UNIVERSIDADE DE LISBOA
FACULDADE DE CIENCIAS
DEPARTAMENTO DE FiSICA

C Ciéncias
ULisboa

Calculation of S-values and their uncertainties

for Nuclear Medicine

Ana Margarida Rocha Almeida

Mestrado em Engenharia Biomédica e Biofisica

Dissertagéo orientada por:
José Maria Fernandez-Varea
Brigida da Costa Ferreira

2024






Acknowledgements

This dissertation is the result not only of the work developed in the last few months, but it also
reflects the knowledge and growth acquired in five years of hard work.

Firstly, I would like to thank my external supervisor Professor José Fernandez-Varea for all his
support and guidance throughout this project. I am deeply grateful for the trust that was placed in me
and the continuous encouragement to successfully achieve the objectives. | would like to acknowledge
Dr. M2 Amor Duch and Dr. M2 Emilia Seren Takahashi for their contributions and constant availability
to help during this whole project, it was essential to a successful conclusion.

I would like to express my profound gratitude to Professor Brigida Ferreira for supporting me
along this journey and for the willingness shown.

N&o posso deixar de agradecer a todos os meus amigos que a vida académica, e Lisboa em
particular, me deram a conhecer. Foram um dos pilares essenciais durante esta etapa. Um grande
obrigado também para as amigas de Viseu, que estiveram sempre ao meu lado, mesmo estando longe.

Ao grupo dos M’s: 0 meu eterno obrigado. Vocés fizeram com que Barcelona parecesse “casa”
durante estes seis meses e tornaram esta experiéncia inesquecivel. Sei que a amizade que se criou
permanecera.

Um grande obrigado a toda a minha familia, por todo o amor e apoio incondicional durante este
percurso, em especial a avd Aurora, ao avd Rocha e a avo Nanda que sdo e sempre serdo imprescindiveis.
Avb Nando, sei que estard orgulhoso de mim.

O meu maior e mais sentido agradecimento é dirigido aos meus pais. Obrigado por me terem
permitido perseguir os meus sonhos sem qualquer entrave no meu caminho, mesmo que isso tenha
implicado alguns sacrificios no vosso.



Abstract

Over the years, there have been notable technological advances in the medical techniques used
to diagnose and treat tumour-related pathologies. In nuclear medicine technigques such as PET or SPECT,
the use of radiopharmaceuticals that emit ionising radiation is fundamental, both for the acquisition of
medical images and for the treatment of tumours. In this field, the distribution of the radiopharmaceuti-
cals in the human body must be evaluated. It is crucial to accurately calculate the absorbed dose in
tissues and, to facilitate these calculations, there are tables with S-values that represent the amount of
energy absorbed per unit mass per nuclear decay.

The overall aim of this study was to update the available tables with S-values calculated using
the most recent version of the PENELOPE Monte Carlo code and updated decay databases.

S-values were calculated for the decay of various radionuclides within voxels of different sizes.
These values were computed by applying a simplified methodology based on a referenced bibliography
and using two different radioactive decay databases: DECDATA and PenNuc. For voxel level calcula-
tions, the tables were extended to include two additional radionuclides and three more voxel size values.

S-values were also calculated at the cellular level using two methodologies: direct Monte Carlo
(MC) simulations and Dose Point Kernel (DPK). The values calculated for the two databases were also
evaluated. At the cellular level, thirty-nine different combinations of cell and nucleus radii and two
different source-target combinations were considered, allowing the calculation of S-values for other
combinations due to their additive properties.

The S-values calculated at the voxel level and at the cellular level are tabulated and presented
in this dissertation.

Keywords: S-values, Monte Carlo simulation, radionuclide decay, dosimetry



Resume

A medicina nuclear é um campo que engloba técnicas de imagem médica para diagnostico e
terapia de patologias oncoldgicas, nomeadamente PET e SPECT, nas quais o principio fundamental se
prende com a detecéo da distribuicéo de radiofarmacos dentro do corpo humano. Estes sdo substancias
ativas, geralmente, compostas por dois componentes: um radionuclideo, que é responsavel pela emissao
de radiacéo, e um composto farmacol6gico ndo-radioativo, cuja funcéo é direcionar o radionuclideo até
as células-alvo. Os radiofarmacos podem ser administrados ao paciente por via intravenosa, via oral, via
respiratoria ou por injecdo direta na area de interesse. O decaimento radioativo do radionuclideo provoca
a emissdo de radiagdes ionizantes (raios v, particulas o ou B) que pode ser Util para a criagdo de imagem
médica ou para tratamento de tumores por meio de destrui¢do de células tumorais. A escolha do radio-
farmaco tem em consideracdo o objetivo (diagndstico ou tratamento) e depende de diversos fatores,
como o tipo de emissdo do is6topo, a energia da radiacdo e o tempo de semi-vida. A dosimetria interna
em medicina nuclear tem por objetivo estimar a dose administrada em lesGes ou tumores, garantindo
que a dose nos 6rgdas criticos ndo tenha excedido os limites aceitaveis. Em 1988, o MIRD (Medical
Internal Radiation Dose), organizado pela Society of Nuclear Medicine, propds um método para
estimativa da dose absorvida, combinando os dados de distribui¢do bioldgica do radiofarmaco com as
propriedades fisicas dos radionuclideos. De acordo com o formalismo MIRD, os S-values sdo valores
gue quantificam a energia absorvida por unidade de massa e por decaimento radioativo. Estes valores
sdo calculados tendo em consideracdo o esquema de decaimento do radionuclideo, a distancia em
relacdo a fonte radioativa e as dimensdes do alvo (neste caso, pode ser um 6érgdo ou tecido).

Esta dissertacdo visa atualizar as tabelas atualmente disponiveis para S-values, recorrendo a ba-
ses de dados atualizadas para os esquemas de decaimento dos is6topos, bem como utilizando a versdo
mais recente do programa PENELOPE para simula¢es Monte Carlo. Este estudo realiza uma analise
detalhada dos S-values tanto a nivel de voxeis quanto a nivel celular.

No que diz respeito aos S-values calculados em voxel (volume element), os valores considerados
como referéncia e aceites pela comunidade cientifica foram publicados pelo MIRD Committee, em 1998,
tabelando valores para cinco radionuclideos e para dois valores distintos de dimensdo de voxel. Estes
valores foram calculados e tabelados com base numa geometria clbica (11x11x11 voxeis), subdividida
em cubos menores, os voxeis. Dado que a emissao da fonte radioativa é isotropica, apenas foi conside-
rado o octante positivo da geometria, visto que o0s restantes valores podem ser calculados a partir deste,
de acordo com a simetria clbica. Neste estudo, foi aplicada uma metodologia semelhante; contudo, a
dose absorvida ndo foi calculada para cada voxel individualmente do octante, mas sim agrupando 0s
voxeis segundo as distdncias a que se encontravam do centro da fonte radioativa. Assumindo que os
voxeis que sao equidistantes da fonte absorvem a mesma quantidade de energia, os S-values foram cal-
culados como a média da dose absorvida em cada grupo de voxeis. Com a geometria considerada, foram
identificadas 45 distancias distintas ao centro, o que possibilita uma redugdo das tabelas de 216 para 45
valores de S-values. De forma a comparar os valores simulados com os valores de referéncia, foram
realizadas simulaces dos mesmos radionuclideos (32P, &Sr, 20Y, ®MT¢ e 1311), utilizando voxeis clbicos
com dimensdes de 3 mm e 6 mm. Neste estudo, foram utilizadas duas bases de dados para 0 esquema
de decaimento dos is6topos: PenNuc e DECDATA. Os resultados das simulac6es indicam algumas dis-
crepancias em relagcdo aos valores publicados pelo MIRD Committee, independentemente da base de
dados utilizada. Os desvios em relacdo aos valores de referéncia sao menores para os radionuclideos
®mTc e 131, Em relacdo aos resultados das simulagdes em que fonte de radiacdo continha 2P, 8Sr ou
%Y, sdo notodrias diferencas mais acentuadas, com desvios percentuais na ordem dos 70-90%. Quando
a fonte radioativa contém 2P, foi aplicada a metodologia do MIRD Committee, de forma a excluir a



possibilidade das diferencas verificadas se deverem a simplificacdo dos célculos. Verificou-se que as
variagdes se mantinham e, portanto, sdo devidas a outras modificagbes. Em suma, a avaliagéo de S-
values a nivel de vOxeis sugere que, apesar da aplicacdo de uma metodologia simplificada, a atualizagéo
dos valores tabelados introduziu variagdes nos S-values. Para atingir todos os objetivos desta disserta-
¢do, foram disponibilizadas tabelas de S-values calculadas aplicando a mesma metodologia para dois
novos radionuclideos com relevancia para a Medicina Nuclear, Y’Lu e **Sm. Adicionalmente, foram
publicadas tabelas para os setes radionuclideos em questéo, considerando trés novas dimensdes de voxel
gue atualmente sdo utilizadas em equipamentos médicos (2.26 mm, 4.52 mm e 9.04 mm).

Em relacdo aos S-values a nivel celular, foram consideradas duas abordagens: simulagGes diretas
de Monte Carlo e Dose Point Kernel, utilizando como fontes radioativas quatro radionuclideos (’Ga,
1231 H1In ¢ 201T]), Em ambas as abordagens, foi aplicada uma geometria, que consiste em duas esferas
concéntricas a representar a estrutura de uma célula, com trinta e nove possiveis combinagdes de raio
da célula e respetivo nlcleo. Foram também analisadas duas situac@es distintas: uma em que o nucleo
consistia simultaneamente na fonte e alvo da radiacdo (N « N) e outra em que a fonte de radiacéo se
encontrava no citoplasma e o alvo no nucleo da célula (N < Cy).

No calculo de S-values recorrendo a simulacdes diretas de Monte Carlo, foram efetuadas simu-
lagdes para cada combinacgdo de raio da célula e raio do nucleo, bem como uma para cada combinacéao
fonte-alvo, resultando num nimero total de 936 simulagGes. Os resultados foram comparados com va-
lores publicados recentemente, cuja metodologia se assemelha bastante a utilizada neste estudo. Verifi-
cou-se que, no caso N « N, os valores calculados com a base de dados DECDATA se aproximavam
mais dos valores considerados como referéncia, com desvios percentuais maximos entre 2-6%. Para a
mesma combinacao fonte-alvo, os valores calculados com PenNuc eram geralmente inferiores que 0s
considerados como referéncia, com desvios entre 8-20%. Na situacdo N «— Cy, os resultados, para ambas
as bases de dados, apresentam variagdes menores que 7%. Os valores apresentados ndao tém em consi-
deracéo o caso do radionuclideo ¢’Ga. Excecionalmente, em ambas as combinagdes fonte-alvo, os re-
sultados calculados para ’Ga com a base de dados PenNuc refletem maiores divergéncias (entre 37% e
42%). De um modo geral, os desvios percentuais sdo geralmente maiores nos valores calculados para N
«— N do que para N < Cy e os resultados obtidos com a base de dados DECDATA estdo em maior
conformidade com os valores de referéncia.

A segunda metodologia para o calculo de S-values a nivel celular envolve a utilizacdo de Dose
Point Kernel que, através de fatores geométricos, calcula a dose absorvida para qualquer combinagéo
de raio da célula e do respetivo nicleo. Ao incorporar expressdes analiticas, também é possivel, com
esta abordagem, obter valores para qualquer combinacdo fonte-alvo. Com esta metodologia, foi neces-
sario efetuar apenas uma simulagdo para cada um dos radionuclideos considerados. Por sua vez, os S-
values calculados foram comparados com valores publicados pelo MIRD Committee, em 1993. Esta
comparagéo permitiu verificar a existéncia de divergéncias, uma vez que, apesar dos valores calculados
pelo MIRD Committee serem obtidos utilizando metodologias analiticas semelhantes, estes assentam
em modelos fisicos distintos e simplificados.

Os valores encontrados no ambito desta dissertagdo foram calculados de modo a seguir aproxi-
madamente as metodologias previamente implementadas que demonstram ser, atualmente, referéncias
em medicina nuclear. As diferencas observadas nos valores prendem-se com a utilizacdo de uma versao
mais recente do programa PENELOPE para as simula¢ées Monte Carlo, bem como a utilizacdo de bases
de dados que contenham atualizacGes cientificas. Deste modo, conclui-se que os valores previamente
publicados se encontravam desatualizados, denotando-se grandes divergéncias em relagdo aos valores
calculados neste estudo. Por fim, todos os S-values calculados foram tabulados e publicados nesta dis-
sertacao.

Palavras-chave: S-values, simula¢des Monte Carlo, decaimento radioativo, dosimetria
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CHAPTER 1

Introduction

This dissertation project proposes to evaluate and compare the S-values calculated by different
methods and assess the impact of the variations in nuclear medicine applications. This work is the result
of a Master of Science final project of the University of Lisbon, accomplished at the Universitat de
Barcelona (UB, Spain) under the supervision of Dr. José M. Fernandez-Varea and in collaboration with
Dr. M2 Amor Duch from Universitat Politécnica de Catalunya (UPC, Spain) and Dr. M2 Emilia Seren
Takahashi from the Universidade Estadual de Campinas (UNICAMP, Brasil).

The context and motivation, the objectives, and the workflow structure will be presented in this
chapter.

1.1. Context and motivation

After the discovery of radioactivity by Henri Becquerel at the end of the 19" century, scientists
began to explore biological applications of radioactive isotopes; however, nuclear medicine did not
emerge as a prominent field until 1971. Through the years, important developments have been
established in the nuclear medicine field, especially due to the scientific advances in chemistry and the
development of radionuclides and radiolabelled compounds [1]. Nowadays, it is considered one of the
most essential areas in medicine, recognised for its tools in the diagnosis and treatment of diseases,
particularly in oncology. According to the Society of Nuclear Medicine (SNM), in the United States,
20 million nuclear medicine procedures are conducted each year [2]. This high number of procedures is
reflected in improved healthcare services, aiming to enhance quality of life.

Nuclear medicine comprehends extensive research and the benefits of the use of radioactivity
have become essential for medical procedures. Nevertheless, it is important to evaluate the impact of
the hazards for the patients’ health [3]. Nuclear medicine involves the use of radionuclides, and it
requires a precise and accurate preliminary study to carefully determine the radiation dose that will be
delivered to the patient. Dosimetry has gained a central role, aiming to deliver precise absorbed doses
of radiation to tumour tissues while protecting healthy tissues from side effects. To achieve this level of
accuracy, several studies have been published reporting different approaches for dosimetry calculations
[4].

Despite time consumption for calculations, dosimetry must not be neglected, and all risks must
be considered. Monte Carlo (MC) simulations are an excellent tool for estimating the absorbed dose
with outstanding accuracy [5]. There is literature available with calculations for internal dosimetry. The
important question: are they updated with the most recent developments? In this dissertation, dosimetry
calculations are described and compared with the current references.



1.2. Objectives

The main goal of this dissertation project was to assess the variances in the calculation of S-
values, that can be caused by differences in the applied methodology. Secondary goals that also were to
be achieved:

¢ Review of the current literature to identify the existing methods used to calculate voxel S-values
and cell-level S-values through Monte Carlo simulations and the decay data used;

e Monte Carlo simulations to determine S-values at the voxel level, using nuclear decay
information from different databases for multiple radionuclides and various voxel dimensions;

o Perform data analysis of the results obtained and discuss discrepancies;

o Calculate S-values at the cellular level, applying different nuclear decay information in the input
files for multiple radionuclides and various radii of the cell and the cell’s nucleus;

o Perform data analysis for the S-values obtained and compare them with the values reported in
the literature.

1.3. Structure of this dissertation

The dissertation is composed of six chapters. The first chapter introduces the theme of the study,
by presenting the context and motivation for the development of this dissertation, the objectives and the
workflow structure. In Chapter 2, the scientific theory and the state-of-the-art of the study topic is
presented. Chapter 3 includes a review of the basic concepts of Monte Carlo simulations and a simple
description of the PENELOPE code. Materials and methods are described in Chapter 4, including a brief
description of all the input files used to run the simulations. Chapter 5 presents the results, data analysis
and discussion. Finally, a conclusion of the findings of this work is presented in Chapter 6, as well as
suggested future work.



CHAPTER 2

Scientific background

2.1. Fundamentals of PET and SPECT in Nuclear Medicine

Single Photon Emission Computed Tomography (SPECT) and Positron Emission Tomography
(PET) are currently used for diagnostic and therapy. Nuclear imaging is highly valuable in providing
functional imaging of in vivo metabolism and it is frequently combined with anatomical imaging such
as Computed Tomography (CT) or Magnetic Resonance Imaging (MRI) [6]. In this way, patient's
diagnosis and treatment planning become more comprehensive, significantly improving the quality of
healthcare.

SPECT and PET are characterized by the administration of radiopharmaceuticals to the patients,
containing radionuclides. The radionuclides will subsequently decay, emitting ionizing radiations
according to its decay scheme. A schematic representation of the fundamentals behind PET and SPECT
is presented in Figure 2.1.

PET images are obtained from radionuclides that decay via positron emission [7]. The positron
(positively charged) is emitted from the nucleus and, when it interacts with an electron, these annihilate
(electron-antimatter interaction) [8] and two gamma rays are emitted in opposite directions, each one
with energy of 511 keV due to the conversion of the positron and electron masses. These gamma rays
are detected by a pair of detectors in the PET scanner, disposed in opposite positions in a ring geometry.
The detectors are generally formed by scintillation crystals connected to photomultiplier tubes [9]. This
will enable the acquisition of three-dimensional images of the distribution of the radiotracer in the body

(2], [6].
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Figure 2.1: Basic concepts of PET and SPECT imaging techniques (from [10]).



SPECT is a non-invasive imaging technique that detects a single gamma ray emission at specific
energies, resulting from the disintegration of a radionuclide [7]. This type of tomograph is equipped
with gamma cameras, consisting of a lead collimator, a scintillation crystal and electronics [6],[8]. The
emitted photon is converted into voltage signal by the gamma camera, which is used to form an image
of the biodistribution of the administered radiopharmaceutical [10],[11]. Therefore, a volumetric image
is reconstructed, enabling functional imaging.

2.2. Radiopharmaceuticals in Nuclear Medicine

According to Alsharef et al. 2020 [12], about 95% of radiopharmaceuticals are used for
diagnostic purposes and just 5% for therapy. Targeted radionuclide therapy (TRT) is an oncologic
therapeutic approach that allows simultaneously scanning and treatment by using selected
radiopharmaceuticals. Later in this chapter, some examples of radionuclides used in nuclear medicine
with relevance to this report will be described.

Radionuclides can be naturally produced, can be synthetically produced through the utilization
of cyclotrons and particle accelerators, or they can be created through the decay of existing radionuclides
and acquired from radionuclide generators [13]. The radiopharmaceuticals used in TRT are essentially
composed of two elements: a radioactive material, i.e., a selected radionuclide responsible for delivering
ionizing radiation to the tumour, and a non-radioactive component (tracer) whose function is to direct
the radionuclide to the target, usually cancer cells [12]. These compounds are generally designed as
theragnostic agents: the ionizing radiation aids in eradicating the tumour but also enables the acquisition
of medical images, e.g., by PET or SPECT, when the cancer-targeting material is paired with an
appropriate radionuclide. These radiopharmaceuticals can be administered via oral, intravenous,
inhalation or direct injection, and each radiopharmaceutical dosage must be determined prior to the
administration and should take into account that the absorbed dose should be within 10% of the
prescribed dose or dosage range [14], [15].

Radionuclides are nuclei characterized by a surplus of energy that makes them unstable. These
radioactive isotopes exhibit either a very high atomic number, an imbalance in the ratio of protons to
neutrons or exist in a metastable energy state, ultimately leading to radioactive decay. This might prompt
the emission of particles (o, 5+/7) and/or electromagnetic radiation (gamma ray photons, y), and as a
secondary effect X-rays, conversion electrons and Auger electrons. For each nuclide, the decay scheme
includes information regarding nuclear level (energy, total angular momentum, etc), decay probabilities
and energy of the emitted radiation. The decay schemes for each radionuclide with relevance for this
report are presented in Appendix A.

When a radionuclide decays and emits alpha particles, its atomic number decreases by two,
along with a reduction in atomic mass by four units. Alpha particles, characterized by their heavy mass
and slow velocity, have low penetration power and can travel a distance of 50 to 100 pum within a tissue,
releasing energy at a significantly high density over this short range [13], [14]. In medical physics, alpha
emitters are commonly inhaled or ingested as radiopharmaceuticals and can damage living tissue.
However, as an external emitter, this type of particle cannot penetrate the dead layer of the skin, due to
its short range (Figure 2.2) [16].

When beta disintegration occurs, an electron (3~ decay) or a positron (B* decay) may be emitted.
Beta particles can be either negatively or positively charged. The beta particles exhibit a higher
penetration power compared to alpha particles due to their significantly lower mass [17]. With a distance
of travel in tissue ranging from 0.8 to 5 mm, beta particles deposit energy at a lower density but over a
longer range (Figure 2.2). Due to its electric charge, the beta particles inflict damage on organs, albeit



to a lesser extent than alpha particles, making them a viable option for therapeutic applications,
particularly in targeting and eradicating tumour tissue [8], [13]. This has driven increased research into
beta decay; and, consequently, simulations are relying on complex analytical expressions of energy
spectra.

The initial kinetic energy E of the electron or positron emitted in a beta transition is a random
variable that takes values in the interval from zero up to a characteristic maximum energy Eg;, 4, and

£ [18], [19]. The energy distribution

mec?
of electrons and positrons emitted is represented by the Fermi Spectrum [20], [21], described by the
following equation

the total energy of the B particle includes itsrestmass W = 1 +

p(W) & (W? — mezc‘*)% W (Wpmax — W) F(Zp, W)a, (W), 2.1)

where Wgimax = Egmax + m,c? isthe total energy, and p is the linear momentum of the emitted particle,

p=Jwz—1. (2.2)

In Equation 2.1, a,, (W) represents a factor for a transition of order of forbiddenness n [20]. The
Fermi function, introduced by Fermi in 1934, F(Z¢, W), describes the distortion of the wave function
of the outgoing electron or positron, where Z represents the atomic number of the final nucleus (after
the decay). The terms m, and c, presented in Equation 2.1, represent the mass of an electron and the
speed of the light, respectively.

Gamma radiation is emitted from the radioactive nuclide in the guise of photons, signifying their
lack of mass or charge, and the decay process does not involve any alteration in the atomic number or
mass number. Due to its high energies, vy rays have high penetration power when compared to beta
particles and therefore can be used for deep tumour treatment (Figure 2.2). When an isotope emits 3
particles and vy rays, usually the B-radiation is utilized for therapy while the y emissions are useful for
imaging, allowing the monitoring of the treatment [16], [22].

paper perspex lead

Figure 2.2: Penetration power of o and f particles and y rays (from [12]).



The selection of an isotope for a therapy or diagnosis depends on numerous factors which, when
combined, provide the best outcomes for medical imaging (diagnosis) and for the patient (control and
treatment of the tumour). In nuclear medicine, the primary challenge is to determine the radioisotope
that is the most suitable for the intended application. Factors that need to be considered are the decay
spectrum, the half-life and the energy levels, ease of production and access, cost, tissue targeting and
quality control [23]. Characteristics of the radioisotopes selected for this study report will be presented
in this chapter. Due to their different purposes, the characteristics of isotopes used for diagnosis will
differ from those used in therapy, particularly in the type of particle emission [23].

Radioisotopes with alpha or beta emission have been largely used for therapy; although, B-
emitters represent the largest group of radioisotopes employed in TRT mostly due to their large range
in the tissue. The mean energy of the released electrons ranges from 0.2 to 1.0 MeV, which results in a
low linear energy transfer (LET) in tissues (lower amount of energy released per unit length) [24].
According to Eary et al. (2007) [23], their energy is mostly dissipated within an organ (approximately
95%), indicating that § emission is suitable for treating larger tumours (multicellular volumes) [23].

When the study aims to assess the absorbed dose at the cellular level, beta emitters are not
appropriate. As mentioned above, the range of this type of emission is significantly larger than the
dimensions of a cell. Accordingly, in these circumstances, the absorbed doses are mostly influenced by
the interactions of Auger electrons (AE), Coster-Kronig (CK) electrons and internal conversion (IC)
electrons. In the context of TRT, some radionuclides have a large yield of AE. These electrons are
emitted as a consequence of the generation of a vacancy in an atomic inner shell during the nuclear
decay processes (e.g., electron capture and IC). As these vacancies are promptly filled, new ones are
continuously produced in higher subshells, resulting in a large cascade of low-energy AEs. These
electrons have an extremely short penetration distance in tissue (~ 0.1- 10 pm), leading to high LET
due to the large number of AEs emitted in cascade. This means that a large energy deposition is produced
in the vicinity of the decay site, providing a precise and localized irradiation for cancer treatment. AEs
are considered highly potent for causing clustered damage in macromolecular targets, particularly DNA
and cell membrane. Interest in the use of AE emitter radionuclides in TRT is increasing, with numerous
preclinical and some clinical studies indicating their significant promise.

Besides the type of particle emitted in the decay scheme of the radioisotope, there are other
aspects with significant impact on the choice of radioisotopes such as their physical and effective half-
life. Equation 2.3 expresses the activity of the radioactive source, depending on the uptake, the biological
decay and the physical decay of the radiopharmaceutical. T,, represents the characteristic time for the
uptake of the radiopharmaceutical, T}, refers to the biological time for the excretion from the organ and
T. is the physical half-time of the isotope. Since the activity can be defined as the number of

2

disintegrations per unit time, in an organ or cell, it will vary due to the three mentioned factors. The
physical half-time is a factor that has implications for the availability of the isotope, and it may limit the
time available for its use. This means that the radionuclide must have a half-life that enables it to be
available for transport (when needed) and to target the tissue/tumour before decay to achieve a maximum
tissue-to-background ratio [23]. The time evolution of the activity is given by

physical decay

A(t) = A(0) [1 — exp (—l;—uzt)] exp (—?—:t) exp —1;1,—12t (2.3)
2
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uptake biological decay



2P is a pure B-emitter and the maximum energy of the B-particles is 1.71 MeV. It has a half-time
of 14.28 days and it is produced in a nuclear reactor via the *2S(n,p)®P reaction [25]. This radionuclide
is one of the most commonly used radionuclides in TRT and can be administrated as *2P-sodium
phosphate or *2P-chromic phosphate (Table 2.1) [26], [27].

Similarly to 2P, the %Sr isotope is also a pure B~ emitter with a half-life of 50.57 days and a
maximum energy for the B-particles of 1.49 MeV [23], [26]. It is produced in a nuclear reactor via
89Y (n,p)®Sr. Due to its similar behaviour to calcium, this radionuclide accumulates in areas of high
osteoblastic activity (Table 2.1) [28].

Y is a pure B~ emitter with a high endpoint energy of 2.28 MeV and a half-life of 2.7 days. This
radionuclide is produced by a generator system from *°Sr [26], [27]. It is suitable for three different
applications (Table 2.1) [29], [30]. Note that the microspheres, mentioned in Table 2.1, are of single
use, which means that they cannot be metabolized or excreted and have a continuous radiotherapeutic
effect.

