.56 3.65E-03 0.56 0.32
1173 2.91E-03 0.59 2.91E-03 0.59 0.04
1274 2.74E-03 0.60 2.74E-03 0.60 0.52
1408 2.57E-03 0.61 2.57E-03 0.61 0.15
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Table 8. Counting efficiency values and associatedertainties obtained with the combination of
EXT, mesh-based rectangular WW, Vec, FCL and SB<arhe differences to reference values prove
the successful combination of these five VR cards.

Energy Simulated counting  Statistical ~ Counting efficiency Uncertainty Difference

(keV) rate (counts) Relative Error (counts/sy) (%) (%)
15 1.07E-04 3.06 4.40E-05 13.02 2.66
22 1.68E-03 0.65 1.58E-03 0.78 1.13
33 7.37E-03 0.52 7.16E-03 0.55 -0.68
40 9.72E-03 0.45 9.52E-03 0.47 -0.83
59 1.31E-02 0.39 1.29E-02 0.40 0.16
81 1.46E-02 0.37 1.45E-02 0.38 -0.18
122 1.47E-02 0.36 1.46E-02 0.37 0.67
165 1.35E-02 0.36 1.34E-02 0.36 -0.08
185 1.26E-02 0.37 1.25E-02 0.37 -0.18
244 1.02E-02 0.39 1.02E-02 0.39 -0.71
356 7.31E-03 0.44 7.29E-03 0.44 -0.88
511 5.34E-03 0.49 5.33E-03 0.49 -0.23
661 4.32E-03 0.53 4.31E-03 0.53 0.48
834 3.66E-03 0.56 3.65E-03 0.56 0.29
1173 2.91E-03 0.59 2.91E-03 0.59 -0.05
1274 2.74E-03 0.60 2.74E-03 0.60 0.46
1408 2.57E-03 0.61 2.57E-03 0.61 0.13
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Table 9. Counting efficiency values and associatexkrtainties obtained with the combination of the
Cell Importance card with SB. The differences temence values prove the successful combination of
these two VR cards. (Cell IMP parameters 1-3-9-18).

Energy Simulated counting  Statistical ~ Counting efficiency Uncertainty Difference

(keV) rate (counts) Relative Error (counts/sy) (%) (%)
15 1.13E-04 3.39 4.33E-05 15.47 4.13
22 1.71E-03 0.67 1.60E-03 0.81 0.81
33 7.45E-03 0.61 7.18E-03 0.65 0.65
40 9.67E-03 0.56 9.40E-03 0.59 0.59
59 1.33E-02 0.50 1.30E-02 0.52 0.52
81 1.47E-02 0.48 1.44E-02 0.49 0.49
122 1.49E-02 0.47 1.48E-02 0.48 0.48
165 1.35E-02 0.47 1.34E-02 0.48 0.27
185 1.26E-02 0.46 1.26E-02 0.46 -0.41
244 1.01E-02 0.46 1.01E-02 0.46 -0.18
356 7.24E-03 0.47 7.22E-03 0.47 0.08
511 5.28E-03 0.47 5.27E-03 0.47 1.04
661 4.29E-03 0.48 4.29E-03 0.48 1.02
834 3.65E-03 0.49 3.64E-03 0.49 0.56
1173 2.91E-03 0.50 2.90E-03 0.50 0.13
1274 2.75E-03 0.51 2.75E-03 0.51 0.03
1408 2.56E-03 0.51 2.56E-03 0.51 0.68

274



Appendix

Table 10. Counting efficiency values and associategrtainties obtained with the combination of the
Cell Importance card with Vec, FCL and SB cardse Hifferences to reference values prove the
successful combination of these four VR cards.|(IB&P parameters 1-3-9-18).

Energy Simulated counting  Statistical ~ Counting efficiency Uncertainty Difference

(keV) rate (counts) Relative Error (counts/sy) (%) (%)
15 9.94E-05 2.34 4.0363E-05 10.62 10.72
22 1.69E-03 0.46 0.00158118 0.56 0.87
33 7.38E-03 0.44 0.00717255 0.46 -0.88
40 9.70E-03 0.39 0.00949347 0.40 -0.57
59 1.30E-02 0.36 0.01283322 0.37 0.40
81 1.46E-02 0.34 0.0144588 0.35 0.05
122 1.47E-02 0.33 0.01458647 0.33 0.76
165 1.35E-02 0.33 0.01339976 0.33 0.24
185 1.26E-02 0.33 0.01257672 0.33 -0.52
244 1.02E-02 0.32 0.01017168 0.32 -0.79
356 7.29E-03 0.32 0.00727482 0.32 -0.62
511 5.34E-03 0.32 0.00532757 0.32 -0.11
661 4.36E-03 0.32 0.00435452 0.32 -0.52
834 3.65E-03 0.32 0.00364569 0.32 0.54
1173 2.91E-03 0.32 0.00290278 0.32 0.16
1274 2.72E-03 0.32 0.0027204 0.32 1.23
1408 2.58E-03 0.32 0.00258138 0.32 -0.23
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Appendix C.10. MC simulation results for geometign@ification

operations using void plans.