®mTc has a half-life of 6.01 hours and it is produced via a generator system from **Mo. It has
an Epmax 0of 0.44 MeV and emits y rays of 140 keV [23]. It is the most common radionuclide for SPECT
imaging, especially for diagnosis, and has a wide range of ®™Tc-labelled radiopharmaceutical kits
available [27], [31]. This dissertation will focus on the most used in nuclear medicine (Table 2.1).

1311 is a common radionuclide used in SPECT imaging. It is a 5~ emitter with an energy of 0.61
MeV and it has a half-life of 8.1 days. The production of this radionuclide is conducted in a nuclear
reactor by irradiating **Te [23], [26]. 13!l emits high-energy y rays (364 keV) and, consequently, patients
treated with **!I must follow a regulatory requirement for safety measures to minimise radiation
exposure to others [32]. Table 2.1 summarizes the application of this radionuclide in medicine [27],
[32].

158Sm is a low energy B-emitter radionuclide with Egmax 0f 0.81 MeV. It is produced by neutron
irradiation of *2Sm-oxide and has a half-life of 1.9 days [23], [26]. According to its decay scheme, there
is 28% of y rays emission with energy of 102.3 keV, which allows bone imaging. Table 2.1 resumes the
application of this radionuclide in medicine [27], [33].

YL uis a B~ emitter with a maximum energy of 0.49 MeV and a y emitter of rays with energy
of 208 keV. This radionuclide has a half-life of 6.7 days, and it is produced by irradiating *"®Lu in a
nuclear reactor [23], [26]. Similar to **Sm, the y rays emitted by *”’Lu allow imaging and it is widely
used in nuclear medicine (Table 2.1) [34], [35], [36].



Table 2.1: Applications of radiopharmaceuticals in medicine [29]-[36].

Isotope Radiopharmaceutical

32P-sodium phosphate
32P

32p-chromic phosphate

(normally as a colloid)
83r 89Sr-chloride

Y -microspheres

£ Y -ibritumomab tiuxetan

0y -silicate/citrate (as a colloid)

9mTc-labelled albumin
macroaggregate (MAA)

9mTc-methylene diphosphonate
(MDP)

¥mTc  9mTc-mercaptoacetyltriglycine

(MAG3)

9mTc-sulphur (as a colloid)

Application

Palliation of pain from
bone metastasis

Treatment of
myeloproliferative
diseases (polycythaemia
vera and
thrombocythemia)

Treatment of malignant
diseases of the serosal
cavities, cystic neoplasms,
and radiosynoviorthesis

Palliation of pain from
bone metastasis or mixed
osteoblastic lesions

Treatment of non-
resectable hepatomas and
liver metastases

Treatments of patients
with relapsed or
refractory, low-grade or
follicular B-cell non-
Hodgkin’s lymphoma

Treatment of
inflammatory joint
conditions in the
radiosynoviorthesis

Scintigraphy for assessing
lung shunt fraction and
scanning lung perfusion

Bone metastases imaging

Renal function imaging

Liver/spleen scans, gastric
emptying scans

Lymphoscintigraphy

Administration Recomrnfended
Activity
Intravenous or Hundreds of
oral MBq
Intravenous 37 - 740 MBq
Via injection

directly into the
cavity (pleural,
pericardial or

Vary according
to the cavity
being treated

peritoneal)
Intravenous ~ 150 MBq
Injection via an
intra-arterial
. 15-2. B
catheter in the 5-2:5GBg
hepatic artery
Depends on
factors such as
Intravenous .
the patient’s
weight
Injection into
.. 1.2-3. B
the joint 3.0GBq
Injection via 150 mgq
intra-arterial
Intravenous 370 - 740 MBq
Intravenous >740 MBq
Intravenous Depends on the
area being
Subcutaneous evaluated



Isotope

131|

153Sm

177Lu

Radiopharmaceutical

131_sodium iodine

B31)-labelled

metaiodobenzylguanidine
(MIBG)

131)-Lipiodol

131 tositumomab

153Sm-lexidronam

153Sm_

ethylenediaminetetramethylene-

phosphonate (EDTMP)
Y7L Lu-DOTATATE

7_u-Prostate-specific
membrane antigen (PSMA)

H7Lu-DOTMP or ¥7Lu-
EDTMP

Application

Treatment of residual
thyroid cancer and
metastatic disease;

hyperthyroidism and non-
toxic multinodular goitre

Treatment of stage 111 or
IV neuroblastoma,
inoperable
phaeochromocytoma,
inoperable carcinoid
tumour, inoperable
paraganglioma, and
metastatic or recurrent
medullary thyroid cancer

Treatment of hepatic
cancer

Treatment of follicular
non-Hodgkin’s lymphoma

Palliation of pain from
bone metastasis

Treatment of
neuroendocrine tumours

Treatment of prostate
cancer and its metastases

Palliation of bone pain

Administration

Oral

Intravenous

Injected into the
hepatic artery in
the form of fat
droplets

Intravenous

Intravenous

Intravenous

Intravenous

Intravenous

Recommended
Activity

1.1-111GBq

3.7-11.2 GBq

0.9-2.4 GBq

Depends on the
specific
treatment
protocol

~ 37 MBg/kg

7.4-29.6 GBq

6-7.4GBq

1.0-2.5GBq



AE emitters are being increasingly investigated for theragnostic effects. Besides its applications
for diagnosis, typically due to y emissions, these radionuclides have an Auger spectrum that can be
useful for therapy although they are not yet being used clinically. However, there is an increasing
number of studies approving the effects of ¢’Ga in the theragnostic context [37].

®’Ga is a radionuclide that disintegrates by 100% electron capture and emits y rays. It has a half-
life of 3.26 days and is produced in a cyclotron by irradiating ®8Zn. This radionuclide is considered for
Auger therapy due to its spectra with emission of AEs [26]. 5’Ga is used for scintigraphy and SPECT
imaging to detect inflammation and granulomatous reactions, since this radionuclide accumulates in
areas of increased metabolic activity. It is typically administrated intravenously, with activity ranging
from 1 to 3 GBq [38].

n is a radionuclide that decays by electron capture and is produced in a cyclotron; it is a y
emitter with a half-life of 2.8 days. '!In-DPTA and ‘*!In-octreotide are radiopharmaceuticals used for
scintigraphic imaging for diagnosis purposes. The recommended activity ranges between 10 and 160
GBq [39].

Also, 2%l is a commonly used radionuclide, with a half-life of 13.2 hours. It can be produced in
a cyclotron by irradiating ***Te. It emits y rays with energies of 159 keV, which makes it suitable for
SPECT imaging. Currently, it is used labelled with different compounds for thyroid, brain and
myocardial imaging, such as '?*l-octreotide and *?*I-iodoamphetamine (IMP) [39].

20171 is a radionuclide used for SPECT imaging, agreeing with the previous nuclides; it emits y
rays, has a half-life of 73 hours and it is produced by irradiating 2°*Tl in a cyclotron. This pharmaceutical
is used to image lung, brain, bone and soft tissue tumours [39].

2.3. Dosimetry in Nuclear Medicine

The emission of ionizing radiation by the radionuclides used in nuclear medicine techniques has
effects on the organs and tissues exposed to it and makes crucial the assessment and control of the
absorbed dose in the target and non-target tissue [40], [41]. Therefore, this field is called internal
dosimetry, which refers to the evaluation and assessment of energy deposited in organs or tissues after
the administration of radiopharmaceuticals, while cellular dosimetry is referred to the measurement of
the absorbed dose on individual cells.

Dosimetry in nuclear medicine can be classified into different techniques:
e Internal dosimetry:
o voxel-based dosimetry, which evaluates the absorbed dose delivered to each
voxel within a three-dimensional image.
o organ-based dosimetry, where the assessment of the absorbed dose is more
complex involving the segmentation of organs.
e Cellular dosimetry:
o cell-based dosimetry, where the absorbed dose calculation is implemented in
individual cells and other cellular components.

In the voxel-based approach, the heterogeneity of the medium tissues is not considered,
contrarily to when using an organ-based methodology. Ideally, calculations must take into account the
different compositions of the human body and the patient-specific anatomical geometry. This would
require a CT scan of the whole body to posterior division into different sections based on the
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composition (bone, muscle tissue, fat tissue, etc). After this, all the simulations to assess the absorbed
dose may be performed according to the respective composition. This cannot be implemented in nuclear
medicine procedures due to its high cost and the extensive time required for each patient. For that reason,
the approaches in nuclear medicine must provide a combination of good accuracy and simple
implementation.

In organ-based dosimetry, the calculations assume a uniform distribution of activity within the
organs, which is a major limitation of this technique [42]. According to Lee et al. [42], voxel-based
approaches are more suitable for calculations when a nonuniform activity distribution in organs is
considered.

2.4. MIRD formalism

There are important absorbed dose calculations that must be accurately evaluated such as the absorbed
dose both in the tumour and in the healthy tissue. For each tissue, the absorbed dose is determined as
the amount of energy absorbed per unit mass. The Medical Internal Radiation Dose (MIRD), Committee
of the Society of Nuclear Medicine (SNM), has an extensive archive of reports regarding radiation
dosimetry and its implications when a radiopharmaceutical is administered. Therefore, the concept of
S-values was introduced by MIRD to quantify the absorbed dose received by organs and tissues as well
as the cellular S-values (dosimetry at the cellular level).

According to the MIRD scheme, the mean absorbed dose D is given by the cumulated activity
A distributed in a source regium S (monoenergetic and containing the radionuclide) to the target volume
T:

D =AS(T—YS) (2.4)

t2
A =ft A(t)dt (2.5)

1

where S represents the S-value.
In the case of a polyenergetic source, the S-value is calculated through the following equation,
involving multiple decay modes:

n

S(T —§) = Zw (2.6)

m
i=1 T

where A; is the mean energy per nuclear transition of the i-th radiation component and ¢;(T <« S) is
the corresponding fraction of energy emitted from the source region that is absorbed in the target
volume, whose mass is m [43].

In 2003, another formalism was established. The RAdiation Dose Assessment Resource
(RADAR) instituted a formalism to calculate an internal dose estimation through the following equation:

D =N x DF (2.7

where N is the number of disintegrations that occur in a source organ and DF is the ‘dose factor’ [43],
given by
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where k represents a proportionality constant ((rad - g)/(uCi - hr - MeV) or (Gy - kg)/(MBq - s - MeV)),
n; the number of radiations with energy E; emitted per nuclear transition, ¢; the absorbed fraction and
m the mass of the target [44]. The ‘dose factor’ is multiplied by the time-integrated activity to obtain
the absorbed dose per disintegration [43]. Mathematically, this method is equivalent to the MIRD
formalism.

2.5. S-values in Nuclear Medicine

As described above, S-values might be calculated to evaluate the absorbed dose for tissues or
tumours after the emission of radiation due to radionuclide decay. As shown in Equation 2.4, these
values are fundamental in those calculations where the aim is to assess the quantity of radiation that
reaches the tumour and non-tumour tissues. From a clinical perspective, the calculations with S-values
are essential for diagnosis and therapeutic planning, where it is necessary to assess the biodistribution
of the radiopharmaceuticals and minimize absorbed dose delivery to healthy tissues while maximizing
it to the target to destroy tumour cells. This allows to achieve a positive outcome of the disease diagnosis
or therapy, i.e., to increase the efficacy [45]. Internal dosimetry has also a strong influence on
calculations for radiation protection, by estimating the total absorbed dose received. On behalf of that,
S-values calculations have an important role in safety procedures, allowing the development of protocols
for patients and professionals [36]. By providing a better understanding of radiation dosimetry and by
improving the accuracy of dosimetry calculations, these values are useful for patients and clinical
professionals. Figure 2.3 illustrates the basic steps for the absorbed dose calculations in the clinical
workflow [46]. The cumulated activity, A, might be assessed after the determination of the
radiopharmaceutical activity, which is often measured with activity calibrators (with low uncertainties,
~5%) [47]. Thus, the absorbed dose is calculated by Equation 2.4, where it is essential to have an
adequate S-value.

Activity TAC fitand A

determination Assessment Gl

Clinical Dosimetry Workflow

Patient data Registration & Absorbed dose
Acquisitions Segmentation Calculation |

Figure 2.3 Steps for the absorbed dose calculation (from [46]).

Recognizing the extreme importance of internal dosimetry in nuclear medicine therapies, there
are several studies for S-values calculations, using different methodologies [48]. For three-dimensional
internal dosimetry, there are three approaches with relevance for this dissertation: the convolution of
voxel S-values (VSV), the convolution of Dose Point Kernel (DPK) and the direct MC simulation. The
methodology related to direct MC simulations is the most accurate approach but the one that requires
more computational time and resources, making it only practicable for research or for S-value
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generation. The results can also be physically distinct since the approach implemented depends on
diverse factors such as:

1. Geometry and organ size: as mentioned in section 2.3, there are two different
approaches for internal dosimetry regarding the geometry and, for that reason, the
absorbed dose might be calculated by using anthropomorphic models or voxelized
targets.

2. Radionuclide database and distributions: currently there are several databases that
provide decay data for the radionuclides used in nuclear medicine. Furthermore, the
distribution of the radionuclide is also a factor that needs to be considered for these
calculations.

In summary, S-values can be calculated by using various methods, which implies an extensive
review and comparison to understand their effect on internal dosimetry.

Despite the use of AE in therapeutic practices remains uncommon, there is a continuous increase
of research on their applications for nuclear medicine. Similarly to internal dosimetry, S-values have
significant importance in cellular dosimetry, as absorbed dose calculation methods are essential [49].
Standard dosimetric approaches provide methods to estimate the mean absorbed dose at the organ level.
However, it is relevant to supply methods for determining the absorbed dose in individual cells in TRT
[24].

2.6. State-of-the-art

This report aims to calculate S-values at the voxel and cellular levels through Monte Carlo
simulations and using the MIRD formalism, developed by the MIRD Committee. This committee has
several responsibilities concerning radiation dosimetry, being one of the most prestigious references in
this field. They have published numerous pamphlets, reports and books with the developments of
methodologies, models, assumptions, and mathematical schemas for radiation dosimetry. In addition to
the MIRD Committee, the work of the International Commission on Radiological Protection (ICRP) is
also highly regarded by medical physics experts. The ICRP has issued various publications, most of
them particularly focused on radiological protection. Hence, ICRP offers recommendations for radiation
protection based on the effects of ionizing radiation. The International Commission on Radiation Units
& Measurements (ICRU) is also a notable reference due to its publications with recommendations on
guantities and units, terminology, measurement procedures and data for applications involving ionizing
radiation. These commissions share a common expertise in radiation dosimetry, making their
publications essential references for the objectives of this dissertation.

2.6.1. Voxel-level S-values

The use of radiopharmaceuticals has become a regular practice in nuclear medicine; thus, tables
of S-values are frequently being published by medical and research organizations, enabling fundamental
data to be available for clinical practice.

MIRD Pamphlet 17 [50] serves as a reference for S-values at the voxel level. This pamphlet
delineates the fundamental approaches for conducting voxel dosimetry in accordance with the MIRD
formalism. It reports tabulations of voxel S-values for five radioisotopes and for two voxel dimensions,
calculated with version 4 of the Electron Gamma Shower (EGS4) code, with the PRESTA algorithm,
for MC simulations of radiation transport. To model part of the human body, MIRD Pamphlet 17 [50]
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developed a cubical phantom divided into 1331 cubical voxels with 3 mm or 6 mm side dimensions,
representing an 11x11x11 voxel cube (Figure 2.4). In this geometry, the central voxel contains the
radioactive source, where the activity is assumed to be uniformly distributed within that voxel and the
radiation passing through adjacent voxels is then calculated. Also, the model is placed in a homogeneous
infinite medium composed of soft tissue, with composition according to Eckerman and Christy’s, Oak
Ridge report [51] for specific absorbed fractions of energy. For nuclear decay data, the Eckerman and
Christy, Oak Ridge report [52] database, dated from 1993, was used. The results are presented in
different tables according to the radionuclide selected. The absorbed dose is calculated for each voxel,
which is represented by a coordinate system where the central voxel is positioned in the origin with the
coordinates (0,0,0) and axes x, y, and z are centred on it. Due to the geometry considered, there is a
cubical symmetry, and, for that reason, the pamphlet only presents values for positive coordinates, which
are symmetrical to those for negative coordinates. Consequently, in the appendices, the tables only
display values for one octant of the cubic geometry.

Although MIRD Pamphlet 17 [50] is used for professional and medical intents, it lacks certain
details necessary for a comprehensive understanding of the methodology, such as the number of histories
simulated, and the uncertainties associated with the tabulated values. Additionally, various platforms
provide S-values calculated using different formalisms and MC codes with specific parameters.

® BN ow e

Figure 2.4: The left image represents the whole geometry, a 11x11x11 voxels cube; the right image is a
representation of the positive octant (image created with Al).

A free and online available database developed by Bologna University (www.medphys.it, 2011)
offers voxel S-values for seven radionuclides with relevance for nuclear medicine (*'’Lu, 1, 13Sm,
18Re, 89Sr, 188Re, °Y) and thirteen different voxel sizes [40]. The MC simulations were carried out using
the EGSnrc code, for monoenergetic photon and electron sources. The decay data for the electron and
photon spectra of the radionuclides were obtained from the Brookhaven National Laboratory database
by Stabin et al. (2002) [53]. This study scored the energy deposited in grids of cubic voxels, with the
source uniformly distributed in a voxel, irradiating the surrounding voxels isotropically. The geometry
defined is a representation of an approximately infinite medium (a homogeneous region that can encom-
pass the entire target region) and can consist of two homogeneous tissues: soft tissue, with composition
defined by Cristy and Eckerman [51], or bone tissue, as defined by ICRU Report 10b [54]. Regarding
simulation parameters, a cutoff energy of 1 keV was selected for both electrons and photons and 25
million particles were tracked [40]. The energy scored in the simulations was converted into units of
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absorbed dose (mGy MBq™ s?) and the contribution of each monoenergetic source (electron or photon)
was applied according to the decay spectra.

In the early 1990s, a software called ‘MIRDOSE’ was developed to calculate the absorbed dose
for nuclear medicine applications. The code was written in the VisualBasic programming language and
was based on the MIRD formalism, although it was neither approved nor reviewed by the MIRD Com-
mittee. About ten years later, this code was rewritten in the Java programming language and named
OLINDA/EXM (Organ Level Internal Dose Assessment for EXponential Modeling). Currently, only
version 2.0 is available, and it is part of Hermes Medical Solutions [44], [55]. This approach uses math-
ematical models for S-values calculations, specifically the RADAR formalism (section 2.4). Version
2.0 includes updated computational phantoms that are voxel-based and anatomically realistic, developed
by Segars et al. (2001) [56] and aligned with the organ masses in ICRP Publication 89 [57]. Therefore,
this database includes male and female phantoms for various ages, namely 1-year-olds, 5-year-olds, 10-
year-olds, and 15-year-olds, adults and pregnant women. Absorbed dose estimates are presented for over
1000 radioisotopes, with nuclear decay data based on the Brookhaven National Laboratory database
[53]. From a broad perspective, this database aims to calculate absorbed doses in realistic phantoms
closely approximating reality, despite the computational time required. Consequently, some data in Ta-
ble 2.2 are incomplete, such as the distribution of the radioactive source or the uncertainties associated
with the calculations.

In addition, the absorbed dose can be calculated by “Internal Dose Assessed by Computer”
(IDAC-Dose, 2017), a free software for research purposes. IDAC-Dose 2.1 is an internal dosimetry
computer software that employs a MATLAB program for calculations in nuclear medicine, based on the
MIRD formalism [58]. A total of 48048 MC simulations were conducted with the MCNP 6.0 code to
generate specific absorption fraction (SAF) data for the software. Similar to OLINDA 2.0, this software
also uses computational voxel phantoms for adults, as given by the ICRP Publication 89 [57]. In this
database, absorbed doses are estimated for up to 1252 radionuclides, with decay information derived
from ICRP Publication 107 [60]. Users have the possibility to select the placement of the source and its
activity distribution (uniformly or nonuniformly) within the region. However, the number of particles
used in the MC simulations was not disclosed.

OpenDose (2020) is the result of a collaboration aimed at freely generating and providing dosi-
metric data [61]. It comprises 18 research teams from 30 institutes. For that reason, the published data
were calculated using a variety of MC codes, including Electron Gamma Shower (EGS), FLUKtuierende
KAskade (FLUKA), Geant4 Application for Tomographic Emission (GATE), GEometry ANd Tracking
(Geant4), Monte Carlo N-Particle (MCNP) and PENELOPE [61]. Despite the large number of teams, a
defined framework ensured that all teams followed essentially the same methods, using the same input
models and delivering the data in a common output format. OpenDose adopts human voxel-based phan-
toms to perform simulations, based on the considerations of ICRP Publication 110 [62], which includes
segmented regions and different media for various voxel dimensions. These models are representations
of the average anatomy of male and female bodies. The radioactive source can be uniformly or point-
wise distributed in a voxel, and the nuclear decay data is obtained from ICRP Publication 107 [60],
covering 1252 radioisotopes. This database recommended the use of at least 10 primary particles and
the S-values are presented along with their associated statistical uncertainties.

A graphical user interface, named National Cancer Institute Dosimetry System for Nuclear Med-
icine (NCINM, 2020) gives values for internal dosimetry [63]. This database offers S-values calculated
following the MIRD formalism. It uses computational human phantoms developed in a collaboration
between the University of Florida and the National Cancer Institute, with anatomical data from ICRP
Publication 89 [57]. Similar to OLINDA, these phantoms include male and female models for various
ages- 1-year-olds, 5-year-olds, 10-year-olds, 15-year-olds, and adults. A comprehensive set of photon
and electron absorbed fractions were computed using MCNPX version 2.7 and, like IDAC-Dose, a
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MATLAB program was used to calculate the S-values. This database includes a set of 300 radionuclides,
with decay data from ICRP Publication 107 [60]. For the MC simulations, a total of 100 million particles
were simulated, resulting in statistical uncertainties below 1%.

Except for MIRD Pamphlet 17 [50] and the database by Bologna University [40], all the
databases use complex geometries, such as human organ phantoms, which compromises high
computational times for clinical practices by dosimetry physicists. Pistone et al. (2022) [48] validated
an analytic model for fast calculations of VSVs for *"’Lu and for voxel dimensions between 2 mm and
6 mm. This model surpasses the necessity of implementing numerous MC simulations for specific voxel
dimensions not available in the literature, by allowing to deduce VSVs for specific voxel dimensions.
However, it is only available for 1'’Lu, which is not efficient for clinical use.

Table 2.2 summarizes the fundamental characteristics of each database, mentioned in this
section. The S-values are extremely useful for oncological therapies in nuclear medicine. This type of
medical equipment offers a wide range of voxel sizes, based on factors such as the acquisition field of
view, the reconstruction matrix utilized, the zoom factor applied, and the specific manufacturer. As a
result, many more calculations are needed to obtain the S-values for all the situations when using
different equipment and/or different settings. These calculations must be conducted by physicists in
clinical departments and it may not be viable to perform MC simulations for each necessary S-value
[40]. Dr. Maria Emilia Seren Takahashi provided insights into current needs, identifying the most
significant voxel dimensions for cancer TRT in three PET and SPECT equipments available in
the Nuclear Medicine Department of Universidade de Campinas. Table 2.3 summarizes information for
one of the equipments, indicating the fact that there are indeed many different settings for operating
these devices. The highlighted lines identify the values most commonly used in clinical practice. Figure
2.5 helps the reader to understand the spatial orientation of the voxels within the body.
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Database

MIRD
Pamphlet 17
[50]

Free Database
MedPhys [40]

OLINDA 2.0
[55]

IDAC-Dose 2.1

[58]

OpenDose [61]

NCINM [63]

Methodology

Voxel (2 sizes)

Voxel (13
sizes)

Voxel-based,
anatomically
realistic
phantoms

Voxel-based
phantoms

Voxel-based
phantoms

Uses phantoms

Radionuclides

Over 1000

1252

1252

300

N/A: does not provide information or it is not clear.

Table 2.2: Analysis of different databases.

Formalism

MIRD

MIRD

RADAR

MIRD

MIRD

MIRD

MC code

EGS4

EGSnrc

N/A

MCNP 6.0

Variety of
codes

MCNPX
version 2.7

17

Material
composition

Soft tissue

Soft tissue

Bone tissue

Various

Various

Various

Various

Material
composition
database

Oak Ridge
Report [51]

Oak Ridge
Report [51]

ICRU Report
10b [54]

ICRP 89 [57]

ICRP 89 [57]

ICRP 110 [62]

ICRP 89 [57]

Radioactive
source
distribution

Uniform in the
central voxel

Uniform in the
central voxel

N/A

Uniform or
point (defined
by the user)

Uniform or
point (defined
by the user)

N/A

Nuclear
decay
database

Oak Ridge
Report [52]

Brookhaven
National
Laboratory
Report [53]

Brookhaven
National
Laboratory
Report [53]

ICRP 107 [60]

ICRP 107 [60]

ICRP 107 [60]

Number of
histories

N/A

25x106
particles

N/A

N/A

At least 108
particles

100x108
particles



Table 2.3: Specific parameters of the medical equipment for SPECT/CT imaging (Manufacturer: GE Healthcare; model:
Millennium MG (H3000ZL); manufactured: 30 July 2009).

Matrix  Zoom (re;rr']igtkrﬂiﬁon) Voxel (x) [mm]  Voxel (y) [nm]  Voxel (z) [nm]
64x64 1.0 ; g:gj g:gj 1939048
64x64 114 ; ;gi ;gi 175'?312
64x64 133 5 o 018 1556
64x64 160 5 e e s
64x64 20 ; 3:23 3:23 gigi
128x128 1.0 ; j:gg 3:23 Sjgi
128x128 114 ; 232 282 3f?95
128x128  1.33 ; §§§ 223 233
128x128  1.60 ; §§§ 523 é:gi
128x128 2.0 ; §§§ 532 i:ég
Y
Vertical

Figure 2.5: Schematic representation of X, y and z axes for SPECT and PET imaging (from [64]).
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2.6.2. Cellular-level S-values

At the cellular level, the majority of the absorbed dose within the components of the cell results
from the decay of radionuclides that emit AE and CK electrons [65]. Various radionuclides have been
suggested for tumour treatments in radiotherapy of small metastases and disseminated cancer cells [39],
[66]. These electrons typically have a range approximately equivalent to the dimensions of condensed
DNA within the cells, causing biological effects at the cellular level [67], [68]. Since S-values might be
described as the absorbed dose to the target volume per unit of cumulated activity in the source region,
at the cellular level there can be four source regions (nucleus (N), cytoplasm (Cy), cell (C), and cell
surface (CS)) where the radionuclide is emitting radiation and three target volumes (nucleus (N),
cytoplasm (Cy) and cell (C)). Hence, there are twelve possible (T «— S) combinations. Due to the
additive nature of S-values, only six combinations are required to obtain the values of all of them
(Equation 2.9).

S(C — N) = S(N — N) + S(N « Cy) (2.9)

Equation 2.9 reflects the additivity of S-values since the absorbed dose in the cell can be
distributed into absorbed dose in the nucleus and the cytoplasm when the source region is the same
emitting radiation. In this context, the absorbed dose is calculated in individual cells. Figure 2.6 depicts
the cellular model, consisting of two concentric spheres of radii Rc and R, which correspond to the radii
of the cell and its nucleus, respectively.

Cell Surface

Nucleus

C | Cell

CS | Cell Surface
Cy | Cytoplasm
N Nucleus

Figure 2.6: MIRD cell model. (from [24]).

Currently, the MIRD Committee [69] has reference values for cellular S-values for spheric cell
geometries with concentric nuclei. Several source-target combinations are presented, including C «— C,
C«—CS, N— N, N« Cy and N « CS. The concept of S-values follows the MIRD schema, as
presented in section 2.4. In Equation 2.6, the S-value depends on ¢; (T «— S), which corresponds to the
fraction of energy emitted from the source S to the target T. This factor can be straightforwardly
determined with MC simulations or analytically. However, a separate simulation is needed for each cell
geometry and composition, making it a time-consuming process [70]. This reference uses analytical and
mathematical models to calculate cellular S-values for a comprehensive list of radionuclides (used in
diagnostic and therapeutic applications) and for twenty-seven combinations of (Rc, Rn). More
specifically, the MIRD Committee published cellular S-values calculated using the DPK method. This
method can be more efficient than direct MC simulations [24]. Important to note that the MIRD
calculations were performed with simplified physics, where the electrons move in a straight line and the
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energy deposition is dictated by the stopping power, i.e., the elastic scattering is neglected and the energy
loss is calculated by using the continuous slowing down approximation (CSDA).

The DPK approach models the distribution of absorbed dose due to a radioactive source at a
microscopic level. Conceptually, a point and isotropic source immersed in an infinite and homogeneous
medium made up of liquid water is defined, emitting monoenergetic electrons or other particles with a
given kinetic energy E. Considering that this source is located at a certain point 7, the absorbed dose
received by a spherical shell of thickness dr at a distance r will be D(r), the radial dose distribution
[70]. Knowing that the mass of the spherical shell is 4r?dr p, where p is the mass density of the
medium, the fraction of energy deposited in it can be determined as

D(r)
B

de(r,7y) = 4nrdrp (2.10)

When a target volume T is placed in the same medium (Figure 2.7), the fraction of that energy
deposited in T will be ¢ (T « 7). The fraction of the spherical surface lying inside the target region is
represented by 7 (r) (identified in red in Figure 2.7) and, as a consequence, the fraction of energy

deposited is

® _ o , D)
Yrem () dop(r,75) = f Amr thpTJS(r) dr. (2.11)
=0 r=0

o) =

r

arget regio;

Ay

Source region

S

Figure 2.7: Dose Point Kernel approximation. (from [24]).

This equation must only be used when the source is considered to be a point. If the source is
extended to a region S, each point within S may be perceived as an independent radiation emitter that
contributes with a proportional fraction of energy to the total absorbed dose D to the target volume T.

D(r)
E

¢(T < S) = foo 4mr?p Wres(r) dr. (2.12)
r=0
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After these considerations and taking into consideration Equation 2.6 (section 2.4), the S-values
calculated with DPK methods can be expressed as

S(T«S) = minmzmrzp D(r) Yrs(r) dr. (2.13)
0

The function y1_s(r), previously defined, is known as geometric reduction factor (GRF), and
it can also be defined as the probability that an arbitrarily oriented vector of length r that starts from a
random point within the source region S ends within the target volume T. Goddu et al. (1997) [69]
published the analytical expressions for GRFs, for source-target combinations N «— N, N «— Cy, N «—
CS, CS « CS and C « C. GRF expressions for only three combinations will be presented in this
dissertation (Equation 2.14 - 2.17). Important to consider that these equations only can be applied when
the cell is represented by two concentric spheres. When nonconcentric nucleus or ellipsoidal cells are
considered, the S-values must be calculated by MC simulations.

( 3r 1 /73 .
1___+_<—) if0 <r < 2Ry,
Pron () = 214

0 otherwise.

2RcT + Ry* — Rc* —1?

ifRC—RNSTSRc+RN,

4R.r
Ynecs(r) = ¢ (2.15)
0 otherwise.
If Re < 3Ry:
(2 T | )
Qre| Ry T if0 <r <R;—Ry,
1 2 2 2 2
E(RC —Ry?)(Ry* —12) + _
2 R ) ifR; — Ry <7 < 2Ry,
Yneey@™ =1 [F3 (R’ —Ry’) =7 (Re" = Ry") (2.16)

r* + 6(R:°Ry* — 2R — r2Ry%) +
Q2 (C3 A "’3 if 2Ry <7 <R +Ry,
12| +8r(Rc® + Ry®) —3(Rc* + Ry*)

0 ifr > R. + Ry.
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IfRC > 3RN:

( 2 rz
Qr?| Ry -3 if0 <7 < 2Ry,
Ry’ if 2Ry <7 < R — R
1 = —
Rc3 — RN3 N c N,

Ynecy () =5 (2.17)

Q [r4 + 6(Rc*Ry* —12Rc* — 2Ry +

if R, — R <R;+R
+8r(Rc3 + Ry®) = 3(R¢* + Ry*) e~y <T =Ko+ 5w,

0 ifr > R + Ry.

. 3
In these expressions, Q = TR Ry

MIRD book by Goddu et al. (1993) [41] published cellular S-values for various radionuclides
(32p, 358, SlCr, 67Ga’ 86Rb’ 89Sr’ 90Y, le, 99m-|-C, 111|n, 114m|n’ 123|’ 125|, 131|, 201-|-|’ zospb, 21°PO, ZlZPb, 212R;j
and 22Po). In that study, the cells were considered spherical with concentric nucleus, submersed in an
infinite medium of liquid water. The S-values presented were calculated mathematically by a
FORTRAN 77 program code, according with the previously explained DPK methodology and the
expressions defined for yr_g(r). The radioactive source was uniformly distributed in various cells
compartments, and values were calculated for various source-target combinations: C « C, C « CS, N «
N, N « Cy, N « CS. The radii of the cell and cell nucleus ranged from 2 to 10 um, totalling twenty-two
combinations. The radionuclides decay data for beta and alpha emitters were taken from Weber et al.
[71] and for AEs emitters from the American Association of Physicists in Medicine Task Group report
[72].

The study conducted by Uusijérvi et al. (2006) [73] reported a comparison of cellular S-values
calculated with DPKs generated by various MC codes: PENELOPE, MCNPX and GEANT4. The two
concentric spheres that formed the model had radii of 6 um and 4 um, representing the radii of the cell
and the cell nucleus, respectively. The S-values were generated for three source-target combinations,
N < N, N « Cyand N « CS, using a monoenergetic electrons source with energies of 10 keV, 100 keV,
500 keV and 1MeV. The activity was assumed to be uniformly distributed within the source region. The
results showed good agreement between the three MC codes, except for the cases when the source is
located on the cell surface. In 2009, Uusijarvi et al. [74] published a similar comparison, adding also
ETRAN MC code. The methodology used for the simulation was the same as the previous one. Instead
of tables, the results were displayed in graphics to demonstrate the variation in DPK when the target is
at different distances from the source. The conclusions corroborated the previous findings, indicating
that the choice of MC code does not affect the S-values in a significant way.

Falzone et al. (2015) [75], in a more recent approach, calculated S-values at the cellular level,
comparing different methodologies: direct MC simulations and DPK. Both approaches were calculated
using the PENELOPE MC code with the same parameters: the absorption energy for electrons, photons
and positrons was 50 eV, the cutoff energies were set to zero (event-by-event simulation) and the same
number of primary particles (2x10° histories) was used. The cell model was similar to the one illustrated
in Figure 2.6, composed of two concentric and homogeneous spheres of liquid water, immersed in an
infinite water medium. The radii of the cell varied from 3 to 12 um and the radii of the nucleus from 1
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to 11 um. The N « N, N « Cy and N « CS combinations were selected. The nuclear decay data was
taken from the RADTABS software, version 2.2. This software is an early version of DECDATA
software. The values calculated showed great accordance with those published by the MIRD Committee
[69], noticing the largest discrepancies when the source and target volumes were farther apart. This
article also furnishes information regarding the influence of the non-concentricity of the nucleus in the
cell, but this is not part of the objectives of the present dissertation.
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CHAPTER 3

Monte Carlo Simulations

Monte Carlo (MC) simulations are used to solve mathematical and physical problems using
non-deterministic (stochastic) algorithms. The name was given after the Monte Carlo Casino in Monaco
and was firstly used at Los Alamos by scientists during World War Il for a nuclear weapon project.
Nowadays, it has become an efficient tool for problems with multiple independent variables [76].

MC simulations are particularly accurate for radiation transport applications describing the
penetration and energy loss of electrons and photons [77]. In the medical field, this method has been
largely used due to its capability to address situations that are relatively difficult to solve analytically
[76]. Those simulations demonstrate to be important for diagnostic medical imaging research. In the
previous chapter, S-values, in the context of radiation dosimetry, were defined as the absorbed dose
within a designated target volume, resulting from the decay of a radioactive source distributed in a
source region. In this chapter, basic concepts of MC simulations are presented to provide a better
understanding of this powerful method.

3.1. Basic concepts

The main characteristic to describe MC simulations is the use of non-deterministic algorithms,
i.e., involving random numbers and random variables, which are associated with a probability
distribution function (PDF). Summarized, the propagation of radiation in matter is defined by
numerically sampling, where the history (track) of a particle is perceived as a random series of free
flights that culminate in an interaction event where the particle changes direction and/or loses energy
and, occasionally, produces secondary particles [70], [78]. Therefore, if we consider I as a random
variable and I, a2 (I) represents the mean and the variance of I, respectively, the relative uncertainty is
given by

a(l) 1 3.1
I VN '
where N is the number of primary histories.

This is an important consideration regarding MC simulations. To decrease the uncertainties
related to the simulations, it is mandatory to increase the number of histories. For instance, if we want
to reduce the uncertainty to half, the number of histories must be increased in four times. This will affect
the computational time and the speed of the simulation. Furthermore, there will be a compromise
between the computer time and the uncertainty that we want to achieve.
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3.1.1. Elements of probability theory

The PDF describes the probability of each value of the random variable (when the variable is
discrete) or the probability of the value being within a particular interval (when the variable is
continuous). In the following equation, it is expressed the probability of obtaining x in a differential
interval of length dx about x,

Pix|x; < x < xq + dx} = p(x;)dx, (3.2)
where p(x) is the PDF of x, that must be positive and normalized,

p(x) =0, fxmaxp(x)dx =1. (3.3)

Xmin

Hence, the PDF is defined by these conditions. When the random variable takes discrete values,
the PDF is defined by

p() = ) pi 8 —x). B

For both continuous and discrete variables, the cumulative distribution function can be
expressed as

Plx) = j p(x")dx'. (3.5)

Xmin

3.1.2. Random-sampling methods

As mentioned above, MC methods include the generation of random numbers with specified
PDFs. Random-sampling algorithms produce a sequence of random numbers & uniformly distributed in
the interval (0,1) of a variable x distributed in the interval (X,;qx) Xmin)-

3.1.2.1. Inverse-transform method

The cumulative distribution function P(x), presented in Equation 3.5, can be inverted
analytically, having as an inverse function P~1(¢). A new random variable is created when the
transformation & = P(x) is defined, which values are in the interval (0,1). Due to the correlation
between the variable x and & values, the PDF of &, denoted as pg(£), is directly linked to the PDF of x,

p(x), through pg (§)dg = p(x)dx. Consequently,

d -1
POt = p() (3) (36)

X

dP(o)\ "
:p(x)< di”) — 1.
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Figure 3.1: Random sampling from a distribution p(x) using the inverse-transform method. (from [76]).

From this, we can conclude that, if £ is a random number, the variable x defined by x = P~1(¢)
is randomly distributed in the interval (X,,in, Xmax) With the PDF p(x) (Figure 3.1). The randomness
of x is guaranteed by that of & These are the main bases of inverse-transform method, where the equation

& =f | p(x")dx' (3.7)

represent the sampling equation of the variable x.
The inverse-transform method can also be used to sample from discrete PDFs, as sketched in
Figure 3.2. In this case, i is the integer that fulfils the following conditions,

P,<&<Py,. (3.8)

TI=Py=pitpyt ... tpy

¢ - Py =p T TP ;
- Po=p,+...+p,
- P, =pi o,
- P =p,
-0

Figure 3.2: Inverse- transform algorithm to sample the integer index i from a discrete PDF. (from [79]).
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3.1.2.2. Rejection methods

The inverse-transform method for random sampling, previously described, relies on establishing
a one-to-one correspondence between x and & values, articulated through a single-valued function. The
rejection method is another sampling approach that involves selecting a random variable from a distinct
distribution (different to p(x)) and then subjecting it to a random test to ascertain if it is suitable for
acceptance or rejection [76], [79]. Initially, it is sampled two random numbers (x,y) uniformly
distributed in the rectangle (a, b) x (0, c) for posterior analysis. If y > p(x), the point is rejected, as
shown in Figure 3.3, where is represented the sampling of random kinetic energies of the electrons
emitted in the B~ disintegration of Y by using rejection algorithms. The crosses and circles in the figure
represent the points rejected and accepted, respectively.

This rejection method can be described by the following sampling algorithm:

[1] Select an arbitrary upper bound ¢ such that p(x) < ¢

[2] Sample a random point (x, y) uniformly distributed in (a, b) % (0, ¢) using the inverse
transform recipe x = a + (b — a)&;,y = ¢&,

[3] If y > p(x) reject the point; go to [2]. Else, deliver x.

p(E) / MeV™

E [ MeV

Figure 3.3: Rejection algorithm to sample the kinetic energy of the electron emitted in the - decay of 90Y. (from [79]).

3.1.3. Simulation of radiation transport

MC methods of radiation transport simulate the propagation and interaction of radiation in
matter, by numerically sampling the distance between physical interactions, the kind of interaction,
angular deflection and/or energy loss and generation of secondary radiation, using a detailed simulation
method, where all the interactions are simulated event-by-event [70], [80]. When we consider the
interactions of photons, the energy is limited within an interval from 50 eV up to 1 GeV. This range
predominantly encompasses the photoelectric effect, coherent (Rayleigh) scattering, incoherent
(Compton) scattering and electron-positron pair production. Other interactions, such as photonuclear
absorption, occur with a much lower probability and are generally negligible for most practical purposes
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[81]. Therefore, MC always simulates photon transport by using a detailed method (interaction by
interaction). Regarding electrons and positrons, the possible interactions are elastic scattering, inelastic
collisions and bremsstrahlung emission (for positrons are also annihilation). Due to the significant
number of interactions undergone by an electron or positron prior to reaching a rest state, performing a
detailed simulation becomes impractical at high energies. This challenge is surpassed by employing a
mixed simulation approach instead of an event-by-event simulation.

In summary, there are two types of algorithms for electron transport simulation. The first one,
called condensed simulation or Class I, where interactions are grouped in a few simulation steps, allows
to decrease computational time at the expense of introducing acceptable distortion of the values
simulated. A mixed simulation, Class 11, combines the detailed simulation of hard events (i.e., events
with polar angular defection 6 or energy loss W larger than previously selected cutoff values 6. and
W) with condensed simulation of soft events, in which 6 < 8, or W < W,. These are called transport
parameters and can be adjusted by the user (section 4.2.2).

3.1.3.1. Scattering model

The interactions between the beam particles and atoms or molecules of the medium occur
through various competing mechanisms, which are characterized by the associated differential cross
section (DCS). The DCS is a function of the particle state variables, i.e., a function that allows the
measurement of the probability of an event occurring, due to the interaction of particles.

Considering a particle with energy E (Figure 3.4), it may lose energy W and change its direction
of movement in each interaction, where ¢ represents the angle between the particle directions before
and after the interaction (azimuthal angle, ¢). The angular deflection of the particle is represented by the
polar scattering angle 6 and its PDF after a single elastic collision is proportional to the DCS.

Considering that the atoms or molecules in the medium are randomly oriented, the DCS is
independent of the azimuthal scattering angle. The angular distribution of scattered particles is axially
symmetrical around the direction of incidence, i.e., the azimuthal scattering angle is uniformly
distributed on the interval (0, 2x).

inc

Figure 3.4: Schematic diagram of an experiment to measure the DCS. Incident particles move in the
direction of the z axis; and 0 and ¢ are the polar and azimuthal scattering angles, respectively. (from

[76]).

28



3.1.3.2. Generation of random tracks

Initially, each particle starts off with a given initial state (with initial position, direction and
energy). To simulate histories and generate a random track, it is needed to define the distance between
physical interactions (events), the type of interaction, angular deflection and/or energy loss and if there
is generation of secondary radiation and its initial state [82]. All these random variables were sampled
from the corresponding PDFs. Therefore, a particle track is defined by repeating these steps and
randomly sampling the state of the particle immediately after an interaction (Figure 3.5). The trajectory
is finished when one of the following conditions is achieved: either when the particle crosses a boundary
of the sample or when the energy becomes smaller than a given value Eass, which is the value of energy
where electrons are assumed to be stopped and absorbed in the medium.

vacuum

Figure 3.5: Generation of random trajectories using detailed simulation. A particle enters material 1 from the vacuum
and, after multiple interactions, crosses the interface between materials 1 and 2. (from [76]).

3.2. PENELOPE: a Monte Carlo code

In the present dissertation, the work developed to simulate the S-values for various radionuclides
and for voxel or cell sizes is described. For this purpose, a computer code system PENELOPE was used
to perform MC simulations in a wide energy range from a few hundred eV to about 1 GeV [82].
PENELOPE is an acronym for PENetration and Energy LOss of Positrons and Electrons.

Figure 3.6 describes how PENELOPE works, and it is possible to understand which files the
user has the responsibility to provide to the program to perform a full simulation [82].

PenEasy (Sempau et al. 2011, [82]) is a general-purpose main program for PENELOPE. It is
written in Fortran 95 and contains a set of subroutines including source models, tallies and variance-
reduction techniques. This program has the capability to minimize the programming effort required for
adjusting the current routines and for generating new ones through duplication.
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3.2.1. Geometry and materials

PENELOPE includes a geometry package PENGEOM, which applies an algorithm to define
complex geometries. It consists of homogeneous bodies limited by well-defined quadric surfaces. The
user is responsible for the definition of the surfaces and for instructing which surfaces are delimitating
each body. Along with that, GVIEW2D and GVIEW3D programs are available to visualize the geometry
and facilitate debugging of the file. Also, each body created for a PENELOPE simulation must be
associated to a specific material. PENELOPE code provides a MATERIAL program which offers an
extensive list of 280 prepared materials that contains the physical properties, interaction cross section,
relaxation data, etc. Alternatively, this program provides an option to create the material by inserting
the chemical composition, mass density, mean excitation energy and energy and oscillator strength of
plasmon-like excitations. Therefore, the quadric surfaces defined are projected as boundaries for the
particle path in the radiation transport. Summarily, when the particle reaches a boundary, the track is
stopped and restarted again when enters a new medium (this also works when both sides of the interface
have the same material).

PENVARED PENELOPE

PENGEOM

calls routines from

ﬁ ﬁ %e read by

/ geometry materials config

ﬁdisplays ﬁcreates

GVIEW MATERIAL |

(Windows) In red: provided in PENELOPE package
In black: provided by the user

Figure 3.6: Code structure for PENELOPE: packages and inputs. (from [83]).

3.2.2. Source model for PENELOPE simulations

PENELOPE simulations, in particular performed by penEasy, include two source models in the
input file: Box Isotropic Gauss Spectrum (BIGS) and Phase-Space File. For this dissertation, all the
results were produced by simulations where only the BIGS model was activated and, for that reason,
this section will only provide information regarding the BIGS source model.

The input file allows the user to define some configurations regarding the source. For instance,
the user is responsible for choosing the particle type (electrons, photons or positrons) and the position,
direction and energy of the emission. The particles are generated inside a source box (rectangular
parallelepiped), whose sides along the x, y and z directions are defined in the input file, and the user
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must identify the coordinates of the box centre. If the box sides were all set to zero, the source is specified
as a point. BIGS also allows users to define a source material with arbitrary shape.

In addition, the user must introduce an energy spectrum, where each entry must contain two
numbers, one for the energy and the other for the unnormalized probability. Therefore, the input energy
distribution is coded as a histogram in the form

By P

E, P
Ein

EN PN
E‘-\":l»l - 1

where P; is the relative probability of the interval (E;, E; ;). Note that the energy spectrum terminates
always when a meaningless negative probability (-1) is found.
Often the source spectrum is known in tabular form, say (Ej, f;) with j = 1,2, ..., M, where f; =

f(E;) and the previous method may be applied using a linear interpolation scheme (Figure 3.7), by
adopting the same energy grid, {E-;j =12,.., M] and obtaining the probabilities through the following
equation

Ej+11 1
Py = j 5 (i + fi+1)dE = 5 (fj + fie1) (Bper — Ep). (3.9)
Ej
A
S
/
| >
Ej j+l

Figure 3.7: Representation of the interpolation scheme (from [82]).
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3.2.3. S-value calculations by PENELOPE

As already mentioned in this dissertation, S-values are designated as the mean absorbed dose
per unit of cumulative activity [67]. Hence, when performing MC simulations, the aim is to assess the
absorbed dose in specific targets. The penEasy main program incorporates various tallies that allow to
score a number of quantities [82]. Each tally can be used to evaluate these quantities in different
situations and all of them available in PenEasy are detailly explained in Sempau et al. [82]. The tallies
may be considered as the output of each simulation and the user may specify the relative uncertainty
that he/she intends to achieve. This can be a condition to stop the simulation and if the requested
uncertainty is set to zero, then the simulation will not stop for this cause. This report will be focused on
the Spatial Dose Distribution Tally and Energy Deposition Tally.

The Spatial Dose Distribution Tally provides information regarding the 3D absorbed dose
distribution per history. The values are tallied in the x, y and z intervals and respective bins defined by
the user, i.e., the energy deposition is collected in spatial bins. Note that these bins do not exist in the
geometry definition, thus they do not represent boundaries for the particle transport. Additionally, each
bin is considered homogeneous by the program code and, for that reason, the user needs to guarantee
that the bins are indeed homogeneous since the code does not confirm that condition. Moreover, this
tally should not be used in voxelized regions because of inhomogeneities. The mass density is
determined from the value found at the bin centre (reason that justifies the necessity of assuring the
homogeneity) and the absorbed dose distribution values are presented in eV/g.

The Energy Deposition Tally is the second tally with relevance for this dissertation. This tally
scores the energy deposited per history in each material and it is reported in eV per history. It is scored
the energy absorbed in every material present in the geometry input file. Contrarily to the previous tally,
the energy values are calculated in each material present on the geometry and not in bins defined by the
user. For instance, the user does not need to assure the homogeneity and boundaries can exist when
using this tally.

Thus, all simulations conducted using MC codes have a statistical uncertainty for each output
value, depending fundamentally on the number of primary histories (particles). The results of MC
simulations are typically presented as follows:

Quc = q * ka(q) (3.10)

where Q¢ represents the output value, g is the mean value, o(g) is the standard deviation of the mean
(Equation 3.1) and k is the coverage factor. This factor determines the confidence level of the interval
and in general k = 2 (95% confidence).
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CHAPTER 4

Materials and Methods

4.1. Nuclear Decay Data

In this study, several databases for nuclear decay schemes were considered and thoroughly
explained in subsections 4.1.1 - 4.1.3. The decay schemes provided in each database are based on
different literature sources, which may lead to potential discrepancies between them.

4.1.1. PenNuc Package

To execute the decay of radionuclides in a simulation, PENELOPE and penEasy work in
conjunction with the Fortran subroutine package PenNuc, source files pennuc.f and decays.f. This
package allows the simulation of random nuclear decays of a list of radionuclides. The decay process
utilizes random number generators and tools for electromagnetic transitions (y emission, internal
conversion) and beta decay (B* disintegrations, electron capture) [84]. This package allows to generate
a cascade of charged particles and photons that describe a complete decay pathway. The PenNuc
subroutines uses data files from the NUCLEIDE Table of Isotopes website [85], which contains energies
and probabilities of each transition, as input data. Notice that all energies are given in eV and o particles
are not considered by this MC code [84]. The PenNuc files are complemented with PDF files containing
detailed information about each transition and the spectrum.

The PenNuc package also includes the files pdatconf.p14 and pdrelax.pll in the same data
directory. The first of these files contains information regarding ground-state configuration, (sub)shell
ionization energies and atomic level widths, while the second one offers data on the transition
probabilities and energies for singly ionized atoms [84].

Hence, PenNuc is the result of an international decay data evaluation project, widely recognized
as a reference for nuclear decay. Thus, it allows to obtain the nuclear data in a simple way. In the input
file, the PenNuc radioisotope information is placed in the BIGS section (Figure 4.1).

[SECTION SOURCE BOX ISOTROPIC GAUSS SPECTRUM v.2014-12-21]

ON STATUS (ON or OFF)

Co-608.nuc PARTICLE TYPE (1=ELECTRON, 2=PHOTON, 3=POSITRON) OR RADIONUCLIDE FILENAME
SUBSECTION FOR PHOTON POLARIZATION:

3 ACTIVATE PHOTON POLARIZATION PHYSICS (@=NO, 1=YES)

0.0 0.0 0.8 STOKES PARAMETERS (USED ONLY IF ACTIVATE POLARIZATION=1)

SUBSECTION FOR PARTICLE POSITION:

0.0 0.0 0.0 COORDINATES (cm) OF BOX CENTER

0.0 0.0 0.0 BOX SIDES (cm)

0.0 0.0 FWHMs (cm) OF GAUSSIAN X,Y DISTRIBUTIONS

0.6 0.0 0.0 EULER ANGLES [OMEGA,THETA,PHI](deg) FOR BOX ROTATION Rz(PHI).Ry(THETA).Rz(OMEGA).r
0.0 0.0 0.0 TRANSLATION [DX,DY,DZ](cm) OF BOX CENTER POSITION

0 SOURCE MATERIAL (@=DON'T CARE, >@ FOR LOCAL SOURCE, <@ FOR IN-FIELD BEAM)

SUBSECTION FOR PARTICLE DIRECTION:

0.0 0.0 1.0 DIRECTION VECTCOR; NO NEED TO NORMALIZE

0.0 180.0 DIRECTION POLAR ANGLE INTERVAL [THETA®,THETA1], BOTH VALUES IN [@,180]deg

0.9 360.0 DIRECTION AZIMUTHAL ANGLE INTERVAL PHI® IN [@,36@)deg AND DeltaPHI IN [©@,36@]deg
2] APPLY ALSO TO DIRECTION THE ROTATION USED FOR BOX POSITION (@=NO, 1=YES)

[END OF BIGS SECTION]

Figure 4.1: Example of the BIGS section in a penEasy input file, making use of the PenNuc package.
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4.1.2. DECDATA Software

The decay input file can be provided by the software DECDATA, developed by K. F. Eckerman
and A. Endo [86]. This software creates files with decay information based on ICRP Publication 107
[60]. When using DECDATA, the files are divided according to the type of particle emitted, e.g., for a
beta emitter with emission of AE and vy rays, there will be three different files to use as input: one for
the beta spectrum, one for the energies emitted by electrons, and one for the energies emitted by photons.