Table 1. Counting efficiency values, associatedettainties and difference to reference values
obtained when simplifying the geometry with Voidups.

Phantom Livermore ICRP female
Energy Count Eff. Diff. uUnc. Count Eff. Diff. Unc.
(counts/sy) (%) (%) (counts/sy) (%) (%)
15 6.03E-05 0.03 3.37 4.51E-05 0.28 4.62
22 1.53E-03 0.00 0.36 1.59E-03 0.33 0.36
33 6.22E-03 0.00 0.17 7.15E-03 -0.61  0.16
40 8.32E-03 0.00 0.15 9.45E-03 -0.06 0.14
39 1.15E-02 0.00 0.13 1.29E-02 -0.24 0.12
81 1.29E-02 0.00 0.11 1.44E-02 0.22 0.11
122 1.31E-02 0.00 0.11 1.47E-02 -0.11 0.11
165 1.18E-02 0.00 0.12 1.34E-02 0.00 0.11
185 1.10E-02 0.00 0.12 1.25E-02 0.00 0.12
244 8.76E-03 0.00 0.14 1.01E-02 0.00 0.13
356 6.19E-03 0.00 0.17 7.23E-03 -0.04 0.15
511 4.47E-03 0.00 0.19 5.32E-03 -0.01 0.18
661 3.62E-03 0.00 0.22 4.33E-03 0.00 0.20
834 3.06E-03 0.00 0.24 3.67E-03 0.00 0.22
1173 2.40E-03 0.00 0.27 2.91E-03 0.02 0.24
1274 2.27E-03 0.00 0.27 2.75E-03 -0.01 0.25
1408 2.12E-03 0.00 0.28 2.58E-03 0.00 0.26
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Table 2. Counting efficiency values, associatedettainties and difference to reference values
obtained for the combination of Void plans with $#L and Vec VR cards.

Phantom Livermore ICRP female
Energy Count Eff. Diff. unc. Count Eff. Diff. unc.
(counts/sy) (%) (%) (counts/sy) (%) (%)
15 6.41E-05 -6.23 7.82 4.59E-05 -1.49 11.85
22 1.53E-03 -0.30 0.76 1.58E-03 1.17 0.76
33 6.31E-03 -1.41 0.59 7.21E-03 -1.40 0.55
40 8.43E-03 -1.39 0.51 9.52E-03 -0.90 0.48
39 1.15E-02 -0.07 0.43 1.29E-02 0.02 0.40
81 1.29E-02 -0.48 0.40 1.45E-02 0.05 0.38
122 1.30E-02 0.60 0.40 1.46E-02 0.58  0.37
165 1.17E-02 0.33 0.39 1.34E-02 0.00 0.37
185 1.10E-02 0.27 0.40 1.25E-02 -0.13  0.37
244 8.79E-03 -0.35 0.42 1.02E-02 -0.74 0.40
356 6.16E-03 0.46 0.48 7.28E-03 -0.75 0.44
511 4.48E-03 -0.16 0.53 5.33E-03 -0.18 0.49
661 3.64E-03 -0.42 0.57 4.31E-03 0.46 0.53
834 3.05E-03 0.26 0.60 3.65E-03 0.30 0.56
1173 2.40E-03 -0.22 0.64 2.91E-03 0.02 0.59
1274 2.29E-03 -1.08 0.65 2.74E-03 0.53 0.60
1408 2.13E-03 -0.14 0.66 2.57E-03 0.15 061
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Appendix C.11. IDL routine used for simplifying ehphantom
geometry.

pro sinplify phant _rebin
; input file loaction
|_dir="D:\"
|_File="ICRP_female.seg'
|_path=l_dir+l_File
; input file size
|_bytarrFantCol= BYTARR( 77, 299, 137)
; reading the input file
openr ,lun,l_path, /GET_LUN
r eadu,lun,l_bytarrFantCol
free_lun,lun
hel p, |_bytarrFantCol
; intermidiary grids
Mplusl= BYTARR( 77, 300, 137)
Mplus2= BYTARR( 77, 300, 138)
Mplusl[*, 0:298,*]=l_bytarrFantCol[***
Mplusi[*, 299,*]= O0b*l_bytarrFantCol[*, 0,%]
Mplus2[*,*,  0: 136]=Mplus1[***]
Mplus2[*,*, 137]= Ob*Mplusl[*,*, 0]
; voxel fusion with rebin
mat_modif2= rebi n(Mplus2, 77, 150, 69, /sample)
;the option /sample guarentees that no interpolatio ns will be applied
; output file creation
openw, lun, 'D:\ICRP_female_simplified.seg’, /get_lun
wri t eu, lun, mat_modif2
free_lun,lun
pri nt, file .col written'
Entete="UNDEFINED'+ string(10b)+$
'COULEUR'+stri ng(10b)+$
"ICRP_female_simplified'+ st ri ng( 10b)+$;attention & modifier le nom
ICRP'+ string(10b)+$
'ETUDE-ICRP-1'+ string(10b)+$
77+ string(10b)+$
150'+ string(10b)+$
69'+ string(10b)+$

0.484'+ string(10b)+$
0.355'+ string(10b)+$
0.355'+ string(10b)+$
8'+ string(10b)+$
0.000000'+ string(10b)+$
0.000000'+ string(10b)+$

'‘cm'+ string(10b)+$
0+ string(10b)+$
0'+ string(10b)+$

11'+ stri ng( 10b)+$ ;attention aux couleurs présentes dans le fantd me
0 510 20 38 50 65 81 93110 135'+$
142 186 182 145 185 143 183 184 147
146 187" ;attention a rajouter la couleur suppl émentaire si nécessaire
openw, lun, 'D:\ ICRP_female_simplified.seg.ref', /get_| un

wri t eu, lun, Entete
free_lun,lun
pri nt, file .col.ref written'
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;validating the created volume

ilnd_1= wher e(l_bytarrFantCol EQ 5, count_5)

pri nt, "old soft tissue volume", count_5*

ind_1= wher e(mat_modif2 EQ 5, count_5)

pri nt, "new soft tissue volume", count_5*

ind_10= wher e(l_bytarrFantCol EQ 10,

pri nt, "old sternum volume", count_10*

ind_10= wher e(mat_modif2 EQ 10, count_

print, " new sternum volume", count_10*

ind_20= wher e(l_bytarrFantCol EQ 20,

print, "old scapulae volume", count_20*

ind_20= wher e(mat_modif2 EQ 20, count_.

print, " new scapulae volume", count_20*

ind_30= wher e(l_bytarrFantCol EQ 30,

print, "old ribs volume ", count_30*

ind_30= wher e(mat_modif2 EQ 30, count_.

print, "new ribs volume", count_30*

ind_40= wher e(l_bytarrFantCol EQ 40,

pri nt, "old spine volume", count_40*

ind_40= wher e(mat_modif2 EQ 40, count_.

pri nt, "new spine volume", count_40*

ind_50= wher e(l_bytarrFantCol EQ 50,

pri nt, "old breast volume", count_50*

ind_50= wher e(mat_modif2 EQ 50, count_

pri nt, "new breast volume", count_50*

ind_60= wher e(l_bytarrFantCol EQ 60,

print, "old lung volume", count_60*

ind_60= wher e(mat_modif2 EQ 60, count_

pri nt, "new lung volume", count_60*

ind_70= wher e(l_bytarrFantCol EQ 70,

pri nt, "old heart volume", count_70*

ind_70= wher e(mat_modif2 EQ 70, count_

pri nt, "new heart volume", count_70*

ind_80= wher e(l_bytarrFantCol EQ 80,

pri nt, "old liver volume", count_80*

ind_80= wher e(mat_modif2 EQ 80, count_

print, "new liver volume", count_80*

ind_90= wher e(l_bytarrFantCol EQ 90,

pri nt, "old skin volume", count_90*

ind_90= wher e(mat_modif2 EQ 90, count_

pri nt, "new skin volume", count_90*
end

0. 1754”3

0. 3508”3
count_10)
0. 175473
10)
0. 3508”3
count_20)
0. 175473
20)
0. 3508”3
count_30)
0. 175473
30)
0. 3508”3
count_40)
0. 175473
40)
0. 3508”3
count_5)
0. 175473
50)
0. 3508”3
count_60)
0. 175473
60)
0. 3508”3
count_70)
0. 175473
70)
0. 3508”3
count_80)
0. 175473
5)
0. 3508”3
count_90)
0. 175473
90)
0. 3508”3
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Appendix C.12. Validation of the new ICRP phantaifiter voxel
fusion with Rebin.