In more detail, if a radionuclide only produces beta particles, the software only generates a file
with the energies emitted by those particles and their respective yield; if the radionuclide also emits
electrons and photons, the software provides a file with all the energies and yields, along with a
numerical code to distinguish the type of particle or radiation associated with each energy.

Therefore, the software output produces a .RAD file (radiation file) that lists discrete or mean
energies (MeV) and the absolute yields of the radiations emitted in nuclear transformations, sorted by
increasing energies. The .BET file samples the beta spectra for the nuclide, by deriving the energies and
intensities of the emitted radiations, i.e., this file presents the electron energy E (MeV) and the number
of electrons emitted per nuclear transformation with energy between E and E + dE. In this case, the
.RAD file only contains the mean energies of beta transition. The AE and CK spectra is described in the
ACK file, which contains electron energy E (eV) and the yield. Since the .RAD file does not present
information for more than fifteen discrete emissions, the .ACK file is essential for accessing
comprehensive data regarding this type of fluorescent radiation. y and x-emission data are only provided
in the .RAD file.

The files downloaded from the software were not conceived to be used in PENELOPE
simulations. For that reason, they are not available in the appropriate format for direct use. To address
this, Fortran codes were developed to transform these files into the required format by applying Equation
3.9 (section 3.2.2). Moreover, for nuclides with AE and CK emissions, the code must ensure that there
are no repeated data by combining them. The Fortran codes also create two output files: one for
monoenergetic electrons and one for photons. Since this software cannot be used in the same manner as
PenNuc, the only method to utilize this database is to develop different spectrum files for PENELOPE
and define the particle type in the input file (Figure 4.2).

[SECTION SOURCE BOX ISOTROPIC GAUSS SPECTRUM v.2014-12-21]

ON STATUS (ON or OFF)

1 PARTICLE TYPE (1=ELECTRON, 2=PHOTON, 3=POSITRON) OR RADIONUCLIDE FILENAME
SUBSECTION FOR PARTICLE ENERGY: (REMOVE THIS SUBSECTION IF RADIONUCLIDE IS USED AS PARTICLE TYPE)
I-131_electrons.spc ENERGY SPECTRUM FILE NAME; ENTER '-' TO ENTER SPECTRUM IN NEXT LINES
9.0 FWHM(eV) OF GAUSSIAN ENERGY DISTRIB. [NOTE FWHM=SIGMA*sqrt(8*1n(2))]

[END OF BIGS SECTION]

Figure 4.2: Application of DECDATA data in the input file for PENELOPE program.

When using the DECDATA software, it is necessary to perform three different simulations
when the nuclide emits beta particles. Specifically, a simulation must be conducted using the beta
spectrum (defining the particle type as electrons), a simulation for the monoenergetic electron energy
spectrum (particle type: 1), and a simulation for the photon spectrum (particle type: 2). Hence, to
accurately assess the absorbed dose due to the decay of a nuclide, when using this software, there is a
necessity to weight the contribution of each spectrum. To facilitate this process, a Python code was
developed to calculate the values by combining all the simulations and considering the yields of each
contribution.
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4.1.3. ICRU Report 56

The decay data can also be given by ICRU Report 56 [20], which includes information regarding
beta rays for radiation protection. Moreover, this report focuses on dosimetry considerations, such as
relevant quantities to beta rays dosimetry, the anatomical and radiobiological basis of skin dosimetry,
beta-rays spectra, the physics of the interaction of electrons and matter, calculations of dose
distributions, etc. For this dissertation, ICRU Report 56 [20] allows access to a database that contains a
small number of beta-emitting radionuclides. Similarly to the previous database, the beta spectra in this
one are not available in the appropriate PENELOPE format. To use this data, a Python code was
developed to convert the energy and yield values into the required format. This code takes into
consideration Equation 3.9 (section 3.2.2) to perform the integrals needed to accomplish the
PENELOPE format (Figure 4.3). Although this is an extensive and complex reference in literature, in
this study, this database was only used for a few nuclides to assess the impact of the decay data of the
nuclide in the calculations of S-values. As an older report (1997), it does not contribute to the primary
aim of this dissertation, which is to update the currently available values.

[SECTION SOURCE BOX ISOTROPIC GAUSS SPECTRUM v.2014-12-21]

ON STATUS (ON or OFF)

1 PARTICLE TYPE (1=ELECTRON, 2=PHOTON, 3=POSITRON) OR RADIONUCLIDE FILENAME
SUBSECTION FOR PARTICLE ENERGY: (REMOVE THIS SUBSECTION IF RADIONUCLIDE IS USED AS PARTICLE TYPE)
P-32_ICRUS6_Penelope.spc ENERGY SPECTRUM FILE NAME; ENTER '-' TO ENTER SPECTRUM IN NEXT LINES

0.9 FWHM(eV) OF GAUSSIAN ENERGY DISTRIB. [NOTE FWHM=SIGMA*sqrt(8*1n(2))]

[END OF BIGS SECTION]

Figure 4.3: Application of ICRU data in the input file for PENELOPE program.

4.2. \Voxel-level S-values

MIRD Pamphlet 17 [50] was used as a reference for S-values at the voxel level. This pamphlet
tabulated S-values for five radionuclides (**I, %P, 8Sr, ®"Tc, ®Y) and for two voxel dimensions.
However, it dates from 1998 and there have been some developments in nuclear and atomic physics
since then. This reference used the PRESTA algorithm of EGS version 4, while all the results presented
in Chapter 5 were obtained using the PENELOPE program (2018 version) for MC simulations. In an
initial approach, all the simulations were made with similar methods of MIRD Pamphlet 17 [50] to
compare and analyse the differences of using two different MC codes.

MC simulations require considerable computational effort, thus, the geometry used was
simplified, allowing to achieve the targeted values without compromising the results. For instance, using
the Spatial Dose Distribution Tally, described in section 3.2.2, there is no need to create individual
voxels for the geometry. For that reason, a geometry was defined with just a sphere large enough to be
considered approximately infinite for the studied voxel sizes. Consequently, there were no boundaries
for the emitted particles and the voxels are fictitiously constructed by the tally for dose scoring. The
non-boundary feature allows to compute a faster simulation since, in a detail-by-detail simulation, the
presence of a boundary means the generation of a new path for the particle. After defining the geometry,
the material must be defined in the input file, along with the transport parameters, explained in detail in
section 4.2.2. Firstly, the infinite geometry was defined as composed by liquid water. This material was
selected based on the fact that water is the major component of the human body and could give a good
estimate of the absorbed dose. However, attending to the available literature, the results presented in
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Chapter 5 were scored in a medium made with a specific composition of soft tissue. Hence, the materials
were selected from the list of compounds available in PENELOPE. Regarding soft tissue, this list
includes information for two compositions, one based on the ICRP Publication 89 (2003) [57]
recommendations (with 13 elements and unit mass density) and the other one based on the guidelines of
ICRU Report 44 (1989) [87] (with 4 elements and also unit density). Considering the aim of this
dissertation, the soft tissue composition from ICRP Publication 89 (2003) [60] was used due to its more
recent publication date and updated information.

According to MIRD Pamphlet 17 [50], the radionuclide (radiation source) is uniformly
distributed within the central voxel, and it is calculated the radioactivity that passes through the adjacent
voxels. In the initial stages of this dissertation simulations, the source was either distributed uniformly
in the central voxel or on a central point. However, for comparison to the values of MIRD Pamphlet 17
[50], the simulations were performed with the radionuclide uniformly distributed in the central voxel.
As mentioned in section 3.2.2, the input file for PENELOPE simulations has a section to characterize
the radioactive source, which allows the user to indicate the type of particle emitted, where it is located
and the dimensions (Figure 4.1). Therefore, when the source is a point placed in the central box, the user
must set to zero the sides of the box created to allocate the source. In the case of a uniformly distributed
source, the sizes of the box created must be the dimensions of the centre voxel. In both cases, the
coordinates of the box centre were placed in the centre of the geometry.

For the present dissertation, the package PenNuc was used to provide information regarding the
radioactive source. Initially, it was considered the radionuclides from MIRD Pamphlet 17 [50]: 1, 2P,
8r, mTc, and Y. However, as mentioned in section 2.2, the isotopes */Lu and **3Sm have become
relevant for therapies in nuclear medicine, so they were added to the list of radionuclides used in our
simulations. To assess the impact of the decay data in the simulated values and to comprehend the
differences from the MIRD Pamphlet 17 [50] values, other nuclear decay databases were selected. For
some isotopes, the Fermi energy spectrum was taken from ICRU Report 56 [20] and from the software,
DECDATA. Regarding the voxel dimensions, initially, as described in the literature, it was selected 3
mm and 6 mm and, posteriorly, S-values were calculated for the dimensions required for a SPECT/CT
device (Table 2.3).

4.2.1. Monoenergetic sources

MIRD Pamphlet 17 [50] reported simulation results for monoenergetic sources (electrons and
photons) of energies of 0.01 MeV, 0.1 MeV and 1 MeV, presenting the results in two graphs. In this
study, simulations were conducted for monoenergetic sources (electrons and photons) with energies of
0.1 MeV and 1.0 MeV, and for voxel dimensions of 3 mm and 6 mm using PENELOPE (version 2018).

This dissertation evaluated the impact of updated versions of MC programs in comparison with
the values available in the literature. As described in previous sections, the influence of different decay
data was assessed. When performing simulations with different decay databases, two factors distinguish
these simulations from those performed in MIRD Pamphlet 17 [50]: the MC code and the radioactive
source. In this study, one of these factors was eliminated by using the same source characteristics and
placing it in the same positions. Therefore, this approach allowed validation of the results, as the
simulations were carried out using the same source with the same energies, changing only the MC code
used.
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4.2.2. Simulation parameters

For direct comparison to MIRD Pamphlet 17 [50], the simulations were done for 3 mm and 6
mm voxel size, running 5 x 107 histories. This number of histories was chosen to balance between
achieving low uncertainty and reasonable computational time. The simulation is controlled by seven
user-defined parameters: the absorption energy for electrons, photons and positrons, i.e., the cutoff
energy below which the simulation of particle tracks is discontinued and the residual energy of the
particle deposited locally. These parameters must be defined for each material in the geometry. Table
4.1 shows the parameters applied for the simulation results presented.

Table 4.1: User-defined parameters for the input files.

PARAMETERS VALUES
Eabs(e_)
Eups(ph) 10 keV
Eabs(e+)
C, 0.05
C, 0.05
Wee 1 keV
Wer 10 keV

The first three parameters of Table 4.1 are the cutoff energies (or absorption energies), i.e., when
the energy of a particle is below the E,,, the particle is considered stopped and the remaining energy
is deposited locally. This approach prevents the simulation of low-energy particle interactions that do
not significantly affect the result, thereby reducing computation time. The C; and C,, known as transport
steps, are values that determine the accuracy and speed of the simulation. They must be low to ensure
good accuracy. Ci represents the average angular deflection, C; = 1 — (cos@), caused by elastic
scattering, and C, the maximum average fractional energy loss between consecutive hard elastic events.
Note that these parameters, C; and C; only apply to electrons. Wcc and Wer are the cutoff energy losses
for hard inelastic collisions and hard bremsstrahlung emission, respectively [76].

4.2.3. Tally and data output

The output provided by the PENELOPE program penEasy was tallied by the Spatial Dose
Distribution Tally, which gives the absorbed dose distribution per history. This tally is specified in a
section of the input file, and it was the only tally with ‘on’ status. Depending on the size chosen for the
bins, it is required to define the number of bins for each axis and the dimensions where they will take
place (Figure 4.4). In addition, the user is asked to state the requested relative uncertainty, which is a
parameter to stop the simulation.

As described in section 3.2.3, this tally divides the geometry into cubical voxels. In this study,
we worked with an infinite geometry divided into a cube of 11x11x11 small cubes, resulting in 1331
individual voxels (bins). Figure 4.5 demonstrates an example output of a penEasy simulation, using the
referred tally. The first lines are comments to facilitate the user to understand the data, indicating the
number of bins considered along each axis, the dimensions of the geometry and the widths of the bins.
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The absorbed dose values are complemented with the two values per bin coordinate: the low
and the middle point coordinates in the x, y and z axes, respectively, for each bin. Each absorbed dose
value is presented for each bin in eV/g, and complemented with the uncertainty of two o.

[SECTION TALLY SPATIAL DOSE DISTRIB v.2009-86-15]

ON STATUS (ON or OFF)

-1.65 1.65 11 XMIN,XMAX (cm),NXBIN (@ FOR DX=infty)

-1.65 1.65 11 YMIN,YMAX(cm),NYBIN (@ FOR DY=infty)

-1.65 1.65 11 ZMIN,ZMAX (cm),NZBIN (@ FOR DZ=infty)

1 PRINT COORDINATES IN REPORT (1=YES,@=NO,-1=NOZBINARYFORMAT)
0.0 RELATIVE UNCERTAINTY (%) REQUESTED

[END OF SDD SECTION]

Figure 4.4: Input file, section of Spatial Dose Distribution Tally.

The cubical arrangement of the voxels allows cubical symmetry. Thus, the voxels placed at the
same distances from the radiation source should absorb, apart from the inherent statistical fluctuations,
the same amount of absorbed dose. A Python script was developed to aggregate the voxels into different
groups according to their distance from the central voxel, which contains the radioactive source (Figure
4.6). The voxels were grouped into 45 different groups, corresponding to 45 different distances from the
central voxel. All distance calculations were performed in three dimensions by equations for Cartesian
coordinates (Equation 4.1). In the output, the central voxel containing the radioactive source is assumed
to be placed at (0,0,0).

d=+x*+y2+2z? (4.1)

MIRD Pamphlet 17 [50] tabulates S-values for voxels within an octant of 6x6x6, and
coordinates ranging from 0 to 5. That means that the entry (0,0,0) is the central voxel irradiating itself
and the (5,5,5) entry is the farthest voxel. The remaining octants have negative coordinates and were
ignored in the results because they can be obtained by symmetry operations. As illustrated in Figure 4.5,
the output delivered also associates Cartesian coordinates to each bin. However, those coordinates range
from 1 to 11, meaning that the central voxel corresponds to the bin (6,6,6). To compare both values, a
transformation for the output coordinates was applied in the Python script, to convert them into MIRD
methodology. Figure 4.7 illustrates, in two dimensions, how this conversion was made.
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bf>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>
# [SECTION REPORT SPATIAL DOSE DISTRIB]
# Dose units are: eV/g per history

# No. of bins in x,y,z directions and total:
# 11 11 11 1331
# Min values for x,y,z(cm):
# -1.65000E+00 -1.65000E+00 -1.65000E+00
Bin widths for x,y,z(cm):

3. -01 3. -1 3. -1

For plotting purposes, two values per bin coordinate are given, namely, the low end and the middle point of each bin.

xBinIndex : xLow(cm) : xMiddle(cm) : yBinIndex : yLow(cm) : yMiddle(cm) : zBinIndex : zLow(cm) : zMiddle(em) : dose : +-2sigma

1 -1.65000E+00 -1.50000E+00 1 -1.65000E+00 -1.50000E+00 1 -1.65000E+00 -1.50000E+0@ 1.52242FE+02 8.0E+00
2 -1.35000E+00 -1.20000E+00 1 -1.65000E+0Q -1.50000E+00 1 -1.65000E+Q0 -1.50000E+0@ 1.6760Q9E+02 8.4E+00
3 -1.05000E+00 -9.00000E-01 1 -1.65000E+00 -1.50000E+00 1 -1.65000E+00 -1.50000E+0@ 1.84980E+02 8.9E+00
4 -7.50000E-01 -6.00000E-01 1 -1.65000E+00 -1.50000E+00 1 -1.65000E+00 -1.50000E+00 2.06423E+02 9.6E+00
5 -4.50000E-01 -3.00000E-01 1 -1.65000E+00 -1.50000E+00 1 -1.65000E+00 -1.50000E+00 2.19635E+02 9.9E+00
6 -1.50000E-01 8.32667E-17 1 -1.65000E+00 -1.50000E+00 1 -1.65000E+00 -1.50000E+0@ 2.23401E+02 9.8E+00
7 1.50000E-01 3.00000E-01 1 -1.65000E+0Q -1.50000E+00 1 -1.65000E+Q0 -1.50000E+0@ 2.26219E+02 1.0E+01
8 4.50000E-01 6.00000E-01 1 -1.65000E+00 -1.50000E+00 1 -1.65000E+00 -1.50000E+0@ 2.10236E+02 9.6E+00
9 7.50000E-01 9.00000E-01 1 -1.65000E+00 -1.50000E+00 1 -1.65000E+00 -1.50000E+00 1.84917E+02 8.9E+00
10 1.05000E+00 1.20000E+00 1 -1.65000E+00 -1.50000E+00 1 -1.65000E+00 -1.50000E+0@ 1.75240E+02 8.7E+00
11 1.35000E+0@ 1.50000E+20 1 -1.65000E+00 -1.50000E+00 1 -1.65000E+00 -1.50000E+0@ 1.41718E+@2 7.6E+00
1 -1.65000E+00 -1.50000E+00 2 -1.35000E+00 -1.20000E+00 1 -1.65000E+00 -1.50000E+0@ 1.66645E+02 8.4E+00
2 -1.350006E+00 -1.20000E+00 2 -1.35000E+00 -1.20000E+00 1 -1.65000E+00 -1.50000E+00 1.93805E+02 9.2E+00
3 -1.05000E+00 -9.00000E-Q1 2 -1.35000E+00 -1.20000E+00 1 -1.65000E+00 -1.50000E+0@ 2.23319E+02 9.8E+00
4 -7.50000E-01 -6.00000E-01 2 -1.35000E+00 -1.20000E+00 1 -1.65000E+00 -1.50000E+0@ 2.49091E+02 1.1E+01
5 -4.50000E-01 -3.00000E-01 2 -1.35000E+00 -1.20000E+00 1 -1.65000E+00 -1.50000E+0@ 2.77102E+02 1.1E+01
6 -1.50000E-01 8.32667E-17 2 -1.35000E+00 -1.20000E+00 1 -1.65000E+00 -1.50000E+00 2.83820E+02 1.1E+01
7 1.50000E-01 3.00000E-01 2 -1.35000E+00 -1.20000E+00 1 -1.65000E+00 -1.50000E+00 2.73389E+02 1.1E+01
8 4.50000E-01 6.00000E-01 2 -1.35000E+00 -1.20000E+00 1 -1.65000E+00 -1.50000E+0@ 2.51196E+02 1.0E+01
9 7.50000E-01 9.00000E-01 2 -1.35000E+00 -1.20000E+00 1 -1.65000E+00 -1.50000E+0@ 2.35497E+02 1.6E+01
10 1.05000E+0Q 1.20000E+00 2 -1.35000E+00 -1.20000E+00 1 -1.65000E+00 -1.50000E+0@ 1.95326E+82 9.1E+00
11 1.35000E+00 1.50000E+00 2 -1.35000E+00 -1.20000E+00 1 -1.65000E+00 -1.50000E+0@ 1.72510E+02 8.5E+00

Figure 4.5: Output file of the Spatial Dose Distribution Tally.

With those modifications, the distances are associated with coordinates, i.e., each distance value
has the corresponding voxel coordinates listed. The voxels placed at the same distance from the source
voxel are identified by the coordinates. As made in MIRD Pamphlet 17 [50] methodology, the voxel
coordinates with negative values were ignored, since the absorbed dose in those voxels could be
determined due to the symmetric properties. At this point, the Python script to calculate the S-values
only recognizes the absorbed dose values for one octant. As mentioned previously, the S-values of the
voxels at the same distance must be equal, being calculated on the basis of this proposition:

1. Firstly, the absorbed doses for the voxels placed at equal distances were identified,;

2. The mean dose was calculated,;

3. The values were converted into the appropriate units which are mGy - MBq™! - s~ 1.

Additionally, the Python script also was written to calculate the absolute uncertainties related to
each S-value (Equation 4.2).

(4.2)

This methodology required the computation of 137 MC simulations and allowed to tabulate S-
values for different radionuclides, voxel dimensions and decay databases.
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- Central voxel

- Immediately adjacent voxels
- Diagonally adjacent voxels
- Non-adjacent voxels

Figure 4.6: Simplified geometry. In this case, it is represented a small cube of 3x3x3 voxels, where each coloured
group of voxels represents a different distance from the central voxel that contains the source. (from [88]).

11 5
10 4
9 3
8 2
7 > 1
6 0
5 1
4 2
3 -3
2 -4
1 2 3 4 5 6 7 8 9 (10| 11 5 4 3 2 110 1 2 3 4 5

Figure 4.7: Coordinates conversion in 2D.

4.3. Cellular-level S-values

Regarding S-values at the cellular level, the methods employed were similar to the ones
described in the previous section. All the simulations were done by PENELOPE MC code, version 2018,
and the penEasy main program.

First, the selection of the radionuclides was driven by the range that the radiation runs within
the cells (in this situation, about few um). For that reason, the radionuclides present a decay scheme that
includes AE and CK electrons. Therefore, those emissions will affect predominantly the areas around
the cells due to their penetration power within tissues. Similar to the methodology implemented for S-
values at the voxel level, one of the objectives for cellular S-values was also the comparison between
different decay databases. In this case, the simulations were carried out for the PenNuc and DECDATA
databases (explained in detail in sections 4.1.1 and 4.1.2, respectively).
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Cellular-level S-values, as indicated by the name, quantify the absorbed dose within cell
compartments. Consequently, the geometry created is a reproduction of a cell, formed by two concentric
spheres based on the article by Falzone et al. [75], and the combinations of the radii of the cell and the
nucleus for each geometry were replicated from this reference. In total, there were 39 geometries
considered, where 3 um < R¢ < 12 pm and 1 pm < Ry < 11 pm. Cellular S-values were calculated for
source-target combinations: N « N and N « Cy. In the geometry file, the two spheres were defined as
being made up of different materials, as well as the infinite medium in which they were defined. The
nucleus of the cell is composed of material 1, the cytoplasm of material 2 and the infinite medium of
material 3. Although all these compartments are formed by different materials, in the input file, the three
materials have been defined as liquid water, since this is the compound with the greatest quantity in the
cells. The defined geometry was the simplest cellular model. Despite the existence of more realistic
geometries such as ellipsoidal and/or eccentric cell-nucleus arrangements, as well as rotated nuclei, these
were not considered due to the use of DPK which cannot be applied to non-concentric geometries.

Section 2.6.2 reviewed the current methodology for those calculations and the results presented
in this dissertation were obtained by applying direct MC simulations and DPK methods.

4.3.1. Simulation parameters

Similarly to voxel level simulations, simulation parameters were selected based on the current
bibliography to allow a complete comparison with the databases available (Table 4.2). Following the
considerations of Falzone et al. [75], the cutoff energy parameters for electrons, photons and positrons
were set to 50 eV. As the values were being analysed at small sub-micrometer distances, these
parameters must be reduced considerably, compared to those defined for the voxel level simulations.

The remaining parameters were defined as zero. They define the simulation for transport of
electrons and positrons and, when set to zero, force detailed simulation.

For cell-level S-values, the simulations were done by running 1x107 primary histories. This
number was defined to provide a reasonable balance between the simulation time and the desired
uncertainty. These parameters were used for both cellular S-values methodologies.

Table 4.2: User-defined parameters for the input files.

PARAMETERS VALUES

Eabs (e_)
E . ps(ph) 50 eV

Eabs (e+)
Cq

0.0
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4.3.2. Direct MC simulations

The S-values, calculated by means of direct MC simulations, followed a similar methodology
to the one previously described. An input file was created for each geometry file (39 combinations of
nucleus and cell radii), source-target combinations and radionuclides. The selected combinations have
in common the target region, which is the cell nucleus for both situations. This resulted in the need of
performing 936 MC simulations.

The input file allows the user to define two conditions for the placement of the source: a
spherical region, which sides could be specified, and the source material for that region. For the source-
target combination N « N, the source must be placed in the centre of the smaller sphere (centre of the
geometry) and must have the dimensions of the nucleus. Therefore, as demonstrated in Figure 4.8, for
N « N simulations, the box sides must be equal to the nucleus diameter. To implement the rejection
method, the acceptable source material must be 1, which is the material that composes the nucleus.

SUBSECTION FOR PARTICLE POSITION:

0.0 0.0 0.0 COORDINATES (cm) OF BOX CENTER

8.0E-4 8.0E-4 8.0E-4 BOX SIDES (cm)

0.0 0.0 FWHMs (cm) OF GAUSSIAN X,Y DISTRIBUTIONS

0.0 0.0 0.0 EULER ANGLES [OMEGA,THETA,PHI](deg) FOR BOX ROTATION Rz(PHI).Ry(THETA).Rz(OMEGA).r
0.0 0.0 0.0 TRANSLATION [DX,DY,DZ](cm) OF BOX CENTER POSITION

1 SOURCE MATERTAL (8=DON'T CARE, >@ FOR LOCAL SOURCE, <@ FOR IN-FIELD BEAM)

Figure 4.8: Input file for N « N combination and (R, Ry) = (6 um,4 um).

In the case that the source is located in the cell’s cytoplasm, the box sides must have the
dimensions of the cell’s diameter, and the material must be the same as the one defined for the
composition of the cytoplasm (Figure 4.9). This ensures that the source is defined as the cytoplasm.

SUBSECTION FOR PARTICLE POSITION:
0.0 0.2 ©.e COORDINATES (cm) OF BOX CENTER
2.0E-4 12.0E-4 12.0E-4 BOX SIDES (cm)
FWHMs (cm) OF GAUSSIAN X,Y DISTRIBUTIONS
e.e EULER ANGLES [OMEGA,THETA,PHI](deg) FOR BOX ROTATION Rz(PHI).Ry(THETA).Rz(OMEGA).r
0.0 TRANSLATION [DX,DY,DZ](cm) OF BOX CENTER POSITION
SOURCE MATERIAL (@=DON'T CARE, »>@ FOR LOCAL SOURCE, <@ FOR IN-FIELD BEAM)

Figure 4.9: Input file for N « Cy combination and (R, Ry) = (6 um, 4 um).

Once the source has been defined, the required tallies must be configured in the input file. The
absorbed dose values were obtained by turning on the Energy Deposition Tally. This tally scores the
energy deposited in each material, reported in eV per history. Figure 4.10 shows the parameters to define
it: the detection material and the relative uncertainty desired. The first one allows the selection of the
target. Since the cell compartments are composed of different materials, the target can be defined by the
material in which the deposited dose is scored.

[SECTION TALLY ENERGY DEPOSITION v.20812-06-81]

ON STATUS (ON or OFF)
1 DETECTION MATERIAL
0.0 RELATIVE UNCERTAINTY (%) REQUESTED

[END OF EDP SECTION]

Figure 4.10: Input file, section of Energy Deposition Tally.
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Despite this definition in the input file, the deposited energy is tallied for each material defined
for the simulation (Figure 4.11). Additionally, those values were also complemented with the relative
uncertainties. To assess the absorbed dose in each material, a Python script was developed. The energy
deposited was converted into the appropriate units. When using the DECDATA database, the S-values
were calculated taking into consideration the contributions of each spectrum, as previously explained.