Table 1. Volume comparison of the ICRP female t@tsoctures between the reference values and the
new values obtained with the rebin function whengdifying the phantom geometry.

Structure ICRP female Ref. Nb Rebin Nb. vflﬁrfﬁe vl(Q)Fubane Diff (%)
voxel voxel (mL) (mL)
Adrenal, left 365 91 5.57 5.55 0.27
Adrenal, right 463 117 7.06 7.14 -1.08
Trachea 393 100 5.99 6.10 -1.78
Bronchi 553 143 8.43 8.72 -3.44
Blood vessels, head 0 0 0.00 0.00
Blood vessels, trunk 9812 2448 149.62 149.32 0.20
Humeri, upper half, cortical 1899 492 28.96 30.01 3.63
Humeri, upper half, spongiosa 5839 1448 89.04 88.32 0.80
Humeri, upper half, medullary cavity 474 123 7.23 7.50 -3.80
Clavicles, cortical 800 192 12.20 11.71 4.00
Clavicles, spongiosa 1515 384 23.10 23.42 -1.39
Ribs, cortical 5523 1371 84.22 83.63 0.71
Ribs, spongiosa 15537 3906 236.92 238.25 -0.56
Scapulae, cortical 3487 862 53.17 52.58 1.12
Scapulae, spongiosa 4472 1124 68.19 68.56 -0.54
Thoracic spine, cortical 6960 1756 106.13 107.11 .920
Thoracic spine, spongiosa 15283 3804 233.05 232.03 0.44
Lumbar spine, cortical 3058 791 46.63 48.25 -3.47
Lumbar spine, spongiosa 7944 1969 121.14 120.10 6 0.8
Sternum, cortical 57 16 0.87 0.98 -12.28
Sternum, spongiosa 2890 717 44.07 43.73 0.76
Cartilage, trunk 8875 2182 135.34 133.09 1.66
Breast, left, adipose tissue 10355 2605 157.90 8858. -0.63
Breast, left, glandular tissue 6429 1600 98.04 ®7.5 0.45
Breast, right, adipose tissue 10355 2576 157.90 AB57 0.49
Breast, right, glandular tissue 6429 1608 98.04 038. -0.05
Gall bladder wall 652 157 9.94 9.58 3.68
Gall bladder contents 2913 730 44.42 44.53 -0.24
Stomach wall 8828 2212 134.62 134.92 -0.23
Stomach contents 14503 3633 221.16 221.60 -0.20
Small intestine wall 15293 3826 233.20 233.37 -0.07
Small intestine contents 10304 2571 157.13 156.82 .19 0
Ascending colon wall 1261 317 19.23 19.34 -0.56
Ascending colon contents 1103 274 16.82 16.71 0.63
Transverse colon wall, right 570 143 8.69 8.72 50.3
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Transverse colon contents, right

657

165

10.02 610.0 -0.46
Transverse colon wall, left 251 62 3.83 3.78 1.20
Transverse colon contents, left 68 18 1.04 1.10 88-5.
Descending colon wall 418 102 6.37 6.22 2.39
Descending colon contents 194 49 2.96 2.99 -1.03
Heart wall 15614 3894 238.10 237.52 0.24
Heart contents (blood) 22891 5714 349.07 348.53 50.1
Kidney, left, cortex 6535 1655 99.65 100.95 -1.30
Kidney, left, medulla 2334 578 35.59 35.26 0.94
Kidney, left, pelvis 467 117 7.12 7.14 -0.21
Kidney, right, cortex 5488 1373 83.69 83.75 -0.07
Kidney, right, medulla 1960 489 29.89 29.83 0.20
Kidney, right, pelvis 392 96 5.98 5.86 2.04
Liver 87437 21848 1333.33 1332.64 0.05
Lung, left, blood 3664 934 55.87 56.97 -1.97
Lung, left, tissue 64218 16090 979.26 981.43 -0.22
Lung, right, blood 2615 661 39.88 40.32 -1.11
Lung, right, tissue 80402 20085 1226.05 1225.11 80.0
Lymphatic nodes, thoracic airways 215 54 3.28 3.29 -0.47
Lymphatic nodes, trunk 2207 539 33.65 32.88 2.31
Muscle, trunk 252890 63275 3856.33 3859.53 -0.08
Oesophagus 1896 477 28.91 29.10 -0.63
Pancreas 7495 1878 114.29 114.55 -0.23
Residual tissue, trunk 333338 83342 5083.08 5083.54-0.01
Skin, trunk 33296 8129 507.73 495.84 2.34
Spinal cord 771 191 11.76 11.65 0.91
Spleen 8197 2055 125.00 125.35 -0.28
Thymus 1273 324 19.41 19.76 -1.81
Thyroid 723 184 11.03 11.22 -1.80
Ureter, left 143 35 2.18 2.13 2.10
Ureter, right 163 40 2.49 2.44 1.84
Air inside body 897 224 13.68 13.66 0.11
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Appendix C.13. MC simulation results for geometign@ification

operations using the rebin function.

Table 1. Counting efficiency values, associatedettainties and difference to reference values
obtained when resizing the phantoms with the réiniction.

Phantom Livermore ICRP female
Energy Count Eff. Diff. unc. Count Eff. Diff. unc.
(counts/sy) (%) (%) (counts/sy) (%) (%)
15 6.70E-05 -11.05  3.11 4.56E-05 -0.96 4.57
22 1.57E-03 -2.82 0.36 1.58E-03 1.10 0.36
33 6.32E-03 -1.67 0.17 7.06E-03 0.70 0.16
40 8.45E-03 -1.57 0.15 9.39E-03 054 0.14
59 1.16E-02 -1.03 0.13 1.28E-02 071  0.12
81 1.30E-02 -1.04 0.11 1.44E-02 0.67 0.1
122 1.32E-02 -1.18 0.11 1.46E-02 0.69 0.1
165 1.19E-02 -1.25 0.12 1.33E-02 0.84 0.1
185 1.11E-02 -1.10 0.12 1.24E-02 077 0.2
244 8.87E-03 -1.20 0.14 1.00E-02 048 0.3
356 6.25E-03 -1.03 0.16 7.20E-03 045 0.15
511 4.54E-03 -1.51 0.19 5.29E-03 052 0.18
661 3.68E-03 -1.49 0.21 4.28E-03 1.12  0.20
834 3.10E-03 -1.13 0.23 3.63E-03 0.88 0.22
1173 2.43E-03 -1.23 0.26 2.87E-03 1.18 0.24
1274 2.31E-03 -1.94 0.27 2.72E-03 1.15  0.25
1408 2.15E-03 -1.09 0.28 2.55E-03 1.00 0.26
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Table 2. Counting efficiency values, associatedettainties and difference to reference values
obtained for the resized phantoms and the combimati SB, FCL and Vec VR cards.

Phantom Livermore ICRP female
Energy Count Eff. Diff. unc. Count Eff. Diff. unc.
(counts/sy) (%) (%) (counts/sy) (%) (%)
15 6.20E-05 -2.85 7.95 4.30E-05 491 12.09
22 1.56E-03 -2.13 0.75 1.56E-03 1.91 0.76
33 6.38E-03 -2.63 0.59 7.08E-03 0.48 0.56
40 8.52E-03 -2.44 0.50 9.45E-03 -0.16 0.48
59 1.17E-02 -1.85 0.42 1.28E-02 1.02 0.41
81 1.31E-02 -1.43 0.40 1.44E-02 0.58 0.38
122 1.32E-02 -0.91 0.38 1.45E-02 1.05  0.37
165 1.19E-02 -0.98 0.39 1.33E-02 0.79 0.37
185 1.10E-02 -0.19 0.40 1.24E-02 0.55 0.37
244 8.85E-03 -1.07 0.42 1.00E-02 0.89 0.40
356 6.25E-03 -1.08 0.47 7.18E-03 0.75 0.45
511 4.54E-03 -1.54 0.53 5.28E-03 0.80 0.50
661 3.67E-03 -1.34 0.57 4.24E-03 2.09 0.53
834 3.08E-03 -0.53 0.60 3.62E-03 1.37 0.56
1173 2.47E-03 -2.91 0.64 2.90E-03 0.18 0.59
1274 2.31E-03 -2.00 0.65 2.70E-03 1.88 0.61
1408 2.14E-03 -0.70 0.66 2.56E-03 0.65 0.61
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Appendix D.1. Effect of detector positioning on antiag efficiency for the CIEMAT measurements

Table 1. Effect of the errors in detector posittnon simulated counting efficiency for detectomnd 2.