B>2>5335 3555533555353 55 3353553553555 33 3333553533535 353 35555
# [SECTION REPORT ENERGY DEPOSITION]
# Units are eV per history
#
# Material : Energy (eV/hist) : +-2sigma
1 4.26107E+03 4.2E+00
2 1.03764E+03 2.1E+00
3 1.24372E+05 1.1E+02

Figure 4.11: Output file of the Energy Deposition Tally.

4.3.3. Dose Point Kernel

The background theory behind this methodology was explained in detail in section 2.6.2. When
using a method based on DPK, a single simulation per radionuclide is needed to determine S-values for
cell geometries with different cell and nucleus radii values and any source-target combinations.

The input files were prepared by Dr. J.M. Fernandez-Varea and the geometry employed was an
infinite medium. For DPK methods, the Spherical Dose Distribution Tally was selected, which scores
the absorbed dose in a specific interval using radial bins (spherical shells). The user has the responsibility
to ensure that the bins are homogeneous. This tally gives two values for the radii, the low and the average
radius of the spherical shell, and the dose value are complemented with the respective uncertainty
(Figure 4.12).

The absorbed dose values are presented in eV/g per history and it was defined 50000 as the
number of bins with a width of 1 nm. Similarly to the prior methods, the values provided by the
simulations must be processed by a Python script. The equations exhibited in section 2.6.2 were useful
to determine the geometrical factor (GRF), essential to calculate the final S-values. The Python code
was written to analyse the output of this specific tally, applying the theory explained previously.

B>555555535555 5555555555335 5 5335555355335 5 33335335555 355 55555
[SECTION REPORT SPHERICAL DOSE DISTRIB]
Dose units are eV/g per history

#

#

#

# No. of radial (r) bins:
# 50000

# Min r and bin width (cm):
#

#

#

#

#

9. +60 1. -7
For plotting purposes, two radii r for each bin are given, namely, the low end and an average radius;

rBinIndex : rLow(cm) : rAve(cm) : dose : +-2sigma

1 ©.00000E+00 7.50000E-08 6.22156E+21 4.4E+18
2 1.00000E-87 1.60714E-07 3.14870E+20 5.0E+17
3 2.0008QE-87 2.56579E-07 7.43959E+19 1.6E+17
4 3.00080E-87 3.54730E-87 3.42397E+19 7.9E+16
5 4.00000E-87 4.53689E-07 2.08657E+19 4.9E+16
6 G5.00000E-07 5.53022E-07 1.45920E+19 3.5E+16
7 6.00000E-07 6.52559E-07 1.09595E+19 2.6E+16
8 7.00000E-©7 7.52219E-07 8.70032E+18 2.1E+16
9 8.00000E-07 8.51959E-07 7.11780E+18 1.7E+16
16 ©.00000E-07 9.51753E-87 5.97353E+18 1.4E+16

Figure 4.12: Output file of the Spherical Dose Distribution Tally.
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CHAPTER S

Results and Discussion

In this chapter, the results and findings of this dissertation, along with the discussion of them,
will be presented. Firstly, the results of the simulations at the voxel level are graphically represented to
allow better visualisation and comparison of the data. The second subsection of this chapter includes the
results from cellular level simulations. The tables with all S-values calculated and the respective
uncertainties are available in Appendix B and Appendix C (note that when the uncertainty is presented
as 0.00E+00, it indicates that the uncertainty is negligible to the extent that it does not affect the last
decimal place of the value).

5.1. Voxel-level S-values

When considering S-values at the voxel level, the absorbed dose is evaluated in a homogeneous
medium divided into identical cubical voxels. In subsection 2.6.1, there is a brief description of the
studied geometry. Figure 4.6 illustrates a fraction of the geometry that aids in understanding the
methodology employed: the cubes painted in the same colour are equidistant from the central cube.
Although this figure depicts only a 3x3x3 voxels cube, it is possible to make an analogy to a larger
geometry. The simulations were conducted for a 11x11x11 voxels cube and the data analysis was done
only for an octant of this cube (6x6x6 voxels). A geometry of these dimensions implies 45 different
distances to the central voxel.

Figure 5.1 and Figure 5.2 show the S-values calculated for the investigated radioactive sources
as a function of distance from the central voxel. This means that each point marked on the graph does
not correspond to a voxel, but to a distance, and thus can represent more than one voxel. As mentioned
in the previous chapter, the S-values are computed as the mean absorbed dose scored in voxels at the
same distance. This procedure takes advantage of the symmetry of the arrangement of cubic voxels to
reduce the statistical uncertainties. Consequently, each point on the plot represents the S-value of a large
number of voxels, depending on the distance. All graphs presented in this subsection follow these criteria
for the x-axis.

Initial simulations were carried out for monoenergetic sources. Although there is no application
of this type of sources in clinical practices, these simulations served to verify the differences in the MC
code used, in comparison with the one used in MIRD Pamphlet 17 [50]. Figure 5.1 and Figure 5.2
display data for monoenergetic sources (electrons and photons) for 3 mm and 6 mm voxel sizes,
respectively. When compared to the corresponding graphs in the referenced literature, the behaviour of
the curves is similar for both electrons and photons. While a point-by-point comparison is not feasible
(the MIRD Committee did not provide numerical values for those situations), it is possible to verify that
they are approximately equal. From these graphs, it is also possible to conclude that electrons have a
greater contribution to the absorbed dose values at distances closer to the centre of the source. At larger
distances, photons are the particles with a stronger influence on these S-values. This observation is
consistent for both voxel sizes (3 mm and 6 mm) and for the energies (0.1 and 1 MeV) analysed.
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Figure 5.1: S-values for monoenergetic sources (electrons in the top graph and photons in the bottom graph) within
3 mm voxels.
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Figure 5.2: S-values for monoenergetic sources (electrons in the top graph and photons in the bottom graph) within
6 mm voxels.
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In this dissertation, different databases for nuclear decay data were compared. The analysis of
the following graphs allows to quantify the impact of each database on the calculated S-values. The
graphs created are result of the methodology previously explained. Two graphs are presented for each
radionuclide: for 3 mm and 6 mm voxel sizes. The first five radionuclides have bibliographic reference
values.

Figure 5.3 to Figure 5.12 illustrate the variation of the S-values as a function of the distance to
the central voxel for 32P, 8Sr, T, 13| and *°Y sources. These figures display, in common, curves for
MIRD, DECDATA database and PenNuc database, as well as the corresponding ratios for comparison.
The ratios are calculated relative to the values calculated by the MIRD Committee. As expected, all
graphs show that the absorbed dose decreases with increasing distance from the source voxel for the
PenNuc, DECDATA and ICRU curves. It is important to note that the plotted ratios show prominent
oscillations due to the large uncertainties of the S-values published by the MIRD Committee. This
pamphlet does not provide any information regarding this, which difficult the analysis of the ratios.

Table 5.1 presents the maximum percentage deviation observed in the analysis conducted for
each radionuclide and voxel size. This analysis corroborates the conclusions by the observation of the
graphs and also quantifies the discrepancies between the S-values calculated with any of the nuclear
decay databases and the S-values published by the MIRD Committee. The analysis of this table denotes
that these discrepancies are generally more pronounced for voxels with a size of 3 mm.

The observation of the graphs for ®™Tc and **!I (Figure 5.3 — Figure 5.6) indicates that there is
excellent agreement between all calculated values, regardless of the adopted decay database, when
compared with the remaining graphs for other radionuclides. The curves representing the ratios for both
sources and all voxel sizes are close to one, showing consistency in the values and maximum percentage
differences ranging between 15.1% - 22.2% for 3 mm voxels and 8.5% - 11.4% for 6 mm voxels.

For the 2P and #°Sr sources (Figure 5.7 - Figure 5.9), a similar behaviour is observed for both
radionuclides: S-values calculated with DECDATA and PenNuc are in strong accordance. However, the
ratios comparing those values with the ones published by the MIRD Committee exhibit more oscillations
than the previous radionuclides, meaning that these differences may result from updates in the decay
data or the version of the PENELOPE program. For these sources, the maximum percentage differences
are considerably higher, ranging from 72.9% up to 89.6% for 3 mm voxels and from 55.8% up to 81.1%
for 6 mm voxels (Table 5.1).

Table 5.1: Maximum percentage deviation per radionuclide and per voxel size with respect to MIRD for voxel S-values.

Maximum Percentage Difference

Radionuclide PenNuc database DECDATA database
3mm 6 mm 3mm 6 mm
S| 15.6% 9.3% 15.1% 8.5%
131 22.2% 11.4% 19.7% 11.4%
82p 79.4% 55.8% 72.9% 59.7%
89Sr 84.4% 81.1% 89.6% 76.1%
RNy 91.8% 86.6% 91.7% 86.6%
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Figure 5.3: Representation of S-values due to *™Tc decay within 3 mm voxels for different decay databases.
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Figure 5.4: Representation of S-values due to ®™Tc decay within 6 mm voxels for different decay databases.
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Figure 5.6: Representation of S-values due to 31 decay within 6 mm voxels for different decay databases.
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Figure 5.7: Representation of S-values due to 3P decay within 3 mm voxels for different decay databases.
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Figure 5.8: Representation of S-values due to 3P decay within 6 mm voxels for different decay databases.
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Sr-89 (3 mm voxel)
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Figure 5.9: Representation of S-values due to &Sr decay within 3 mm voxels for different decay databases.
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Figure 5.10: Representation of S-values due to 8Sr decay within 6 mm voxels for different decay databases.
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Figure 5.11: Representation of S-values due to *°Y decay within 3 mm voxels for different decay databases.
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Figure 5.12: Representation of S-values due to *°Y decay within 6 mm voxels for different decay databases.
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An analysis was conducted for the radionuclide 3P and for a voxel size of 3 mm by applying
the MIRD Committee's methodology, to discard the possibility that the differences indicated by the
ratios might be due to the implementation of a simplified methodology (which calculates only one S-
value for each different distance to the radioactive source). S-values were calculated for all voxels in the
octant individually, regardless of their distance from the radioactive source, which resulted in 216 S-
values, displayed in Figure 5.13 where it is presented the ratios between the S-values calculated using
PenNuc and DECDATA databases and compared to the ones provided by the MIRD Committee. The
x-axis values do not represent the distance from the central voxel, but the indexes of the voxels, since
the analysis does not need to be done as a function of the distance. This graph emphasizes that, even
without averaging the absorbed dose calculations, these ratios do not approximate the unity. It can be
concluded that the discrepancies persisted when not considering the simplification and thus these
differences are not due to variations in the methodology, but to differences in decay schemes or the
version used for the MC simulations.
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Figure 5.13: Ratios between S-values calculated using both the DECDATA and PenNuc databases, compared to the
MIRD values, 3P decay within 3 mm voxels.

The Y graphs (Figure 5.11 - Figure 5.12) reveal concordance between all the databases for the
closest voxels to the radioactive source; however, for distances between 11 and 24 mm approximately,
there is a significant deviation of the S-values calculated by the MIRD Committee. Regardless of the
decay database used, the maximum percentage differences registered are about 91.8% for 3 mm voxels
and 86.6% for 6 mm voxels. The ICRU database was included to analyse these substantial differences
by assuring that these differences are not caused by the nuclear decay data. As observed in Figure 5.12,
the ICRU curve lines up with the remaining ones, rejecting the previous hypothesis.

The decay scheme of this radionuclide indicates that Y is predominantly obtained from the
decay of %Sr and, due to its long half-time of 28.8 years, they are in secular equilibrium and should be
studied together. However, their contributions to the S-values must be carefully analysed.
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As described in Equation 2.4 (section 2.4), the S-value is the mean absorbed dose to a target
volume per unit of cumulated activity. Although °Sr and Y are in secular equilibrium, the energy
released per decay is significantly different for the two radionuclides, i.e., ®Y emits much more
energetic beta particles compared to *Sr. This difference in energy release is already considered in the
individual S-values of each radionuclide, as the absorbed dose depends not only on the number of decays
but also on the energy deposited in the tissue. In secular equilibrium, the activities of both radionuclides
are equal, which means they undergo the same number of decays per second; however, the cumulated
activities of °Sr and *°Y depend on their respective half-lives and the initial activity. Therefore, in the
total S-value, the contribution of %Y will be significantly larger due to its higher energy release per
decay, despite the activities being equal at a specific moment. Consequently, no additional scaling
factors are needed, as the difference in energy is inherently included in the individual S-values. Figure
5.14 demonstrates the S-values curve by summing both contributions of *°Y and ®Sr, where the
discrepancy of the S-values calculated by the MIRD Committee continues considerable. After this
careful study, it can be inferred that the differences are not related to the data in the decay databases, but
to the calculations of S-values by the MIRD Committee.
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Figure 5.14: Representation of S-values due to Y + %Sr decay within 3 mm voxels for different decay databases.

The reference considered for the comparison of the S-values calculated in this dissertation, the
MIRD Pamphlet 17 [50], provides results for only five radionuclides. One of the aims of this study is to
expand this list by calculating the S-values for two additional isotopes. The graphs of Figure 5.15 -
Figure 5.18 illustrate the behaviour of the S-values for *"’Lu and *3Sm, where it is noticed the decrease
of S-values with the increasing of the distance from the radioactive source. Two curves are represented
for both databases and they are in great agreement, as expected.
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Figure 5.15: Representation of S-values due to *’’Lu decay within 3 mm voxels for different decay databases.
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Figure 5.16: Representation of S-values due to Y"’Lu decay within 6 mm voxels for different decay databases.
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Figure 5.17: Representation of S-values due to 53Sm decay within 3 mm voxels for different decay databases.
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Figure 5.18: Representation of S-values due to %3Sm decay within 6 mm voxels for different decay databases.
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Appendix B includes the tables with the results for all the simulations carried out at the voxel
level. For each radionuclide two tables were constructed, one for 3 mm and one for 6 mm voxel size,
and they are composed of several columns with information to help the reader better understand them:
the distances in millimetres from the central voxel, the coordinates corresponding to these distances, the
S-values (mGy-MBq*s?) and the respective uncertainties. Note that the coordinates are given in a
simplified form, i.e., each set of three coordinates represents a combination of them (e.g., (0,0,2) can
also represent (2,0,0) and (0,2,0)). The uncertainties presented in the tables were calculated for each S-
value individually and were useful for accurate assessments. The simulations were performed until all
primary histories were simulated and therefore the uncertainties can be considered as extremely high in
reliability.

To fulfil another aim of this dissertation, Appendix B also includes tables with S-values
calculated for three other voxel sizes: 2.26 mm, 4.52 mm and 9.04 mm. DECDATA database is based
on an internationally referenced report for nuclear data; therefore, these additional S-values were
calculated using only this database. These tables include the distances in millimetres, the corresponding
coordinates, the S-values as well as their uncertainties, for each radionuclide defined at the top of the
column.
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5.2. Cellular-level S-values

The results of the simulations conducted at the cellular level will be presented in this subsection.
The S-values at the cellular level were calculated by applying two different methodologies: direct MC
simulations and DPK. The S-values were assessed for four radionuclides (¢’Ga, 1231, '!In and 2°*Tl) and
for two source-target combination (N « N and N « Cy). The geometry applied for the calculation of
these S-values requires 39 possible combinations of cell and nucleus radii and it is based on the
representation of Figure 2.6 (section 2.6.2). Similar to the voxel-level simulations, both decay databases,
DECDATA and PenNuc, were evaluated.

5.2.1. Direct MC simulations

Figure 5.19 displays the results of the MC simulations performed by showing the ratios between
the S-values calculated with each decay database and the ones used as reference, calculated by Falzone
et al. [75]. To facilitate the interpretation of the graphs, the curves in the graphs were plotted as a
function of an index, which represents a combination of cell and nucleus radii (e.g. when the index is 8,
the radii of the cell and its nucleus are 6 um and 3 um, respectively). Table 5.2 makes the association
between the index and (Rc, Rw).

Table 5.2: Correlation between cell and nucleus radii and respective index.

I Cell radii Nucleus Cell radii Nucleus radii
ndex " Index
(Lm) radii (Lm) (Lm) (um)

1 3 1 23 5
2 2 24 6
3 4 2 25 10 7
4 3 26 8
5 2 27 9
6 5 3 28 5
7 4 29 6
8 3 30 7
9 6 4 31 1 8
10 5 32 9
11 3 33 10
12 7 4 34 6
13 5 35 7
14 6 36 8
15 4 37 L 9
16 8 5 38 10
17 6 39 11
18 7

19 5

20 6

21 J 7

22 8
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Figure 5.19: Ratios between S-values calculated using the DECDATA and PenNuc decay database and the reference
bibliography for the 6’Ga, 121, 1**In and 2°1T| radionuclides. The graphs on the left side represent the results when the
source and the target are the nucleus of the cell; the graphs on the right side represent the results when the source is the
cytoplasm and the target is the cell nucleus.
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The graphs in Figure 5.19 show approximately a straight line near the unit except for some slight
differences. Table 5.3 presents the maximum percentage differences between the S-values calculated
and the referenced ones, indicating the radionuclide, the database and the source-target combination.
These percentages are generally higher for N«—N compared to N«—Cy combination, which corroborates
with the analysis that can be done by the observation of Figure 5.19.

The graphs for ¢’Ga, for both source-target combinations (Figure 5.19 A, B), reveal a significant
discrepancy between the PenNuc/Falzone and DECDATA/Falzone ratios that is not observed in the
graphs for the remaining radionuclides. An in-depth observation indicates that the ratios for the S-values
calculated with the DECDATA database are generally close to one whereas the ratios for PenNuc are
around 0.6 up to 0.7. According to Table 5.3, the maximum percentage differences for this radionuclide
are superior when the PenNuc database is used. This might allow to conclude that these discrepancies
occur due to differences in the decay scheme of the radionuclide because this is only observed for this
radionuclide. Therefore, the results for ’Ga are an exception compared to the other radionuclides.

The graphs for the radionuclides 1231, 'In and 2°TI (Figure 5.19 C-H) show curves with
approximately the same behaviour when considering the same source-target combinations. When the
nucleus is both the source and the target (Figure 5.19 C, E, G), the ratios DECDATA/Falzone are
approximately one. The maximum percentage differences between the S-values calculated with this
database and the reference S-values range from 3.5% up to 5.2%, which indicates great concordance
(Table 5.3). The largest discrepancies are observed in the values calculated with PenNuc, with maximum
percentage differences around 8.4%-19.1%. These differences are more pronounced for smaller indexes,
as can be seen in the graphs. Recall that Falzone et al. [75] used an earlier version of
PENELOPE/penEasy. When the source is the cytoplasm and the target is placed in the nucleus (Figure
5.19 D, F, H), the results calculated with DECDATA and PenNuc are similar and both ratios are close
to one, with maximum percentage differences ranging from 2.0% to 7.0%.

Since the S-values calculated at the cellular level followed the same methodology as the one
implemented by Falzone et al. [75], the results should indicate great accordance. The mentioned article,
as described in section 2.6.2, uses a software called RADTABS as the nuclear decay database, which is
an earlier version of the DECDATA database. Therefore, the ratios for the S-values calculated with this
database have less difference from the S-values used as reference, as expected. In this situation, the
differences between the DECDATA and RADTABS databases are less significant than the differences
between the PenNuc and RADTABS databases. Important to note that the divergences also result from
the use of different versions of PENELOPE MC code.

Appendix C includes tables with the S-values calculated at the cellular level by using direct MC
simulations. Two tables for each radionuclide were published: one for each source-target combination.
The tables present columns that list the values of the cell radii and nucleus radii, the S-values from the
article of Falzone et al. [75], the S-values calculated using the DECDATA and PenNuc databases, and
their respective uncertainties and ratios.

Table 5.3: Maximum percentage deviation per radionuclide and per source-target combination with respect to Falzone for
cellular S-values.

Maximum Percentage Difference

Radionuclide PenNuc database DECDATA database
N <N N « Cy N <N N « Cy
Ga 37.1% 41.8% 2.6% 12.2%
123 8.4% 2.0% 5.2% 3.0%
el 13.6% 2.2% 3.6% 4.4%
2007 19.1% 7.0% 3.5% 2.4%
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5.2.2. Dose Point Kernel
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Figure 5.20: DPKs calculated by using the DECDATA and PenNuc decay database for the AE, CK and IE electrons emitted
in the decay of 6’Ga, 1231, 1%In and 2°1TI.

S-values at the cellular level were also obtained by applying the DPK approach. Only a single
simulation per radionuclide was required to obtain the S-values, regardless of the source-target
combinations or the dimensions of the cell and nucleus and both decay databases were evaluated.

Figure 5.20 illustrates the radial dose distribution times 4mr? as a function of the distance from
the radioactive source for each radionuclide (’Ga, %I, **In and 2*TI). All graphs follow a similar
pattern, with increased dose at small distances followed by a gradual decreasing trend that results from
the attenuation of radiation. The oscillations are due to the various groups of AE and CK electrons
emitted during the atomic relaxation that follows electron capture or internal conversion. In the 121, tn
and 2'TI graphs (Figure 5.20 B-D), the DECDATA and PenNuc curves show a close agreement in the
dose distribution, by remaining closely aligned throughout approximately the entire distance (r)
spectrum. This reinforces the consistency of the DPK methodology regardless of the decay database
used. Although the graph for ’Ga exhibits similar dose distribution behaviour, the curves for
DECDATA and PenNuc databases are not as quite close as the curves for the remaining radionuclides,
which indicates divergencies in the decay databases (as denoted in the direct MC simulations analysis).
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Figure 5.21: Ratios of S-values, calculated by applying the DPK methodology, between values calculated with DECDATA

and PenNuc decay database and the reference bibliography for 87Ga, 1231, 11*In and 2°1T| radionuclides. The graphs on the

left side represent the results when the source and the target are the nucleus of the cell; the graphs on the right side represent
the results when the source is the cytoplasm and the target is the cell nucleus.
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The S-values that result from the application of DPK were compared to those published by the
MIRD Committee since they employed a similar methodology. However, the MIRD Committee only
provides S-values for cells with a maximum radii dimension of 10 um. For this reason, only the first 27
values were plotted in the graphs; the S-values for the remaining radii dimensions were only presented
in the published tables, in Appendix C.

The graphs of Figure 5.21 show the ratios between the S-values calculated using the DECDATA
and PenNuc databases and the S-values published by the MIRD Committee, as a function of an index.
Table 5.4 presents the maximum percentage difference between the S-values computed for the aim of
this dissertation and the S-values considered as a reference (calculated by the MIRD Committee), and
they are listed for both databases and both source-target combinations.

The radionuclide ®’Ga can be considered an exception when comparing its graphs to the curves
of other radionuclides. As detected in Figure 5.20, when it is plotted the distribution of the radial dose
before the application of the geometric reduction factor (GRF), there are differences between the curves
of the DECDATA and PenNuc databases. For 8’Ga graphs (Figure 5.21 A, B), the ratios that compare
the S-values calculated with the PenNuc database and the S-values calculated by the MIRD Committee
are more distant from the unit than the ratios for S-values calculated with the DECDATA database. For
this radionuclide, the maximum percentage differences are 32.3% and 43.8% when using the PenNuc
database, and around 15.8% - 15.9% when using the DECDATA database.

When the source-target combination is N«Cy, for 2| and In radionuclides, the graphs
(Figure 5.21 D, F) show that, despite the results for both decay databases being aligned, there are strong
discrepancies between the calculated S-values and the reference S-values. The maximum percentage
differences are around 26.5% for 2%l and between 31.1% and 33.1% for '!In. The vertical lines
displayed in the graphs are placed in the indexes where there is a change in the Rc. Thus, the accentuated
differences are placed in these lines, indicating that the S-values are closer to the ones calculated by the
MIRD Committee when the geometry of the cell has a nucleus with bigger dimensions. This conclusion
was previously reached by Falzone et al. [75], indicating that larger discrepancies occur when the source
and target volumes are farther apart.

For the remaining cases - when the source-target combination is N«—N for 12*| and **In (Figure
5.21 C, E) and both combinations for 2°'TI (Figure 5.21 G, H) - the curves displayed in the graphs have
a similar behaviour, which can be considered as expected. They are approximately straight, indicating
that the calculated S-values are essentially in agreement with the referenced ones.

Table 5.4: Maximum percentage deviation per radionuclide and per source-target combination with respect to MIRD for
cellular S-values.

Maximum Percentage Difference

Radionuclide PenNuc database DECDATA database
N« N N « Cy N« N N « Cy
Ga 32.3% 43.8% 15.8% 15.9%
123 9.8% 26.5% 7.9% 26.5%
el 13.1% 31.1% 4.2% 33.1%
200 1.4% 3.5% 26.1% 7.2%

When analysing this comparison, it is important to note that the S-values calculated by the
MIRD Committee are based on the DPK methodology but with significant differences in the underlying
physics employed. The MIRD DPKs assume that the electron trajectories are straight lines, which
neglects elastic scattering. Also, the energy loss is calculated within the CSDA, thus ignoring
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fluctuations in the energy loss. On the other hand, the S-values presented in this dissertation were
calculated with the PENELOPE MC code, where these physical effects are considered so that the
electron tracks are more realistic and the stochastic nature of inelastic collisions is preserved. Therefore,
there is a notable impact on the final S-values and the differences observed in this comparison (Table
5.4) are attributed to the physics models, with the approach used by the MIRD Committee being less
accurate.

Similarly to the previous methodology, the S-values calculated by DPK are given in Appendix
C. The tables contain the cell and nucleus radii, the S-values calculated by the MIRD Committee, the S-
values calculated using the DECDATA and PenNuc databases, and their respective uncertainties and
ratios, for both source-target combinations.
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Figure 5.22: Comparison between the two methodologies: direct MC simulations and DPK.

Cellular S-values were calculated for two distinct methodologies and compared to S-values
calculated with similar approaches. Despite that, the S-values, tabulated in Appendix C, are related to
the same conditions (radionuclide, source-target combination and (Rc, Rn)), regardless of the
methodology applied. Thus, Figure 5.22 provides a comparison between the S-values calculated for both
methodologies, by plotting the ratio between S-values calculated with direct MC simulations and DPK
as a function of an index. The behaviour of the ratios for each radionuclide and source-target
combination shows excellent agreement of the values. This analysis corroborates that the cellular S-
values were correctly calculated.
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CHAPTER 6

Conclusion

In this dissertation, various methodologies were evaluated to verify their effect on dosimetry
calculations for nuclear medicine, which required numerous MC simulations. The results were expected
to indicate divergencies since different MC codes and databases for radioactive decay data were used.

At the voxel level, the simulations produced results that can be assumed as expected. A
simplified methodology was implemented, allowing to reduce the dimensions of the current tables for
S-values. The results showed differences between the S-values calculated in this study and the S-values
considered as reference. The simplification of the methodology was proven not to increase the
deviations, which allowed to conclude that they are produced by other factors, such as the decay database
and the version of the PENELOPE MC code used. When calculating the S-values, these are the only
two differences in the employed methodology, as clarified in section 2.6.1 where it is assessed and
compared all the details regarding these approaches. Therefore, we can observe that the percentage
deviations of the S-values for ®™Tc and **!1 are smaller when compared with the deviations for 2P, 89Sy
and ®°Y S-values. Although the difference may vary, the results strongly suggest that the calculation of
the S-values using updated decay databases and the most recent version of PENELOPE introduces
significant changes for the S-values, which are useful for absorbed dose calculations in nuclear
medicine. To complete the update of the tables, S-values have been calculated for two previously
unreported radionuclides and three additional voxel sizes. These updated tables will be useful as they
list values for voxel sizes currently used in nuclear medicine practices.