Coordinates Left Lung + Detector #1 Left Lung + &stor #2 Right Lung + Detector #1 Right Lung + [ébe #2

X v Efficiency Diff. Efficiency Diff. Efficiency Diff. Efficiency Diff.
(counts/sy) (%) (counts/sy) (%) (counts/sy) (%) (counts/sy) (%)
145 28.63 16.5 1.85E-04 42.26 1.07E-04 51.33 1(BSE -6.22 1.20E-03 -10.84
145 28.63 17.5 1.80E-04 43.95 9.83E-05 55.23 IeRE -12.18 1.16E-03 -6.79
145 28.13 17 1.83E-04 43.01 1.02E-04 53.46 1.45E-0 -14.74 1.25E-03 -15.39
145 29.13 17 1.83E-04 43.12 1.03E-04 53.16 1.2E-0 -3.84 1.12E-03 -3.04
15 28.63 17 1.95E-04 39.39 1.07E-04 51.07 1.40E-03 -10.50 1.20E-03 -10.40
155 28.63 17 2.07E-04 35.55 1.12E-04 49.21 1.42E-0 -11.81 1.20E-03 -11.13
135 28.63 17 1.64E-04 48.93 9.42E-05 57.09 1.BE-0 -5.58 1.15E-03 -5.92
125 28.63 17 1.49E-04 53.65 8.79E-05 59.96 1.2BE-0 -0.82 1.11E-03 -2.20

Table 3. Effect of errors in detector tilts on slatad counting efficiency for the left lung loadaidne.

Tilt (°) Detector #1 Detector #2 Tilt (°) Detect8 Detector #4
Efficiency Diff. Efficiency Diff. Efficiency Diff. Efficiency Diff.
YY z72Z YY z72Z
(counts/sy) (%) (counts/sy) (%) (counts/sy) (%) (counts/sy) (%)

+5 0 1.90E-04 40.97 1.05E-04 5218 +5 0 9.51E-04 .482 5.05E-04 35.69
-5 0 1.74E-04 45.88 9.90E-05 54.91 -5 0 9.71E-04 .50 5.05E-04 35.75
0 +5 1.84E-04 42.81 1.06E-04 51.72 0 +5 8.35E-04 .023 2.95E-04 62.49
0 -5 1.80E-04 44.00 9.90E-05 54.91 0 -5 9.62E-04 .441 4.75E-04 39.56
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Table 3. Effect of the errors in detector positimnon simulated counting efficiency for detectoen@ 4.
Coordinates Left Lung + Detector #3 Left Lung + &stor #4 Right Lung + Detector #3 Right Lung + Dtbe #4

X v Efficiency Diff. Efficiency Diff. Efficiency Diff. Efficiency Diff.
(counts/sy) (%) (counts/sy) (%) (counts/sy) (%) (counts/sy) (%)
31 2863 165 9.56E-04 11.98 5.33E-04 32.21 4.69E-0 -32.30 3.65E-04 -10.24
31 28.63 17.5 9.67E-04 10.96 4.78E-04 39.17 4. 75E-0 -33.78 3.43E-04 -3.55
31 28.13 17 1.03E-03 5.61 5.28E-04 32.81 4.72E-04 33.12 3.49E-04 -5.57
31 29.13 17 9.07E-04 16.52 4.84E-04 38.34 4.72E-04 -33.02 3.58E-04 -8.32
30 2863 17 9.30E-04 14.37 4.75E-04 39.57 5.47E-04 -54.29 4.14E-04 -25.16
30.5 28.63 17 9.48E-04 12.70 4.90E-04 37.60 5.09E-0 -43.57 3.83E-04 -15.79
32 28.63 17 9.80E-04 9.81 5.31E-04 32.37 4.10E-04 15.47 3.03E-04 8.41

33 28.63 17 9.82E-04 9.55 5.56E-04 29.25 3.53E-04 .370 2.59E-04 21.68

Table 4. Effect of errors in detector tilts on slatad counting efficiency for the right lung loadeldne.