The S-values at the cellular level were calculated by applying two different methodologies. The
first approach, direct MC simulations, confirmed that the S-values calculated with the PenNuc database
are in less conformity with the reference S-values, particularly for the N « N combination. When using
the DECDATA database, the S-values are in great concordance with the reference ones, as the nuclear
decay database are similar. When the DPK approach was applied, contrarily to the previous findings,
the S-values calculated with both decay databases were proven to be in more agreement with the S-
values calculated by the MIRD Committee for the N « N combination than for the N « Cy combination.
The differences found in this comparison between the S-values calculated with DPK methodology and
those calculated by the MIRD Committee are due to variations in the physics models applied for the
calculation of S-values. Besides not as pronounced as the deviations for S-values at the voxel level, at
the cellular level significant percentage differences were also obtained, which indicates that, when using
updated resources, notable changes in the calculations of S-values may be introduced.

In conclusion, this dissertation presents updated tables of S-values at the voxel and cellular level.
The methodologies explained above introduced considerable differences; the causes of which were
attributed to variations in the decay databases used and the MC code version. The atomic and nuclear
models of radionuclides are continually being studied, which makes it reasonable to assume that these
are the reasons behind the differences obtained in the S-values. Unfortunately, no experimental or
external validation can be made that would allow to conclude that the S-values published in this
dissertation are more correct than the reference ones.

Some limitations of this study must be referred and analysed. The computational time for some
of the simulations took several days to complete, making the analysis of the output and the detection of
possible errors difficult. For each set of simulations, the number of primary histories as well as the
simulation parameters were evaluated taking into consideration the computational time.
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In summary, all the objectives for this dissertation have been successfully achieved. This report
summarizes the work carried out in 6 months; the published tables are the results of the computation of
1069 simulations in total; however, this number only includes successful simulations and simulations
with contributions for the publication of results.

6.1. Future work

In the dosimetry field, there are still significant improvements required to facilitate calculations
performed by medical physicists. Ideally, S-values should be calculated from patient-specific images
(e.g., CT images) and considering the individual composition and morphology of each patient. In the
future, the development of deep learning and machine learning algorithms might help in organ
segmentation on CT images and, hence, estimate the absorbed dose for each individual organ [89].

At the cellular level, the simplest cellular model - a pair of concentric spheres - was employed
for calculating the S-values. Future work should consider more complex and realistic geometries, such
as ellipsoidal or eccentric cell-nucleus arrangements as well as rotated nuclei. These geometries can
only be dealt with using direct MC simulations, and not DPK approaches. In summary, these suggestions
represent areas for future research with the aim at developing more accurate dosimetry calculations.

The decay databases evaluated in this dissertation have distinct functioning: PenNuc takes
consideration of all transitions allowing to have only one input file, while when using DECDATA it is
necessary to have one input file per type of particle emitted. DECDATA implies the computation of one
simulation for each input file and posteriorly combines the outputs by manually applying the
contributions of each emitted particle (yield). Thus, it may be useful to convert the DECDATA database
in the same configuration as PenNuc to facilitate its use and allow to perform only one simulation for
each radionuclide.

Additionally, this study already provides tables with updated calculated values. Therefore, it
would be appropriate in the future to create a user-friendly online platform to make this data more easily
accessible.

All these tasks were beyond the scope of the present thesis and also beyond the time available
and, therefore, were not addressed in this study.
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Appendix A

A.1 Phosphorus-32
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Figure A.1: Decay scheme of 32P (from [85]).
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Figure A.2: Decay scheme of 8Sr (from [85]).
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Figure A.3: Decay scheme of Y (from [85]).

73



A.4 lodine-131

712 ;0

8,0233 (19) d

53 78

v Emission intensities per 100 disintegrations

2.13 507,856
T S
si2+* ; 722,000
‘ B s 0,53 ps
0, ot 745
000’20? 3.1.,2
5' 1 -
p.-.29q 00‘17 7127 ; 666,934 0.5 ns
00707 72*; 63690 os
4.2
4% s
oo
oo a2t ;404815 g
1“2 .
68 52" 36449 oo os
o o27: 341,144 o
0,386
D'D
11/27 ; 163,93
3 11,062 d
1/2" ; 80,1854
1 0,48 ns
t.
Stable
0 131
Xe
54 iT
Q = 970,8 keV
% B =100

Figure A.4: Decay scheme of 31 (from [85]).
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Figure A.5: Decay scheme of 153Sm (from [85]).

75

0,14 ns

3.8 ns

Stable
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Figure A.6: Decay scheme of 7Lu (from [85]).
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Figure A.7: Decay scheme of *™Tc (from [85]).
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Figure A.8: Decay scheme of ’Ga (from [85]).
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Figure A.9: Decay scheme of '!In (from [85]).
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Figure A.11: Decay scheme of 2°T1 (from [85]).
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Appendix B

Table B.1: S-values (mGy-MBq™-s!) for ™Tc within cubical voxels of 3 mm and respective uncertainties.

Distance Coordinates MIRD penNuc PenNtfc PenNuc / DECDATA DECDA:I'A DECDATA
(mm) Uncertainty| MIRD Uncertainty | / MIRD
0.0 [0,0,0] 9.02E-02 9.80E-02  0.01E-02 1.09 9.57E-02  0.02E-02 1.06
3.0 [0,0,1] 1.53E-03 1.41E-03  0.00E-03 0.92 1.38E-03  0.01E-03 0.90
4.2 [0,1,1] 3.49E-04 3.43E-04 0.01E-04 0.98 3.44E-04  0.02E-04 0.98
5.2 [1,1,1] 2.20E-04 2.15E-04 0.01E-04 0.98 2.15E-04  0.02E-04 0.98
6.0 [0,0, 2] 1.63E-04 1.55E-04 0.01E-04 0.95 1.55E-04  0.02E-04 0.95
6.7 [0,1,2] 1.26E-04 1.23E-04  0.00E-04 0.98 1.23E-04  0.01E-04 0.98
7.3 [1,1,2] 1.03E-04 1.02E-04  0.00E-04 0.99 1.02E-04  0.01E-04 0.99
8.5 [0,2,2] 7.57E-05 7.58E-05  0.03E-05 1.00 7.58E-05  0.08E-05 1.00
9.0 [1,2,2];[0,0,3] 6.41E-05 6.72E-05  0.02E-05 1.05 6.71E-05  0.05E-05 1.05
9.5 [0,1,3] 6.09E-05 6.02E-05  0.02E-05 0.99 6.04E-05  0.05E-05 0.99
9.9 [1,1,3] 5.27E-05 5.45E-05  0.02E-05 1.03 5.44E-05  0.05E-05 1.03
10.4 [2,2,2] 5.19E-05 4.99E-05  0.03E-05 0.96 5.00E-05  0.08E-05 0.96
10.8 [0,2,3] 4.57E-05 4.59E-05  0.02E-05 1.01 4.62E-05  0.05E-05 1.01
11.2 [1,2,3] 4.26E-05 4.28E-05  0.01E-05 1.00 4.28E-05  0.03E-05 1.00
12.0 [0,0, 4] 4.43E-05 3.74E-05  0.03E-05 0.84 3.76E-05  0.08E-05 0.85
12.4  [2,2,3];[0,1,4] 3.71E-05 3.50E-05 0.01E-05 0.94 3.53E-05  0.03E-05 0.95
12.7 [1,1,4];[0,3,3] 3.44E-05 3.31E-05 0.01E-05 0.96 3.32E-05 0.03E-05 0.97
13.1 [1,3,3] 3.12E-05 3.14E-05 0.01E-05 1.01 3.11E-05 0.04E-05 1.00
13.4 [0,2,4] 2.94E-05 2.97E-05 0.01E-05 1.01 2.98E-05  0.04E-05 1.01
13.7 [1,2,4] 2.89E-05 2.83E-05 0.01E-05 0.98 2.81E-05  0.03E-05 0.97
14.1 [2,3,3] 2.80E-05 2.70E-05 0.01E-05 0.97 2.73E-05  0.04E-05 0.97
14.7 [2,2,4] 2.52E-05 2.48E-05 0.01E-05 0.98 2.47E-05  0.03E-05 0.98
15.0 [0,3,4];[0,0,5] 2.55E-05 2.37E-05  0.01E-05 0.93 2.38E-05  0.03E-05 0.93
15.3 [0,1,5];[1,3,4] 2.33E-05 2.29E-05  0.01E-05 0.98 2.28E-05  0.02E-05 0.98
15.6 [1,1,5];[3,3,3] 2.24E-05 2.20E-05  0.01E-05 0.98 2.19E-05 0.03E-05 0.98
16.2 [2,3,4];[0,2,5] 2.09E-05 2.04E-05 0.01E-05 0.98 2.07E-05  0.02E-05 0.99
16.4 [1,2,5] 1.95E-05 1.99E-05  0.01E-05 1.02 1.98E-05  0.02E-05 1.01
17.0 [0, 4, 4] 1.81E-05 1.86E-05  0.02E-05 1.03 1.85E-05  0.04E-05 1.02
17.2  [1,4,4];[2,2,5] 1.90E-05 1.80E-05 0.01E-05 0.95 1.81E-05  0.02E-05 0.95
17.5 [0,3,5];[3,3,4] 1.72E-05 1.75E-05  0.01E-05 1.02 1.75E-05  0.02E-05 1.02
17.7 [1,3,5] 1.75E-05 1.70E-05  0.01E-05 0.97 1.71E-05  0.02E-05 0.98
18.0 [2,4,4] 1.77E-05 1.65E-05  0.01E-05 0.93 1.66E-05  0.03E-05 0.94
18.5 [2,3,5] 1.68E-05 1.56E-05  0.01E-05 0.93 1.57E-05  0.02E-05 0.94
19.2 [3,4,4];[0,4,5] 1.53E-05 1.46E-05 0.01E-05 0.95 1.45E-05  0.02E-05 0.95
194 [1, 4, 5] 1.46E-05 1.41E-05 0.01E-05 0.97 1.42E-05 0.02E-05 0.97
19.7 [3,3,5] 1.54E-05 1.39E-05  0.01E-05 0.90 1.40E-05  0.02E-05 0.91
20.1 [2,4,5] 1.43E-05 1.33E-05  0.01E-05 0.93 1.33E-05  0.02E-05 0.93
20.8 [4,4,4] 1.25E-05 1.23E-05  0.02E-05 0.99 1.23E-05  0.04E-05 0.99
21.2 [0,5,5];[3,4,5] 1.25E-05 1.19E-05  0.01E-05 0.95 1.19E-05  0.01E-05 0.95
21.4 [1,5,5] 1.21E-05 1.17E-05  0.01E-05 0.97 1.17E-05  0.02E-05 0.97
22.0 [2,5,5] 1.13E-05 1.10E-05  0.01E-05 0.97 1.12E-05  0.02E-05 0.99
22.6 [4,4,5] 1.20E-05 1.05E-05  0.01E-05 0.88 1.05E-05  0.02E-05 0.87
23.0 [3,5,5] 1.07E-05 1.01E-05  0.01E-05 0.95 1.02E-05  0.02E-05 0.95
24.4 [4,5,5] 9.98E-06 9.11E-06 0.08E-06 0.91 9.22E-06  0.20E-06 0.92
26.0 [5,5,5] 9.12E-06 8.02E-06  0.13E-06 0.88 8.08E-06  0.33E-06 0.89
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Table B.2: S-values (mGy-MBq*-s) for %°™Tc within cubical voxels of 6 mm and respective uncertainties.

Distance Coordinates MIRD PenNuc PenNL.|c PenNuc / DECDATA DECDA:I'A DECDATA
(mm) Uncertainty| MIRD Uncertainty| / MIRD
0.0 [0,0,0] 1.20E-02 1.29E-02  0.00E-02 1.08 1.26E-02  0.00E-02 1.05
6.0 [0,0,1] 2.31E-04 2.23E-04  0.00E-04 0.96 2.21E-04  0.01E-04 0.95
8.5 [0,1,1] 8.32E-05 8.38E-05  0.01E-05 1.01 8.39E-05  0.03E-05 1.01
10.4 [1,1,1] 5.42E-05 5.33E-05  0.01E-05 0.98 5.33E-05  0.03E-05 0.98
12.0 [0,0,2] 4.00E-05 3.84E-05 0.01E-05 0.96 3.85E-05  0.03E-05 0.96
13.4 [0,1,2] 3.11E-05 3.05E-05  0.01E-05 0.98 3.07E-05  0.01E-05 0.99
14.7 [1,1,2] 2.53E-05 2.53E-05  0.00E-05 1.00 2.54E-05  0.01E-05 1.00
17.0 [0,2,2] 1.99E-05 1.89E-05 0.01E-05 0.95 1.87E-05  0.01E-05 0.94
18.0 [1,2,2];[0,0,3] 1.75E-05 1.67E-05  0.00E-05 0.95 1.69E-05  0.01E-05 0.96
19.0 [0,1,3] 1.54E-05 1.51E-05 0.00E-05 0.98 1.51E-05  0.01E-05 0.98
19.9 [1,1,3] 1.37E-05 1.37E-05  0.00E-05 1.00 1.37E-05  0.01E-05 1.00
20.8 [2,2,2] 1.26E-05 1.26E-05 0.01E-05 1.00 1.26E-05  0.01E-05 1.00
21.6 [0,2,3] 1.21E-05 1.16E-05  0.00E-05 0.96 1.17E-05  0.01E-05 0.96
22.4 [1,2,3] 1.06E-05 1.08E-05 0.00E-05 1.02 1.08E-05 0.01E-05 1.02
24.0 [0,0, 4] 1.02E-05 9.44E-06  0.06E-06 0.93 9.35E-06  0.15E-06 0.92
247  [2,2,3];[0,1,4] 9.02E-06 8.90E-06  0.02E-06 0.99 8.92E-06  0.05E-06 0.99
25,5 [1,1,4];[0,3,3] 8.65E-06 8.41E-06  0.02E-06 0.97 8.48E-06  0.06E-06 0.98
26.2 [1,3,3] 8.05E-06 7.98E-06  0.03E-06 0.99 7.98E-06  0.07E-06 0.99
26.8 [0,2,4] 7.93E-06 7.58E-06  0.03E-06 0.96 7.62E-06  0.07E-06 0.96
27.5 [1,2,4] 7.04E-06 7.24E-06  0.02E-06 1.03 7.29E-06  0.05E-06 1.04
28.1 [2,3,3] 7.14E-06 6.93E-06  0.02E-06 0.97 6.97E-06  0.06E-06 0.98
29.4 [2,2,4] 6.55E-06 6.35E-06  0.02E-06 0.97 6.38E-06  0.06E-06 0.97
30.0 [0,3,4];[0,0,5] 6.19E-06 6.12E-06  0.02E-06 0.99 6.12E-06  0.05E-06 0.99
30.6 [0,1,5];[1,3,4] 6.13E-06 5.89E-06  0.01E-06 0.96 5.88E-06  0.03E-06 0.96
31.2 [1,1,5];[3,3,3] 6.21E-06 5.68E-06  0.02E-06 0.92 5.70E-06  0.05E-06 0.92
323 [2,3,4];[0,2,5] 5.60E-06 5.30E-06  0.01E-06 0.95 5.33E-06  0.03E-06 0.95
32.9 [1,2,5] 5.20E-06 5.15E-06  0.01E-06 0.99 5.16E-06  0.04E-06 0.99
33.9 [0, 4, 4] 4.78E-06 4.82E-06  0.03E-06 1.01 4.92E-06  0.07E-06 1.03
34.5 [1,4,4];[2,2,5] 4.86E-06 4.69E-06 0.01E-06 0.97 4.72E-06 0.04E-06 0.97
35.0 [0,3,5];[3,3,4] 4.72E-06 4.56E-06  0.01E-06 0.97 4.59E-06  0.04E-06 0.97
35.5 [1,3,5] 4.50E-06 4.43E-06  0.01E-06 0.98 4.46E-06  0.04E-06 0.99
36.0 [2,4,4] 4.55E-06 4.31E-06  0.02E-06 0.95 4.33E-06  0.05E-06 0.95
37.0 [2,3,5] 4.44E-06 4.10E-06  0.01E-06 0.92 4.11E-06  0.03E-06 0.93
38.4 [3,4,4];[0,4,5] 3.91E-06 3.80E-06  0.01E-06 0.97 3.86E-06  0.03E-06 0.99
38.9 [1,4,5] 3.70E-06 3.72E-06  0.01E-06 1.00 3.73E-06  0.03E-06 1.01
39.3 [3,3,5] 3.93E-06 3.64E-06  0.02E-06 0.93 3.66E-06  0.04E-06 0.93
40.2 [2,4,5] 3.65E-06 3.49E-06  0.01E-06 0.96 3.53E-06  0.03E-06 0.97
41.6 [4,4,4] 3.40E-06 3.27E-06  0.03E-06 0.96 3.27E-06  0.07E-06 0.96
424 [0,5,5];[3,4,5] 3.35E-06 3.16E-06 0.01E-06 0.95 3.18E-06  0.03E-06 0.95
42.8 [1,5, 5] 3.43E-06 3.11E-06 0.02E-06 0.91 3.14E-06 0.04E-06 0.92
44.1 [2,5,5] 3.07E-06 2.94E-06  0.02E-06 0.96 2.97E-06  0.04E-06 0.97
45.3 [4,4,5] 2.86E-06 2.79E-06  0.02E-06 0.98 2.80E-06  0.04E-06 0.98
46.1 [3,5,5] 2.75E-06  2.70E-06  0.02E-06 0.98 2.70E-06  0.04E-06 0.98
48.7 [4,5, 5] 2.36E-06 2.43E-06 0.01E-06 1.03 2.45E-06 0.04E-06 1.04
52.0 [5,5,5] 2.33E-06  2.15E-06  0.02E-06 0.92 2.24E-06  0.06E-06 0.96
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Table B.3: S-values (mGy-MBq™*-s?) for 1321 within cubical voxels of 3 mm and respective uncertainties.

Distance Coordinates MIRD penNuc PenNtfc PenNuc / DECDATA DECDA.TA DECDATA
(mm) Uncertainty| MIRD Uncertainty| /MIRD
0.0 [0,0,0] 9.20E-01 9.41E-01 0.00E-01 1.02 9.48E-01 0.00E-01 1.03
3.0 [0,0,1] 3.54E-02 3.20E-02 0.00E-02 0.90 3.27E-02 0.00E-02 0.92
4.2 [0,1,1] 3.25E-03  2.53E-03 0.00E-03 0.78 2.61E-03 0.01E-03 0.80
5.2 [1,1,1] 8.29E-04 7.30E-04 0.03E-04 0.88 7.48E-04 0.05E-04 0.90
6.0 [0,0, 2] 4.75E-04 4.58E-04  0.02E-04 0.96 4.66E-04 0.03E-04 0.98
6.7 [0,1,2] 3.73E-04 3.66E-04 0.01E-04 0.98 3.72E-04 0.01E-04 1.00
7.3 [1,1,2] 3.05E-04 3.05E-04 0.01E-04 1.00 3.07E-04 0.01E-04 1.01
8.5 [0, 2,2] 2.33E-04 2.27E-04  0.01E-04 0.97 2.30E-04 0.02E-04 0.99
9.0 [1,2,2];[0,0,3] 1.92E-04 2.01E-04 0.01E-04 1.04 2.03E-04 0.01E-04 1.05
9.5 [0,1,3] 1.77E-04 1.80E-04 0.01E-04 1.02 1.83E-04 0.01E-04 1.03
9.9 [1,1,3] 1.53E-04 1.64E-04 0.01E-04 1.07 1.65E-04 0.01E-04 1.08
10.4 12,2,2] 1.40E-04 1.50E-04  0.01E-04 1.07 1.51E-04  0.02E-04 1.08
10.8 [0,2,3] 1.32E-04 1.38E-04 0.01E-04 1.04 1.40E-04 0.01E-04 1.06
11.2 [1,2,3] 1.33E-04 1.29E-04  0.00E-04 0.97 1.30E-04 0.01E-04 0.98
12.0 [0,0, 4] 1.15E-04 1.11E-04 0.01E-04 0.97 1.14E-04 0.02E-04 0.99
12.4  [2,2,3];[0,1,4] 1.05E-04 1.05E-04  0.00E-04 1.00 1.07E-04  0.01E-04 1.01
12.7 [1,1,4];[0,3,3] 1.00E-04 1.00E-04  0.00E-04 1.00 1.00E-04 0.01E-04 1.00
13.1 [1,3,3] 9.96E-05 9.45E-05 0.05E-05 0.95 9.54E-05 0.07E-05 0.96
134 [0, 2, 4] 9.28E-05 8.97E-05 0.05E-05 0.97 9.05E-05 0.07E-05 0.97
13.7 [1,2,4] 8.66E-05 8.53E-05 0.04E-05 0.99 8.65E-05 0.05E-05 1.00
14.1 [2,3,3] 9.16E-05 8.14E-05 0.05E-05 0.89 8.23E-05 0.07E-05 0.90
14.7 [2,2,4] 7.59E-05 7.47E-05 0.05E-05 0.98 7.53E-05 0.07E-05 0.99
15.0 [0, 3,4];[0,0,5] 7.02E-05 7.19E-05 0.04E-05 1.02 7.24E-05 0.06E-05 1.03
15.3 [0,1,5];[1,3,4] 6.88E-05 6.89E-05 0.03E-05 1.00 6.95E-05 0.04E-05 1.01
15.6 [1,1,5];[3,3,3] 7.11E-05 6.66E-05 0.04E-05 0.94 6.71E-05 0.05E-05 0.94
16.2 [2,3,4];[0,2,5] 6.12E-05 6.18E-05 0.02E-05 1.01 6.25E-05 0.03E-05 1.02
16.4 [1,2,5] 5.61E-05 5.94E-05 0.03E-05 1.06 6.02E-05 0.04E-05 1.07
17.0 [0, 4, 4] 5.31E-05 5.56E-05 0.06E-05 1.05 5.63E-05 0.08E-05 1.06
17.2 [1,4,4];[2,2,5] 5.18E-05 5.41E-05 0.03E-05 1.04 5.48E-05 0.04E-05 1.06
17.5 [0,3,5];[3,3,4] 4.67E-05 5.26E-05 0.03E-05 1.13 5.30E-05 0.04E-05 1.13
17.7 [1,3,5] 4.82E-05 5.12E-05  0.03E-05 1.06 5.15E-05  0.04E-05 1.07
18.0 [2,4,4] 4.90E-05 4.95E-05 0.04E-05 1.01 4.97E-05 0.05E-05 1.01
18.5 [2,3,5] 4.65E-05 4.69E-05 0.03E-05 1.01 4.73E-05 0.04E-05 1.02
19.2 [3,4,4];[0,4,5] 4.26E-05 4.36E-05 0.03E-05 1.02 4.42E-05 0.03E-05 1.04
19.4 [1, 4, 5] 4.42E-05 4.29E-05 0.03E-05 0.97 4.29E-05 0.03E-05 0.97
19.7 [3,3,5] 4.19E-05 4.16E-05 0.04E-05 0.99 4.19E-05 0.05E-05 1.00
20.1 [2,4,5] 3.89E-05 3.97E-05 0.02E-05 1.02 4.00E-05 0.03E-05 1.03
20.8 [4,4,4] 3.98E-05 3.74E-05  0.06E-05 0.94 3.72E-05  0.08E-05 0.93
21.2 [0,5,5];[3,4,5] 3.40E-05 3.57E-05 0.02E-05 1.05 3.60E-05 0.03E-05 1.06
21.4 [1,5,5] 3.24E-05 3.49E-05 0.03E-05 1.08 3.55E-05 0.04E-05 1.10
22.0 [2,5,5] 3.07E-05 3.31E-05 0.03E-05 1.08 3.34E-05 0.04E-05 1.09
22.6 [4, 4, 5] 3.31E-05 3.12E-05 0.03E-05 0.94 3.17E-05 0.04E-05 0.96
23.0 [3,5,5] 2.90E-05 3.02E-05 0.03E-05 1.04 3.07E-05 0.04E-05 1.06
24.4 [4,5,5] 2.71E-05  2.69E-05 0.03E-05 0.99 2.76E-05 0.04E-05 1.02
26.0 [5,5,5] 2.63E-05 2.36E-05 0.04E-05 0.90 2.40E-05 0.06E-05 0.91

81




Table B.4: S-values (mGy-MBq™*-s?) for 1321 within cubical voxels of 6 mm and respective uncertainties.