Tilt (°) Detector #1 Detector #2 Tilt (°) Detect#8 Detector #4
vy’ Efficiency Diff. Efficiency Diff. vy’ , Efficiency Diff.  Efficiency Diff.
(counts/sf) (%) (counts/sf) (%) (counts/sf) (%) (counts/sf) (%)

+5 0 1.38E-03 -8.64 1.18E-03 -9.16 +5 0 491E-04 -38.503.59E-04 -8.54
-5 0 1.38E-03 -9.09 1.18E-03 -890 -5 0 450E-04 -27.013.46E-04 -4.62
0 +5 1.37E-03 -7.94 1.30E-03 -20.34 O +5  4.12E-04 -16.09 2.46E-04 25.57
0 -5 1.39E-03 -9.67 1.07E-03 1.23 0 -5 4.75E-04  -33.943.44E-04 -3.96
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Appendix D.2. CIEMAT measurement results for theeaoium lungs

The used CIEMAT lungs were loaded with americiurd aaropium at the same time. It is
thus natural to test the method with americium dlsohis case however, the lungs were
more active than europium that has a half life blyears (against 432 years for americium).
Namely, the right lung americium activity was of 25 kBq and the left one was of 17.7 kBq
on the measurement date. Table 1 documents theuree@ant results for the 60 keV
americium energy line.

Table 1. Experimental counting rate (counts/s)iabtafor the CIEMAT four-germanium counting
system with americium lungs.

Loaded Organ Lefﬁlf;]gRslght Left lung Right lung
Sum four detectors 145.64 50.58 93.37
Sum left pair 88.91 10.38 75.74
. Sum right pair 60.46 41.79 18.97
Experimental
Detector 2 39.18 414 34.20
Detector 3 35.90 24.85 9.86
Detector 4 24.41 15.76 8.37

Before estimating the activity distribution, thedarity test was performed to check if the
positioning of the detectors and of the lungs wigsifical from one measurement to another.
This should be true since the linearity was obwifoe the europium 122 keV emission. Table
2 documents the results and proves the reproditgibflthe measurement.

Table 2. Linearity check for the CIEMAT system ahd operated detector positioning.

Sum four Sumleft  Sumright Det. Det.  Det.

Detector det. pair pair 41 42 43 Det. #4
'-'”eaz[)'/?)/e”or 1.16 3.14 -0.50 1.02 215 332 1.16

From the data in Table 1 and Equation 5.3, thevi#gilistribution was assessed for the
different configurations of detectors (cf. Table Byr americium lungs, better statistics of the
counts were obtained considering the activity défeee when compared to europium
experiments. As a direct consequence, better ctagtimates were obtained when using the
americium experimental data.

Table 3. Impact of the different possible combioiasi of detectors on the activity estimates and on
their differences to the reference values.

Detectors combination Iﬁ; %tg %gg) Diff. (%) Act. (Lker;)Lung Diff. (%)

Det. #1+2 — Det. #3+4 26.22 -4.0 17.25 2.6
Det. #1 — Det. #2 27.25 -8.1 9.46 46.6
Det. #1 — Det. #3 25.33 -0.5 18.51 -4.6
Det. #1 — Det. #4 25.46 -1.0 17.93 -1.3
Det. #2 — Det. #3 25.71 -2.0 18.41 -4.0
Det. #2 — Det. #4 25.81 2.4 17.79 -0.5
Det. #3 — Det. #4 19.58 22.3 20.12 -13.7
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Appendix D.3. Effect of detector positioning onuating efficiency

for the KIT measurements

To make the simulated counting efficiency corresptm the measurement values, shifts in
the X (left-right), Y (back-top) and Z (head-feal)rections were tested. Tables below
represent the simulation results obtained for okffié configurations of loaded organ and
detector positioning. The positioning was modiftedobtain a difference below 5% for each
configuration of loaded organ. The results provevéner, that it was impossible to obtain a
good agreement for the three detector positiontheasame time. When the agreement was
acceptable for the direct measurement, the coresiddetector positioning failed to give
satisfying results for cross fire situations ancewersa.

Table 1. Counting efficiency simulated values aiffébnces to measurements obtained when the left
lung was loaded with activity.

Coordinates Src. LL. + Src. LL. + Src. LL. +

Shifts (cm) Det. Liv Det. RL Det. LL

X Y 7 Efficiency  Difference  Efficiency  Difference  Efficiency  Difference

(counts/sy) (%) (counts/sy) (%) (counts/sy) (%)

0O 0 -3 3.74E-05 51 2.76E-04 11 1.21E-03 14
0O 0 3 1.49E-05 80 1.89E-04 39 1.06E-03 24
-3 0 O 1.97E-05 74 1.64E-04 47 1.16E-03 17
3 0 O 3.44E-05 55 3.87E-04 -25 1.11E-03 21
0O -2 0 1.82E-05 76 2.38E-04 23 1.52E-03 -9
0O 2 O 2.84E-05 63 2.45E-04 21 9.69E-04 31
0O -1 O 2.36E-05 69 2.42E-04 22 1.35E-03 4
6 -1 -3 7.80E-05 -3 6.74E-04 -118 9.60E-04 32
3 0 3 2.02E-05 73 2.99E-04 4 1.02E-03 21

Table 2. Counting efficiency simulated values atiffeiences to measurements obtained when the
right lung was loaded with activity.