Distance Coordinates MIRD PenNuc Pean..lC PenNuc / DECDATA DECDA:I'A DECDATA
(mm) Uncertainty| MIRD Uncertainty| / MIRD
0.0 [0,0,0] 1.29E-01 1.31E-01  0.00E-01 1.01 1.32E-01  0.00E-01 1.02
6.0 [0,0,1] 2.90E-03 2.59E-03  0.00E-03 0.89 2.66E-03  0.00E-03 0.92
8.5 [0,1,1] 3.25E-04 3.00E-04 0.01E-04 0.92 3.06E-04  0.01E-04 0.94
10.4 [1,1,1] 1.54E-04 1.61E-04 0.00E-04 1.05 1.63E-04  0.01E-04 1.06
12.0 [0,0,2] 1.14E-04 1.15E-04  0.00E-04 1.01 1.17E-04  0.01E-04 1.02
13.4 [0,1,2] 9.24E-05 9.18E-05  0.02E-05 0.99 9.29E-05  0.03E-05 1.01
14.7 [1,1,2] 7.34E-05 7.65E-05  0.02E-05 1.04 7.71E-05  0.02E-05 1.05
17.0 [0,2,2] 5.61E-05 5.70E-05  0.02E-05 1.02 5.73E-05  0.03E-05 1.02
18.0 [1,2,2];[0,0,3] 5.10E-05 5.05E-05  0.01E-05 0.99 5.08E-05  0.02E-05 1.00
19.0 [0, 1, 3] 4.46E-05 4.52E-05  0.01E-05 1.01 4.59E-05  0.02E-05 1.03
19.9 [1,1,3] 4.06E-05 4.11E-05 0.01E-05 1.01 4.17E-05  0.02E-05 1.03
20.8 [2,2,2] 3.60E-05 3.77E-05  0.02E-05 1.05 3.81E-05  0.03E-05 1.06
21.6 [0, 2, 3] 3.49E-05 3.46E-05 0.01E-05 0.99 3.51E-05  0.02E-05 1.00
22.4 [1,2,3] 3.09E-05 3.22E-05 0.01E-05 1.04 3.27E-05  0.01E-05 1.06
24.0 [0, 0, 4] 2.80E-05 2.80E-05  0.02E-05 1.00 2.86E-05  0.03E-05 1.02
247  [2,2,3];[0,1,4] 2.64E-05 2.65E-05  0.01E-05 1.00 2.67E-05  0.01E-05 1.01
25.5 [1,1,4];[0,3,3] 2.49E-05 2.50E-05 0.01E-05 1.00 2.54E-05 0.01E-05 1.02
26.2 [1,3,3] 2.21E-05 2.37E-05  0.01E-05 1.07 2.40E-05  0.01E-05 1.09
26.8 [0, 2, 4] 2.24E-05 2.24E-05 0.01E-05 1.00 2.28E-05  0.01E-05 1.02
27.5 [1,2,4] 2.11E-05 2.14E-05 0.01E-05 1.01 2.16E-05  0.01E-05 1.02
28.1 [2,3,3] 1.98E-05 2.04E-05  0.01E-05 1.03 2.07E-05  0.01E-05 1.04
29.4 [2,2,4] 1.86E-05 1.87E-05  0.01E-05 1.00 1.90E-05 0.01E-05 1.02
30.0 [0,3,4];[0,0,5] 1.77E-05 1.79E-05  0.01E-05 1.01 1.82E-05  0.01E-05 1.03
30.6 [0,1,5];[1,3,4] 1.64E-05 1.72E-05  0.00E-05 1.05 1.75E-05  0.01E-05 1.06
31.2 [1,1,5];[3,3,3] 1.62E-05 1.66E-05  0.01E-05 1.02 1.68E-05  0.01E-05 1.03
32.3 [2,3,4];[0,2,5] 1.60E-05 1.55E-05  0.00E-05 0.97 1.57E-05  0.01E-05 0.98
32.9 [1,2,5] 1.52E-05 1.49E-05 0.01E-05 0.98 1.52E-05  0.01E-05 1.00
33.9 [0, 4, 4] 1.58E-05 1.40E-05  0.01E-05 0.88 1.40E-05  0.01E-05 0.89
34.5 [1,4,4];[2,2,5] 1.34E-05 1.36E-05  0.00E-05 1.01 1.37E-05  0.01E-05 1.02
35.0 [0,3,5];[3,3,4] 1.26E-05 1.32E-05  0.00E-05 1.04 1.33E-05  0.01E-05 1.06
35.5 [1,3,5] 1.35E-05 1.28E-05  0.00E-05 0.95 1.30E-05  0.01E-05 0.96
36.0 [2,4,4] 1.28E-05 1.24E-05 0.01E-05 0.97 1.25E-05 0.01E-05 0.98
37.0 [2,3,5] 1.20E-05 1.17E-05  0.00E-05 0.98 1.20E-05  0.01E-05 1.00
38.4 [3,4,4];[0,4,5] 1.11E-05 1.09E-05  0.00E-05 0.98 1.10E-05  0.01E-05 1.00
38.9 [1,4,5] 1.08E-05 1.07E-05  0.00E-05 0.99 1.07E-05  0.01E-05 0.99
39.3 [3,3,5] 1.02E-05 1.04E-05  0.01E-05 1.02 1.05E-05  0.01E-05 1.03
40.2 [2,4,5] 9.29E-06 9.87E-06  0.04E-06 1.06 1.01E-05  0.01E-05 1.08
41.6 (4,4, 4] 8.48E-06 9.36E-06  0.10E-06 1.10 9.38E-06  0.14E-06 1.11
42.4  [0,5,5];[3,4,5] 9.46E-06 8.90E-06  0.04E-06 0.94 9.00E-06  0.05E-06 0.95
42.8 [1,5,5] 8.86E-06 8.79E-06  0.06E-06 0.99 8.79E-06  0.07E-06 0.99
44.1 [2,5,5] 7.74E-06  8.23E-06  0.05E-06 1.06 8.43E-06  0.07E-06 1.09
45.3 [4,4,5] 7.73E-06  7.84E-06  0.05E-06 1.01 7.90E-06  0.07E-06 1.02
46.1 [3,5,5] 7.50E-06 7.57E-06  0.05E-06 1.01 7.65E-06  0.07E-06 1.02
48.7 [4,5,5] 6.70E-06  6.72E-06  0.05E-06 1.00 6.83E-06  0.07E-06 1.02
52.0 [5,5, 5] 6.10E-06  5.90E-06  0.08E-06 0.97 6.08E-06  0.11E-06 1.00

82




Table B.5: S-values (mGy-MBq™*-s?) for 32P within cubical voxels of 3 mm and respective uncertainties.

Distance Coordinates MIRD PenNuc PenNLfc PenNuc / DECDATA DECDA:I'A DECDATA
(mm) Uncertainty| MIRD Uncertainty| / MIRD
0.0 [0,0,0] 1.65E+00 1.64E+00  0.00E+00 0.99 1.64E+00  0.00E+00 0.99
3.0 [0,0,1] 2.32E-01 2.37E-01  0.00E-01 1.02 2.40E-01  0.00E-01 1.03
4.2 [0,1,1] 6.20E-02  6.20E-02  0.00E-02 1.00 6.32E-02  0.00E-02 1.02
5.2 [1,1,1] 2.12E-02  2.02E-02  0.00E-02 0.95 2.09E-02  0.00E-02 0.98
6.0 [0,0,2] 6.78E-03  5.95E-03  0.01E-03 0.88 6.26E-03  0.01E-03 0.92
6.7 [0,1,2] 2.88E-03 2.27E-03  0.00E-03 0.79 2.43E-03  0.00E-03 0.84
7.3 [1,1,2] 1.24E-03 8.60E-04  0.03E-04 0.69 9.36E-04  0.03E-04 0.75
8.5 [0,2,2] 1.81E-04 1.01E-04 0.01E-04 0.56 1.17E-04  0.01E-04 0.65
9.0 [1,2,2];[0,0,3] 5.54E-05 3.32E-05  0.04E-05 0.60 4.05E-05  0.04E-05 0.73
9.5 [0, 1, 3] 1.82E-05 7.68E-06  0.18E-06 0.42 1.01E-05  0.02E-05 0.55
9.9 [1,1,3] 8.49E-06 3.56E-06  0.10E-06 0.42 4.52E-06  0.13E-06 0.53
10.4 [2,2,2] 6.25E-06 2.64E-06  0.14E-06 0.42 2.97E-06  0.16E-06 0.47
10.8 [0,2,3] 3.12E-06 1.60E-06  0.04E-06 0.51 1.65E-06  0.05E-06 0.53
11.2 [1,2,3] 2.03E-06 1.37E-06 0.03E-06 0.68 1.44E-06 0.03E-06 0.71
12.0 [0,0,4] 1.15e-06 1.13E-06  0.06E-06 0.98 1.15E-06  0.06E-06 1.00

124 [2,2,3];[0,1,4] 1.24E-06 1.05E-06  0.02E-06 0.85 1.09E-06  0.02E-06 0.88
12.7 [1,1,4];[0,3,3] 1.15E-06 1.01E-06 0.03E-06 0.88 9.92E-07  0.27E-07 0.86

13.1 [1,3,3] 1.07E-06  9.31E-07  0.31E-07 0.87 9.42E-07  0.31E-07 0.88
13.4 [0, 2, 4] 1.09E-06 8.63E-07  0.31E-07 0.79 9.08E-07  0.33E-07 0.83
13.7 [1,2,4] 1.17E-06  8.35E-07  0.21E-07 0.71 8.46E-07  0.22E-07 0.72
14.1 [2,3,3] 1.14E-06  7.85E-07  0.30E-07 0.69 7.88E-07  0.29E-07 0.69
14.7 [2,2,4] 1.08E-06 6.94E-07  0.27E-07 0.64 6.97E-07  0.27E-07 0.65

15.0 [0,3,4];[0,0,5] 9.53E-07 6.66E-07  0.25E-07 0.70 6.72E-07  0.24E-07 0.71
153 [0,1,5];[1,3,4] 9.29E-07 6.46E-07  0.15E-07 0.69 6.46E-07  0.15E-07 0.70
15.6 [1,1,5];(3,3,3] 1.11E-06 6.03E-07 0.22E-07 0.55 6.19E-07  0.23E-07 0.56
16.2 [2,3,4];10,2,5] 7.85E-07 5.61E-07  0.14E-07 0.71 5.65E-07  0.14E-07 0.72

16.4 [1,2,5] 7.23E-07 5.40E-07 0.17E-07 0.75 5.41E-07 0.17E-07 0.75
17.0 [0, 4, 4] 1.11E-06  4.97E-07  0.31E-07 0.45 5.14E-07  0.34E-07 0.46
17.2  [1,4,4);[2,2,5] 4.74E-07 4.90E-07  0.16E-07 1.04 4.85E-07  0.17E-07 1.02
17.5 [0,3,5];[3,3,4] 6.26E-07 4.55E-07  0.15E-07 0.73 4.67E-07  0.16E-07 0.74
17.7 [1,3,5] 4.76E-07 4.43E-07  0.16E-07 0.93 4.70E-07  0.17E-07 0.99
18.0 (2,4, 4] 4.99E-07 4.37E-07  0.22E-07 0.87 4.58E-07  0.23E-07 0.92
18.5 [2,3,5] 7.16E-07 4.06E-07  0.16E-07 0.57 4.23E-07  0.15E-07 0.59
19.2  [3,4,4);[0,4,5] 5.88E-07 3.84E-07 0.15E-07 0.65 3.76E-07  0.15E-07 0.64
19.4 (1,4, 5] 4.70E-07 3.58E-07  0.14E-07 0.76 3.59E-07  0.14E-07 0.76
19.7 (3,3, 5] 5.58E-07 3.42E-07  0.19E-07 0.61 3.57E-07  0.20E-07 0.64
20.1 (2,4, 5] 5.72E-07 3.32E-07  0.14E-07 0.58 3.53E-07  0.15E-07 0.62
20.8 (4, 4, 4] 1.70E-07 3.05E-07  0.31E-07 1.79 2.94E-07  0.31E-07 1.73
212  [0,5,5];[3,4,5] 3.14E-07 2.95E-07  0.11E-07 0.94 2.95E-07  0.11E-07 0.94
21.4 [1,5,5] 2.55E-07 2.94E-07  0.19E-07 1.15 2.94E-07  0.18E-07 1.15
22.0 [2,5,5] 3.65E-07 2.60E-07  0.18E-07 0.71 2.71E-07  0.19E-07 0.74
22.6 (4, 4, 5] 3.52E-07 2.65E-07  0.18E-07 0.75 2.73E-07  0.18E-07 0.78
23.0 (3,5, 5] 2.14E-07 2.39E-07  0.16E-07 1.12 2.51E-07 0.17E-07 1.17
24.4 [4,5, 5] 2.21E-07 2.14E-07  0.16E-07 0.97 2.25E-07  0.17E-07 1.02
26.0 [5, 5, 5] 4.16E-07 1.93E-07  0.29E-07 0.46 1.87E-07  0.23E-07 0.45
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Table B.6: S-values (mGy-MBq™*-s?) for 32P within cubical voxels of 6 mm and respective uncertainties.

Distance Coordinates MIRD PenNuc PenNL.lc PenNuc / DECDATA DECDA:I'A DECDATA
(mm) Uncertainty| MIRD Uncertainty | / MIRD
0.0 [0,0,0] 3.19E-01 3.19E-01  0.00E-01 1.00 3.21E-01  0.00E-01 1.01
6.0 [0,0,1] 2.53E-02 2.53E-02  0.00E-02 1.00 2.57E-02  0.00E-02 1.02
8.5 [0,1,1] 3.13E-03 2.98E-03  0.00E-03 0.95 3.07E-03  0.00E-03 0.98
10.4 [1,1,1] 4.64E-04 4.05E-04  0.01E-04 0.87 4.24E-04  0.01E-04 0.91
12.0 [0,0,2] 5.54E-06 3.11E-06  0.08E-06 0.56 3.89E-06  0.09E-06 0.70
134 [0,1, 2] 1.94E-06 1.17E-06 0.02E-06 0.60 1.29E-06 0.02E-06 0.67
14.7 [1,1,2] 1.09E-06 7.60E-07  0.11E-07 0.70 7.91E-07  0.12E-07 0.73
17.0 [0,2,2] 8.17E-07 5.10E-07  0.12E-07 0.62 5.20E-07  0.12E-07 0.64
18.0 [1,2,2];[0,0,3] 5.97E-07 4.45E-07 0.07E-07 0.74 4.54E-07  0.07E-07 0.76
19.0 [0, 1, 3] 6.07E-07 3.89E-07  0.08E-07 0.64 4.00E-07  0.08E-07 0.66
19.9 [1,1,3] 5.19E-07 3.41E-07 0.07E-07 0.66 3.55E-07  0.07E-07 0.68
20.8 [2,2,2] 2.44E-07 3.20E-07 0.12E-07 1.31 3.16E-07  0.12E-07 1.30
21.6 [0, 2, 3] 3.58E-07 2.91E-07 0.07E-07 0.81 2.87E-07  0.07E-07 0.80
22.4 [1,2,3] 4.21E-07 2.63E-07 0.04E-07 0.62 2.69E-07 0.05E-07 0.64
24.0 [0,0, 4] 1.83E-07 2.15E-07 0.11E-07 1.18 2.30E-07  0.12E-07 1.26

24.7  [2,2,3];[0,1,4] 2.06E-07 2.09E-07  0.04E-07 1.02 2.13E-07  0.04E-07 1.03
25,5 [1,1,4];[0,3,3] 2.53E-07 1.95E-07 0.04E-07 0.77 1.98E-07  0.04E-07 0.78

26.2 [1,3,3] 2.96E-07 1.83E-07  0.05E-07 0.62 1.86E-07  0.05E-07 0.63
26.8 [0, 2, 4] 2.51E-07 1.72E-07  0.05E-07 0.69 1.73E-07  0.05E-07 0.69
27.5 [1,2,4] 2.46E-07 1.65E-07  0.04E-07 0.67 1.66E-07  0.04E-07 0.68
28.1 [2,3,3] 2.52E-07 1.56E-07  0.05E-07 0.62 1.57E-07  0.05E-07 0.62
29.4 [2,2,4] 2.09E-07 1.43E-07 0.05E-07 0.69 1.45E-07  0.05E-07 0.69

30.0 [0,3,4];[0,0,5] 2.15E-07 1.36E-07  0.04E-07 0.63 1.39E-07  0.04E-07 0.65
30.6 [0,1,5];[1,3,4] 1.64E-07 1.28E-07 0.03E-07 0.78 1.30E-07  0.03E-07 0.79
31.2 [1,1,5];[3,3,3] 2.19e-07 1.23E-07 0.04E-07 0.56 1.25E-07  0.04E-07 0.57

323  [2,3,4];[0,2,5] 1.17E-07 1.13E-07 0.02E-07 0.97 1.16E-07  0.02E-07 1.00
32.9 [1,2,5] 1.62E-07 1.10E-07  0.03E-07 0.68 1.12E-07  0.03E-07 0.69
33.9 [0, 4, 4] 9.51E-08 1.02E-07  0.06E-07 1.08 1.02E-07  0.06E-07 1.07

345 [1,4,4];[2,2,5] 1.41E-07 9.63E-08 0.27E-08 0.69 1.01E-07  0.03E-07 0.72
35.0 [0,3,5];[3,3,4] 1.23E-07 9.63E-08  0.28E-08 0.78 9.65E-08  0.29E-08 0.78

35.5 [1,3,5] 1.12E-07 9.12E-08  0.26E-08 0.81 9.32E-08  0.27E-08 0.83
36.0 [2,4,4] 1.56E-07 8.91E-08  0.38E-08 0.57 9.06E-08  0.38E-08 0.58
37.0 [2,3,5] 8.17E-08 8.52E-08  0.26E-08 1.04 8.52E-08  0.26E-08 1.04
38.4 [3,4,4];[0,4,5] 1.40E-07 7.70E-08  0.24E-08 0.55 7.77E-08  0.24E-08 0.56
38.9 [1,4,5] 1.29E-07 7.51E-08  0.25E-08 0.58 7.53E-08  0.24E-08 0.58
39.3 [3,3,5] 4.66E-08 7.26E-08  0.34E-08 1.56 7.44E-08  0.37E-08 1.60
40.2 [2,4,5] 8.68E-08 7.12E-08  0.25E-08 0.82 6.96E-08  0.24E-08 0.80
41.6 [4,4,4] 7.62E-08 6.81E-08  0.59E-08 0.89 6.46E-08  0.50E-08 0.85
42.4 [0,5,5];[3,4,5] 6.60E-08 6.21E-08  0.20E-08 0.94 6.34E-08  0.20E-08 0.96
42.8 [1,5,5] 8.84E-08 6.06E-08  0.30E-08 0.69 6.38E-08  0.34E-08 0.72
44.1 [2,5,5] 6.27E-08 5.59E-08  0.32E-08 0.89 5.83E-08  0.32E-08 0.93
45.3 [4,4,5] 5.70E-08 5.76E-08  0.35E-08 1.01 5.37E-08  0.29E-08 0.94
46.1 [3,5,5] 5.99E-08 5.26E-08  0.30E-08 0.88 4.96E-08  0.27E-08 0.83
48.7 [4,5, 5] 3.67E-08 4.46E-08  0.28E-08 1.21 4.54E-08  0.26E-08 1.24
52.0 [5,5, 5] 7.16E-08 3.95E-08  0.40E-08 0.55 4.15E-08  0.49E-08 0.58
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Table B.7: S-values (mGy-MBq™-s*) for 8Sr within cubical voxels of 3 mm and respective uncertainties.

Distance Coordinates MIRD PenNuc Pean.lC PenNuc / DECDATA DECDA:I'A DECDATA
(mm) Uncertainty| MIRD Uncertainty| / MIRD
0.0 [0,0,0] 1.55E+00 1.56E+00 0.00E+00 1.00 1.55E+00  0.00E+00 1.00
3.0 [0,0, 1] 1.93E-01 2.02E-01  0.00E-01 1.05 2.00E-01  0.00E-01 1.04
4.2 [0,1,1] 4.60E-02 4.72E-02  0.00E-02 1.03 4.67E-02  0.00E-02 1.02
5.2 [1,1,1] 1.40E-02 1.35E-02  0.00E-02 0.96 1.35E-02  0.00E-02 0.96
6.0 [0,0,2] 3.62E-03 3.02E-03  0.01E-03 0.83 3.10E-03  0.01E-03 0.86
6.7 [0,1,2] 1.42E-03 9.58E-04 0.03E-04 0.67 1.00E-03 0.00E-03 0.71
7.3 [1,1,2] 5.85E-04 2.98E-04  0.01E-04 0.51 3.22E-04  0.01E-04 0.55
8.5 [0,2,2] 7.55E-05 1.98E-05  0.04E-05 0.26 2.34E-05  0.05E-05 0.31
9.0 [1,2,2];[0,0,3] 1.98E-05 5.92E-06 0.13E-06 0.30 6.89E-06  0.15E-06 0.35
9.5 [0,1,3] 5.28E-06 1.86E-06  0.05E-06 0.35 2.01E-06  0.05E-06 0.38
9.9 [1,1,3] 2.18E-06 1.52E-06  0.04E-06 0.70 1.59E-06  0.04E-06 0.73
10.4 [2,2,2] 2.40E-06 1.37E-06  0.06E-06 0.57 1.42E-06  0.07E-06 0.59
10.8 [0, 2, 3] 1.46E-06 1.20E-06  0.03E-06 0.82 1.22E-06  0.03E-06 0.83
11.2 [1,2,3] 1.10E-06  1.09E-06 0.02E-06 0.99 1.12E-06 0.02E-06 1.01
12.0 [0,0,4] 7.99E-07 9.56E-07  0.65E-07 1.20 9.32E-07  0.59E-07 1.17
124 [2,2,3];[0,1,4] 9.60E-07 8.75E-07  0.22E-07 0.91 8.49E-07  0.19E-07 0.88
12.7 [1,1,4]);[0,3,3] 8.59E-07 8.10E-07  0.24E-07 0.94 8.15E-07  0.23E-07 0.95
13.1 [1,3,3] 8.30E-07 7.53E-07 0.29E-07 0.91 7.66E-07 0.28E-07 0.92
13.4 [0,2,4] 8.20E-07 7.01E-07  0.30E-07 0.86 7.22E-07  0.26E-07 0.88
13.7 [1,2,4] 9.24E-07 6.82E-07  0.19E-07 0.74 6.64E-07  0.18E-07 0.72
14.1 [2,3,3] 9.22E-07 6.32E-07  0.26E-07 0.69 6.27E-07  0.24E-07 0.68
14.7 [2,2,4] 8.73E-07 5.64E-07  0.23E-07 0.65 5.70E-07  0.23E-07 0.65
15.0 [0,3,4];[0,0,5] 7.43E-07 5.27E-07 0.21E-07 0.71 5.38E-07  0.21E-07 0.72
153 [0,1,5];(1,3,4] 7.23e-07 5.14E-07  0.14E-07 0.71 5.09E-07  0.13E-07 0.70
15.6 [1,1,5];(3,3,3] 9.38E-07 4.89E-07 0.21E-07 0.52 4.95E-07 0.19E-07 0.53
16.2 [2,3,4];[0,2,5] 6.29E-07 4.63E-07  0.13E-07 0.74 4.50E-07  0.12E-07 0.72
16.4 [1,2,5] 5.53E-07 4.53E-07 0.17E-07 0.82 4.24E-07  0.15E-07 0.77
17.0 [0, 4, 4] 8.90E-07 3.90E-07 0.31E-07 0.44 3.99E-07  0.28E-07 0.45
17.2 [1,4,4];[2,2,5] 3.75E-07 3.99E-07 0.15E-07 1.06 3.96E-07 0.15E-07 1.06
17.5 [0,3,5];(3,3,4] 4.83E-07 3.87E-07  0.15E-07 0.80 3.79E-07  0.14E-07 0.79
17.7 [1,3,5] 3.59E-07 3.74E-07  0.15E-07 1.04 3.60E-07  0.13E-07 1.00
18.0 [2,4,4] 3.89E-07 3.56E-07  0.21E-07 0.92 3.40E-07  0.18E-07 0.88
18.5 [2,3,5] 5.63E-07 3.33E-07  0.14E-07 0.59 3.23E-07  0.13E-07 0.57
19.2  [3,4,4];[0,4,5] 4.60E-07 3.03E-07  0.13E-07 0.66 3.04E-07  0.12E-07 0.66
19.4 [1,4,5] 3.47E-07 2.97E-07  0.13E-07 0.86 2.90E-07  0.12E-07 0.83
19.7 [3,3,5] 4.47E-07 2.89E-07  0.17E-07 0.65 2.85E-07  0.18E-07 0.64
20.1 [2,4,5] 4.42E-07 2.64E-07  0.13E-07 0.60 2.67E-07  0.11E-07 0.60
20.8 [4,4,4] 1.35E-07 2.49E-07 0.31E-07 1.85 2.56E-07  0.26E-07 1.90
21.2 [0,5,5];[3,4,5] 2.24E-07 2.38E-07 0.10E-07 1.06 2.33E-07  0.09E-07 1.04
21.4 [1,5,5] 1.95E-07 2.45E-07 0.17E-07 1.26 2.37E-07 0.16E-07 1.22
22.0 [2,5,5] 3.16E-07 2.19E-07 0.17E-07 0.69 2.14E-07  0.14E-07 0.68
22.6 [4,4,5] 2.72E-07 2.11E-07 0.16E-07 0.77 1.97E-07  0.14E-07 0.72
23.0 [3,5,5] 1.67E-07 2.13E-07 0.17E-07 1.27 2.01E-07  0.15E-07 1.21
24.4 [4,5, 5] 1.79e-07 1.74E-07 0.15E-07 0.97 1.72E-07 0.14E-07 0.96
26.0 [5,5, 5] 3.15E-07 1.61E-07 0.27E-07 0.51 1.56E-07  0.22E-07 0.49
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Table B.8: S-values (mGy-MBq™-s*) for 8Sr within cubical voxels of 6 mm and respective uncertainties.

Distance Coordinates MIRD PenNuc PenNLfc PenNuc / DECDATA DECDA:I'A DECDATA
(mm) Uncertainty| MIRD Uncertainty| / MIRD
0.0 [0,0,0] 2.85E-01 2.90E-01  0.00E-01 1.02 2.88E-01  0.00E-01 1.01
6.0 [0,0,1] 1.96E-02 2.00E-02  0.00E-02 1.02 1.99E-02  0.00E-02 1.01
8.5 [0,1,1] 2.13E-03 2.06E-03  0.00E-03 0.97 2.05E-03  0.00E-03 0.96
10.4 [1,1,1] 2.79E-04 2.41E-04 0.01E-04 0.86 2.43E-04 0.01E-04 0.87
12.0 [0,0,2] 1.90E-06 1.07E-06  0.03E-06 0.56 1.11E-06  0.03E-06 0.58
134 [0,1, 2] 9.72E-07 7.52E-07 0.11E-07 0.77 7.59E-07 0.10E-07 0.78
14.7 [1,1,2] 7.35E-07 5.98E-07  0.09E-07 0.81 5.90E-07  0.08E-07 0.80
17.0 [0,2,2] 6.25E-07 4.07E-07  0.11E-07 0.65 4.13E-07  0.11E-07 0.66
18.0 [1,2,2];[0,0,3] 4.51E-07 3.64E-07 0.07E-07 0.81 3.58E-07  0.06E-07 0.79
19.0 [0,1, 3] 4.74E-07  3.20E-07 0.07E-07 0.68 3.15E-07 0.06E-07 0.66
19.9 [1,1,3] 4.15E-07 2.88E-07  0.07E-07 0.69 2.79E-07  0.06E-07 0.67
20.8 [2,2,2] 1.87E-07 2.64E-07  0.12E-07 1.41 2.54E-07  0.10€E-07 1.36
21.6 [0,2,3] 2.73E-07 2.36E-07  0.06E-07 0.86 2.31E-07  0.06E-07 0.84
22.4 [1,2,3] 3.27E-07 2.11E-07 0.04E-07 0.65 2.11E-07 0.04E-07 0.65
24.0 [0,0,4] 1.46E-07 1.83E-07 0.10E-07 1.25 1.81E-07  0.09E-07 1.24
247  [2,2,3];[0,1,4] 1.57E-07 1.70E-07  0.04E-07 1.08 1.69E-07  0.03E-07 1.08
25.5 [1,1,4];[0,3,3] 2.02E-07 1.62E-07  0.04E-07 0.80 1.59E-07  0.04E-07 0.79
26.2 [1,3, 3] 2.39E-07 1.49E-07 0.05E-07 0.63 1.48E-07 0.04E-07 0.62
26.8 [0,2,4] 1.86E-07 1.42E-07  0.05E-07 0.76 1.37E-07  0.04E-07 0.74
27.5 [1,2,4] 1.90E-07 1.34E-07 0.03E-07 0.71 1.37E-07  0.03E-07 0.72
28.1 [2,3,3] 2.06E-07 1.29E-07 0.05E-07 0.63 1.25e-07  0.04E-07 0.61
29.4 [2,2,4] 1.67E-07 1.12E-07  0.04E-07 0.67 1.12E-07  0.04E-07 0.67
30.0 [0,3,4];[0,0,5] 1.70E-07 1.10E-07  0.04E-07 0.65 1.09E-07 0.03E-07 0.64
306 [0,1,5];(1,3,4] 1.28E-07 1.06E-07  0.02E-07 0.83 1.04E-07  0.02E-07 0.82
31.2  [1,1,5];(3,3,3] 1.77E-07 9.94E-08  0.35E-08 0.56 9.72E-08  0.30E-08 0.55
32.3  [2,3,4];[0,2,5] 9.24E-08 9.36E-08  0.24E-08 1.01 9.19E-08  0.21E-08 0.99
32.9 [1,2,5] 1.30E-07 8.98E-08  0.28E-08 0.69 8.83E-08  0.24E-08 0.68
33.9 [0, 4, 4] 7.29E-08 8.27E-08  0.58E-08 1.14 8.49E-08  0.51E-08 1.16
345 [1,4,4];(2,2,5] 1.05E-07 8.03E-08 0.26E-08 0.76 8.17E-08  0.25E-08 0.78
35.0 [0,3,5];(3,3,4] 9.07E-08 7.71E-08  0.25E-08 0.85 7.57E-08  0.23E-08 0.83
35.5 [1,3,5] 8.59E-08 7.47E-08  0.25E-08 0.87 7.44E-08  0.23E-08 0.87
36.0 [2,4,4] 1.19E-07 7.09E-08  0.35E-08 0.60 6.90E-08  0.29E-08 0.58
37.0 [2,3,5] 6.39E-08 6.86E-08  0.25E-08 1.07 6.86E-08  0.23E-08 1.07
38.4 [3,4,4];[0,4,5] 1.12E-07 6.26E-08  0.23E-08 0.56 6.22E-08  0.21E-08 0.55
38.9 [1,4,5] 9.76E-08 6.15E-08  0.23E-08 0.63 6.09E-08  0.21E-08 0.62
39.3 [3,3,5] 3.39E-08 6.14E-08  0.31E-08 1.81 5.97E-08  0.29E-08 1.76
40.2 [2,4,5] 6.94E-08 5.62E-08  0.21E-08 0.81 5.58E-08  0.20E-08 0.80
41.6 [4,4,4] 5.59E-08 5.54E-08 0.61E-08 0.99 4.99E-08  0.42E-08 0.89
42.4 [0,5,5];[3,4,5] 5.16E-08 5.03E-08  0.18E-08 0.97 4.97E-08  0.17E-08 0.96
42.8 [1,5, 5] 6.41E-08 4.99E-08  0.31E-08 0.78 4.89E-08  0.25E-08 0.76
441 [2,5,5] 4.99E-08 4.63E-08  0.28E-08 0.93 4.47E-08  0.25E-08 0.90
45.3 [4,4,5] 4.58E-08 4.23E-08  0.26E-08 0.92 4.37E-08  0.26E-08 0.95
46.1 [3,5,5] 4.64E-08 4.22E-08  0.26E-08 0.91 4.10E-08  0.25E-08 0.88
48.7 [4,5, 5] 3.05E-08 3.67E-08 0.24E-08 1.20 3.57E-08 0.23E-08 1.17
52.0 [5,5, 5] 4.94E-08 3.12E-08  0.33E-08 0.63 3.05E-08  0.33E-08 0.62
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Table B.9: S-values (mGy-MBq™*-s?) for Y within cubical voxels of 3 mm and respective uncertainties.