Coordinates Src. RL. + Src. RL. + Src. RL. +

Shifts (cm) Det. Liv Det. RL. Det. LL.

X Y 7 Efficiency  Difference  Efficiency  Difference  Efficiency  Difference

(counts/sy) (%) (counts/sy) (%) (counts/sy) (%)

0O 0 -3 6.95E-04 -21 1.55E-03 30 3.33E-04 24
O 0 3 2.56E-04 56 2.00E-03 10 3.02E-04 31
-3 0 O 4.67E-04 19 1.64E-03 26 5.48E-04 -25
3 0 O 3.69E-04 36 1.82E-03 18 1.99E-04 54
0O -2 0 4.08E-04 29 2.32E-03 -5 2.83E-04 35
0O 2 O 4.32E-04 25 1.51E-03 32 3.52E-04 19
3 2 -3 5.85E-04 -2 1.29E-03 42 2.35E-04 46
-3 0 6 1.87E-04 68 1.78E-03 20 4.49E-04 -3
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Table 3. Counting efficiency simulated values aiffeences to measurements obtained when the
liver was loaded with activity.

Coordinates Src. Liver + Src. Liver + Src. Liver +

Shifts (cm) Det. Liv. Det. RL. Det. LL.

X Y 7 Efficiency  Difference  Efficiency  Difference  Efficiency  Difference

(counts/sy) (%) (counts/sy) (%) (counts/sy) (%)

0O 0 -3 1.51E-03 15 1.91E-04 43 1.06E-04 42
0O 0 3 1.44E-03 19 4.49E-04 -33 2.40E-04 -32
-3 0 O 1.29E-03 27 2.71E-04 20 2.04E-04 -12
3 0 O 1.78E-03 1 2.91E-04 14 1.14E-04 37
0O -2 0 1.93E-03 -9 2.50E-04 26 1.16E-04 36
0O 2 O 1.29E-03 27 3.19E-04 5 1.85E-04 -2
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Résumé

Afin d’optimiser la surveillance des travailleusiis nucléaire par anthroporadiamétrie, il est
nécessaire de corriger les coefficients d’étaloenalgtenus a l'aide du fantéme physique
masculin Livermore. Pour ce faire, des étalonnagesériques basés sur l'utilisation des
calculs Monte Carlo associés a des fantdmes nuuoeignt été utilisés. De tels étalonnages
nécessitent d’'une part le développement de fantbrepsésentatifs des tailles et des
morphologies les plus communes et d’autre part dgilesilations Monte Carlo rapides et
fiables. Une bibliotheque de fantbmes thoraciqéesirfins a ainsi été développée en ajustant
la masse des organes internes et de la poitrivardulia taille et les recommandations de la
chirurgie plastique. Par la suite, la bibliothéquété utilisée pour étalonner le systéeme de
comptage du Secteur d’Analyses Médicales d’AREVA NCHague. De plus, une équation
décrivant la variation de [lefficacité de comptage fonction de I'énergie et de la
morphologie a été développée. Enfin, des recomntimm$aont été données pour corriger les
coefficients d’étalonnage du personnel féminin@mcfion de la taille et de la poitrine. Enfin,
pour accélérer les simulations, des méthodes detiéd de variance ainsi que des opérations
de simplification de la géométrie ont été considéré

Par ailleurs, pour I'étude des cas de contaminat@nplexes, il est proposé de remonter a la
cartographie d’activité en associant aux mesurelr@ooradiamétriques le calcul Monte
Carlo. La méthode développée consiste a réalismiqurs mesures spectrométriqgues avec
différents positionnements des détecteurs. Ensiliteagit de séparer la contribution de
chaque organe contaminé au comptage grace au dédriie Carlo. L'ensemble des mesures
réalisées au LEDI, au CIEMAT et au KIT ont démoniréérét de cette méthode et I'apport
des simulations Monte Carlo pour une analyse phasige des mesurés vivo, permettant
ainsi de déterminer la répartition de I'activitiaasuite d’'une contamination interne.

Mots-clés : surveillance anthroporadiamétrique, étalonnages énigoes, fantdmes
déformables, réduction de variance, répartitiorctiveé.
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