Distance Coordinates MIRD PenNuc PenNuc | PenNuc/ DECDATA DECDATA | DECDATA ICRU ICRU ICRU /

(mm) Uncertainty| MIRD Uncertainty| / MIRD Uncertainty| MIRD
0.0 [0,0,0] 1.61E+00 1.58E+00 0.00E+00 0.98 1.58E+00  0.00E+00 0.98 1.58E+00 0.00E+00 0.98

3.0 [0,0,1] 2.76E-01 2.80E-01  0.00E-01 1.01 2.78E-01  0.00E-01 1.01 2.79E-01  0.00E-01 1.01
4.2 [0,1,1] 9.76E-02 9.95E-02  0.00E-02 1.02 9.89E-02  0.00E-02 1.01 9.90E-02  0.00E-02 1.01

5.2 [1,1,1] 4.53E-02 4.62E-02  0.00E-02 1.02 4.60E-02  0.00E-02 1.02 4.59E-02  0.00E-02 1.01

6.0 [0,0,2] 2.26E-02 2.28E-02  0.00E-02 1.01 2.28E-02  0.00E-02 1.01 2.27E-02  0.00E-02 1.00

6.7 [0,1,2] 1.28E-02 1.27E-02  0.00E-02 0.99 1.28€-02  0.00E-02 1.00 1.27E-02  0.00E-02 0.99
7.3 [1,1,2] 7.38E-03 7.17E-03  0.01E-03 0.97 7.31E-03  0.01E-03 0.99 7.17E-03  0.01E-03 0.97
8.5 [0, 2,2] 2.47E-03 2.25E-03  0.01E-03 0.91 2.37E-03  0.01E-03 0.96 2.27E-03  0.01E-03 0.92
9.0 [1,2,2];[0,0,3] 1.36E-03 1.24E-03  0.00E-03 0.91 1.33e-03  0.00E-03 0.98 1.25E-03  0.00E-03 0.92
9.5 [0,1,3] 7.65E-04 6.50E-04 0.02E-04 0.85 7.24E-04  0.03E-04 0.95 6.64E-04  0.02E-04 0.87
9.9 [1,1,3] 4.25E-04 3.54E-04  0.02E-04 0.83 4.03E-04 0.02E-04 0.95 3.59E-04 0.02E-04 0.84
10.4 [2,2,2] 2.51E-04 1.97E-04 0.02E-04 0.79 2.30E-04 0.02E-04 0.92 2.06E-04 0.02E-04 0.82
10.8 [0,2,3] 1.23E-04 9.71E-05  0.09E-05 0.79 1.18€-04  0.01E-04 0.96 9.95E-05  0.09E-05 0.81
11.2 [1,2,3] 7.35E-05 4.99E-05  0.04E-05 0.68 6.29E-05  0.05E-05 0.86 5.19E-05  0.04E-05 0.71
12.0 [0,0, 4] 2.78E-05 9.72E-06  0.46E-06 0.35 1.32E-05  0.06E-05 0.48 9.61E-06  0.45E-06 0.35
12.4  [2,2,3];[0,1,4] 2.55E-05 6.28E-06 0.13E-06 0.25 8.18E-06  0.15E-06 0.32 6.50E-06  0.13E-06 0.25
12.7 [1,1,4];[0,3,3] 2.30E-05 3.43E-06 0.09E-06 0.15 4.44E-06  0.11E-06 0.19 3.54E-06  0.10E-06 0.15
13.1 [1,3,3] 2.10E-05 2.56E-06  0.09E-06 0.12 3.16E-06  0.11E-06 0.15 2.59E-06  0.09E-06 0.12
13.4 [0,2, 4] 1.98E-05 1.83E-06 0.07E-06 0.09 1.99E-06  0.07E-06 0.10 1.77E-06  0.06E-06 0.09
13.7 [1,2,4] 1.84E-05 1.57E-06  0.04E-06 0.09 1.59E-06  0.04E-06 0.09 1.55E-06  0.04E-06 0.08
14.1 [2,3,3] 1.75E-05 1.44E-06  0.05E-06 0.08 1.46E-06  0.05E-06 0.08 1.42E-06  0.05E-06 0.08
14.7 [2,2,4] 1.47E-05 1.27E-06  0.05E-06 0.09 1.25E-06  0.04E-06 0.09 1.20E-06  0.04E-06 0.08
15.0 [0,3,4];[0,0,5] 1.35E-05 1.19E-06  0.04E-06 0.09 1.15E-06  0.04E-06 0.09 1.14E-06  0.04E-06 0.08
15.3 [0,1,5];[1,3,4] 1.25E-05 1.15E-06 0.03E-06 0.09 1.11E-06 ~ 0.02E-06 0.09 1.10E-06  0.02E-06 0.09
156 [1,1,5];(3,3,3] 1.17E-05 1.09E-06  0.04E-06 0.09 1.03E-06  0.03E-06 0.09 1.04E-06  0.03E-06 0.09
16.2 [2,3,4];[0,2,5] 9.51E-06 1.02E-06 0.03E-06 0.11 9.89E-07  0.23E-07 0.10 9.60E-07  0.22E-07 0.10
16.4 [1,2,5] 8.77E-06 9.81E-07  0.29E-07 0.11 9.50E-07  0.28E-07 0.11 9.07E-07  0.26E-07 0.10
17.0 [0, 4, 4] 7.14E-06 9.36E-07  0.64E-07 0.13 8.58E-07  0.52E-07 0.12 8.20E-07 0.47E-07 0.11
17.2  [1,4,4];(2,2,5] 5.95E-06 8.56E-07  0.28E-07 0.14 8.23E-07  0.25E-07 0.14 8.36E-07  0.26E-07 0.14
17.5 [0,3,5];(3,3,4] 5.49E-06 8.53E-07  0.29E-07 0.16 8.03E-07  0.24E-07 0.15 7.79E-07  0.25E-07 0.14
17.7 [1,3,5] 4.66E-06 8.40E-07  0.30E-07 0.18 7.87E-07  0.25E-07 0.17 7.71E-07  0.25E-07 0.17
18.0 [2,4,4] 3.96E-06 7.63E-07  0.38E-07 0.19 7.34E-07  0.32E-07 0.19 7.33E-07  0.36E-07 0.18
18.5 [2,3,5] 3.38E-06 7.27E-07  0.26E-07 0.22 7.02E-07  0.24E-07 0.21 7.02E-07  0.23E-07 0.21
19.2 [3,4,4];10,4,5] 2.34E-06 6.66E-07  0.25E-07 0.28 6.47E-07  0.23E-07 0.28 6.35E-07  0.21E-07 0.27
19.4 [1,4,5] 1.97E-06 6.83E-07 0.27E-07 0.35 6.20E-07  0.21E-07 0.31 6.43E-07  0.24E-07 0.33
19.7 [3,3,5] 1.56E-06 6.45E-07  0.37E-07 0.41 6.17E-07  0.33E-07 0.40 6.25E-07  0.31E-07 0.40
20.1 [2,4,5] 1.45E-06 6.03E-07  0.24E-07 0.42 5.73E-07  0.22E-07 0.39 5.88E-07  0.22E-07 0.41
20.8 [4, 4, 4] 9.13E-07 5.95E-07  0.70E-07 0.65 6.18E-07  0.66E-07 0.68 5.17E-07  0.42E-07 0.57
212 [0,5,5];[3,4,5] 7.62E-07 5.46E-07 0.21E-07 0.72 5.28E-07  0.19E-07 0.69  4.95E-07 0.17E-07 0.65
21.4 [1,5,5] 7.40E-07 5.55E-07  0.37E-07 0.75 4.88E-07  0.28E-07 0.66 4.90E-07 0.27E-07 0.66
22.0 [2,5,5] 7.23E-07 4.97E-07  0.32E-07 0.69 4.61E-07  0.27E-07 0.64 4.78E-07  0.27E-07 0.66
22.6 [4, 4, 5] 7.68E-07 4.65E-07  0.30E-07 0.60 4.41E-07 0.26E-07 0.57 4.16E-07  0.25E-07 0.54
23.0 [3,5,5] 4.88E-07 4.60E-07  0.31E-07 0.94 4.00E-07  0.24E-07 0.82 4.23E-07  0.27E-07 0.87
24.4 [4,5,5] 4.59E-07 3.91E-07  0.28E-07 0.85 3.88E-07 0.27E-07 0.85 3.63E-07  0.25E-07 0.79
26.0 [5,5, 5] 6.31E-07 3.55E-07  0.48E-07 0.56 3.47E-07  0.43E-07 0.55 3.67E-07  0.47E-07 0.58
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Table B.10: S-values (mGy-MBq™-s?) for Y within cubical voxels of 6 mm and respective uncertainties.

Distance Coordinates MIRD PenNuc PenNtfc PenNuc / DECDATA DECDA:rA DECDATA ICRU ICRL{ ICRU /

(mm) Uncertainty| MIRD Uncertainty| / MIRD Uncertainty| MIRD

0.0 [0,0,0] 3.46E-01 3.46E-01 0.00E-01 1.00 3.45E-01 0.00E-01 1.00 3.45E-01  0.00E-01 1.00

6.0 [0,0,1] 3.95E-02 3.99E-02  0.00E-02 1.01 3.98E-02  0.00E-02 1.01 3.98E-02  0.00E-02 1.01

8.5 [0,1,1] 7.57E-03 7.56E-03  0.01E-03 1.00 7.60E-03  0.01E-03 1.00 7.53E-03  0.01E-03 1.00
10.4 [1,1,1] 1.74E-03 1.68E-03  0.00E-03 0.97 1.72E-03  0.00E-03 0.99 1.68E-03  0.00E-03 0.97
12.0 [0,0, 2] 2.13E-04 1.81E-04 0.01E-04 0.85 2.00E-04 0.01E-04 0.94 1.84E-04 0.01E-04 0.86
13.4 [0,1,2] 6.36E-05 4.20E-05  0.02E-05 0.66 4.85E-05  0.02E-05 0.76 4.29E-05 0.02E-05 0.67
14.7 [1,1,2] 2.36E-05 1.02E-05 0.01E-05 0.43 1.19E-05 0.01E-05 0.50 1.04E-05 0.01E-05 0.44
17.0 [0, 2,2] 7.71E-06 1.03E-06  0.03E-06 0.13 1.03E-06  0.02E-06 0.13 9.74E-07  0.22E-07 0.13
18.0 [1,2,2];[0,0,3] 5.19e-06 8.21E-07 0.14E-07 0.16 7.93e-07 0.12E-07 0.15 7.84E-07  0.12E-07 0.15
19.0 [0,1,3] 3.61E-06 7.08E-07 0.14E-07 0.20 6.81E-07 0.12E-07 0.19 6.67E-07  0.12E-07 0.18
19.9 [1,1,3] 2.47E-06 6.48E-07 0.14E-07 0.26 6.05E-07 0.11E-07 0.24 6.10E-07  0.11E-07 0.25
20.8 [2,2,2] 1.51E-06 5.88E-07  0.24E-07 0.39 5.59E-07 0.19E-07 0.37 5.38E-07  0.18E-07 0.36
21.6 [0,2,3] 1.16E-06 5.20E-07 0.12E-07 0.45 4.99E-07 0.11E-07 0.43 4.91E-07 0.10E-07 0.42
22.4 [1,2,3] 9.64E-07 4.74E-07  0.08E-07 0.49 4.58E-07 0.07E-07 0.48 4.55E-07  0.07E-07 0.47
24.0 [0,0, 4] 3.61E-07 3.92E-07 0.20E-07 1.09 4.00E-07 0.19E-07 1.11 3.78E-07 0.17E-07 1.05
24.7  [2,2,3];[0,1,4] 4.72E-07 3.84E-07 0.07E-07 0.81 3.64E-07 0.06E-07 0.77 3.61E-07  0.06E-07 0.76
25.5 [1,1,4];[0,3,3] 4.60E-07 3.67E-07 0.09E-07 0.80 3.51E-07 0.07E-07 0.76 3.42E-07 0.07E-07 0.74
26.2 [1,3,3] 5.01E-07 3.36E-07 0.10E-07 0.67 3.31E-07  0.09E-07 0.66 3.22E-07  0.09E-07 0.64
26.8 [0,2,4] 4.55E-07 3.18E-07 0.10E-07 0.70 3.03E-07 0.08E-07 0.66 3.05E-07  0.08E-07 0.67
27.5 [1,2,4] 4.33E-07 2.96E-07 0.06E-07 0.68 2.91E-07 0.06E-07 0.67 2.89E-07 0.06E-07 0.67
28.1 [2,3,3] 3.74E-07 2.85E-07 0.09E-07 0.76 2.67E-07  0.08E-07 0.71 2.75E-07  0.08E-07 0.74
29.4 [2,2,4] 3.58E-07 2.59E-07 0.09E-07 0.72 2.45E-07 0.07E-07 0.68 2.49E-07 0.07E-07 0.70
30.0 [0,3,4];[0,0,5] 3.87E-07 2.54E-07 0.08E-07 0.66 2.38E-07 0.07E-07 0.62 2.27E-07  0.06E-07 0.59
30.6 [0,1,5];[1,3,4] 3.08E-07 2.42E-07 0.05E-07 0.78 2.27E-07 0.04E-07 0.73 2.28E-07  0.04E-07 0.74
31.2  [1,1,5];[3,3,3] 3.56E-07 2.26E-07 0.07E-07 0.64 2.22E-07 0.06E-07 0.62 2.15E-07  0.06E-07 0.60
32.3 [2,3,4];[0,2,5] 2.28E-07 2.09E-07 0.05E-07 0.92 2.05E-07 0.04E-07 0.90 1.99E-07 0.04E-07 0.87
329 [1,2,5] 2.64E-07 2.04E-07 0.06E-07 0.77 1.94E-07  0.05E-07 0.74 1.95E-07 0.05E-07 0.74
33.9 [0, 4, 4] 1.91E-07 1.91E-07 0.10E-07 1.00 1.79e-07  0.09E-07 0.94 1.74E-07  0.09E-07 0.91
34.5 [1,4,4];[2,2,5] 2.70E-07 1.80E-07 0.05E-07 0.67 1.76E-07  0.04E-07 0.65 1.74E-07  0.04E-07 0.64
35.0 [0,3,5];[3,3,4] 2.40E-07 1.77E-07  0.05E-07 0.74 1.68E-07  0.04E-07 0.70 1.68E-07  0.04E-07 0.70
35.5 [1,3,5] 2.04E-07 1.76E-07  0.05E-07 0.86 1.65E-07  0.05E-07 0.81 1.62E-07  0.04E-07 0.80
36.0 [2,4,4] 2.69E-07 1.61E-07 0.07E-07 0.60 1.60E-07  0.06E-07 0.59 1.62E-07  0.06E-07 0.60
37.0 [2,3,5] 1.67E-07 1.57E-07  0.05E-07 0.94 1.52E-07 0.04E-07 0.91 1.48E-07  0.04E-07 0.89
38.4 [3,4,4];[0,4,5] 2.18E-07 1.44E-07 0.05E-07 0.66 1.41E-07  0.04E-07 0.65 1.42E-07  0.04E-07 0.65
38.9 [1,4,5] 2.15E-07 1.40E-07 0.05E-07 0.65 1.38E-07  0.04E-07 0.64 1.28E-07  0.04E-07 0.60
39.3 [3,3,5] 1.29e-07 1.39E-07 0.07E-07 1.07 1.29E-07  0.05E-07 1.00 1.28E-07  0.05E-07 0.99
40.2 [2,4,5] 1.75E-07 1.26E-07  0.04E-07 0.72 1.24E-07  0.04E-07 0.71 1.22E-07  0.04E-07 0.70
41.6 [4,4,4] 1.52E-07 1.20E-07 0.10E-07 0.79 1.20E-07  0.09E-07 0.79 1.17E-07  0.09E-07 0.77
42.4 [0,5,5];(3,4,5] 1.31E-07 1.18E-07 0.04E-07 0.90 1.11E-07  0.03E-07 0.84 1.09E-07  0.03E-07 0.83
42.8 [1,5,5] 1.93e-07 1.17E-07 0.06E-07 0.60 1.12E-07  0.05E-07 0.58 1.06E-07  0.05E-07 0.55
44.1 [2,5,5] 1.56E-07 1.06E-07 0.06E-07 0.68 1.01E-07  0.05E-07 0.65 1.02E-07  0.05E-07 0.65
45.3 [4,4,5] 1.34E-07 9.84E-08  0.52E-08 0.73 9.77E-08  0.49E-08 0.73 9.67E-08  0.47E-08 0.72
46.1 [3,5,5] 1.07E-07 9.95E-08 0.57E-08 0.93 9.14E-08  0.46E-08 0.85 8.90E-08  0.43E-08 0.83
48.7 [4,5,5] 8.57E-08 8.35E-08  0.50E-08 0.97 8.41E-08  0.44E-08 0.98 7.99E-08  0.41E-08 0.93
52.0 [5,5,5] 1.39E-07 7.46E-08 0.75E-08 0.54 7.50E-08  0.77E-08 0.54 6.75E-08  0.75E-08 0.49
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Table B.11: S-values (mGy-MBq*s™) for 177Lu within cubical voxels of 3 mm and respective uncertainties.

Distance Coordinates PenNuc PeanfC DECDATA DECDATA
(mm) Uncertainty Uncertainty
0.0 [0,0,0] 7.73E-01  0.00E-01  7.80E-01  0.00E-01
3.0 [0,0,1] 1.61E-02  0.00E-02  1.64E-02  0.00E-02
4.2 [0,1,1] 6.52E-04  0.02E-04  6.75E-04  0.03E-04
5.2 [1,1,1] 7.79E-05  0.06E-05  8.25E-05  0.11E-05
6.0 [0,0,2] 3.92E-05 0.04E-05  4.06E-05  0.06E-05
6.7 [0,1,2] 3.10E-05  0.02E-05  3.24E-05  0.02E-05
7.3 [1,1,2] 2.58E-05 0.02E-05 2.68E-05  0.02E-05
8.5 [0,2,2] 1.95E-05 0.02E-05  2.00E-05  0.03E-05
9.0 [1,2,2];[0,0,3] 1.72E-05 0.01E-05 1.79E-05  0.02E-05
9.5 [0,1,3] 1.54E-05 0.01E-05  1.60E-05  0.02E-05
9.9 [1,1,3] 1.40E-05  0.01E-05  1.47E-05  0.02E-05
10.4 [2,2,2] 1.29E-05 0.02E-05  1.33E-05  0.03E-05
10.8 [0,2,3] 1.19E-05 0.01E-05  1.24E-05  0.02E-05
11.2 [1,2,3] 1.11E-05 0.01E-05 1.15E-05 0.01E-05
12.0 [0,0,4] 9.60E-06  0.20E-06  1.01E-05  0.03E-05

124 [2,2,3];[0,1,4] 9.20E-06 0.07E-06  9.52E-06  0.09E-06
12.7 [1,1,4];[0,3,3] 8.68E-06 0.08E-06 8.94E-06 0.10E-06

13.1 [1,3,3] 8.33E-06  0.09E-06  8.52E-06  0.12E-06
13.4 [0, 2, 4] 7.78E-06  0.09E-06  8.14E-06  0.12E-06
13.7 [1,2,4] 7.53E-06  0.06E-06  7.75E-06  0.08E-06
14.1 [2,3,3] 7.14E-06  0.09E-06  7.45E-06  0.12E-06
14.7 [2,2,4] 6.53E-06 0.08E-06  6.76E-06  0.11E-06

15.0 [0,3,4];[0,0,5] 6.36E-06  0.07E-06  6.49E-06  0.10E-06
15.3 [0,1,5];1,3,4] 6.12E-06 0.05E-06  6.33E-06  0.06E-06
15.6  [1,1,5];[3,3,3] 5.90E-06 0.07E-06  6.09E-06  0.09E-06
16.2 [2,3,4];[0,2,5] 5.47E-06 0.04E-06  5.69E-06  0.06E-06
16.4 [1,2,5] 5.31E-06  0.05E-06  5.53E-06  0.07E-06
17.0 [0, 4, 4] 494E-06 0.10E-06  5.11E-06  0.13E-06
17.2 [1,4,4];[2,2,5] 4.88E-06 0.05E-06 5.05E-06 0.07E-06
17.5 [0,3,5];13,3,4] 4.71E-06 0.05E-06  4.88E-06  0.07E-06

17.7 [1,3,5] 4.61E-06  0.05E-06  4.77E-06  0.07E-06
18.0 [2,4,4] 4.46E-06 0.07E-06  4.67E-06  0.09E-06
18.5 [2,3,5] 4.21E-06  0.05E-06  4.39E-06  0.06E-06
19.2 [3,4,4];[0,4,5] 3.93E-06 0.04E-06  4.15E-06  0.06E-06
19.4 [1,4,5] 3.85E-06  0.04E-06  4.00E-06  0.06E-06
19.7 [3,3,5] 3.75E-06  0.06E-06  3.88E-06  0.08E-06
20.1 [2,4,5] 3.62E-06  0.04E-06  3.73E-06  0.06E-06
20.8 [4,4,4] 3.43E-06 0.10E-06  3.52E-06  0.14E-06
21.2 [0,5,5];[3,4,5] 3.24E-06 0.04E-06  3.36E-06  0.05E-06
21.4 [1,5,5] 3.18E-06  0.06E-06  3.36E-06  0.08E-06
22.0 [2,5,5] 3.03E-06  0.05E-06  3.10E-06  0.07E-06
22.6 [4,4,5] 2.87E-06  0.05E-06  2.99E-06  0.07E-06
23.0 [3,5,5] 2.80E-06  0.05E-06  2.93E-06  0.07E-06
24.4 [4,5,5] 2.50E-06  0.05E-06  2.62E-06  0.07E-06
26.0 [5,5, 5] 2.27E-06  0.08E-06  2.28E-06  0.10E-06
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Table B.12: S-values (mGy-MBq*-s™?) for 177Lu within cubical voxels of 6 mm and respective uncertainties.

Distance Coordinates PenNuc Pean:|c DECDATA DECDATA
(mm) Uncertainty Uncertainty
0.0 [0,0, 0] 1.03E-01  0.00E-01  1.04E-01  0.00E-01
6.0 [0,0,1] 1.11E-03  0.00E-03  1.13E-03  0.00E-03
8.5 [0,1,1] 3.97E-05 0.01E-05 4.12E-05  0.02E-05
10.4 [1,1,1] 1.41E-05 0.01E-05 1.47E-05  0.01E-05
12.0 [0,0, 2] 9.95E-06  0.07E-06 ~ 1.04E-05  0.01E-05
13.4 [0,1,2] 8.05E-06  0.03E-06  8.33E-06  0.04E-06
14.7 [1,1,2] 6.75E-06  0.03E-06  6.96E-06  0.04E-06
17.0 [0, 2,2] 5.07E-06  0.04E-06  5.26E-06  0.05E-06
18.0 [1,2,2];[0,0,3] 4.52E-06 0.02E-06 4.67E-06  0.03E-06
19.0 [0,1,3] 4.07E-06  0.02E-06  4.23E-06  0.03E-06
19.9 [1,1,3] 3.73E-06  0.02E-06  3.85E-06  0.03E-06
20.8 [2,2,2] 3.42E-06 0.04E-06  3.54E-06  0.05E-06
21.6 [0, 2,3] 3.16E-06  0.02E-06  3.31E-06  0.03E-06
22.4 [1,2,3] 2.96E-06  0.01E-06  3.07E-06  0.02E-06
24.0 [0, 0, 4] 2.61E-06  0.04E-06  2.72E-06  0.05E-06

247  [2,2,3];[0,1,4] 2.46E-06 0.01E-06  2.56E-06  0.02E-06
25,5 [1,1,4];[0,3,3] 2.32E-06 0.01E-06  2.41E-06  0.02E-06

26.2 [1,3,3] 2.21E-06  0.02E-06  2.29E-06  0.02E-06
26.8 [0, 2, 4] 2.11E-06  0.02E-06  2.21E-06  0.02E-06
27.5 [1,2,4] 2.01E-06  0.01E-06  2.08E-06  0.01E-06
28.1 [2,3,3] 1.94E-06  0.02E-06  2.00E-06  0.02E-06
29.4 [2,2,4] 1.77E-06  0.01E-06  1.84E-06  0.02E-06

30.0 [0,3,4];[0,0,5 1.70E-06 0.01E-06 1.77E-06  0.02E-06
30.6 [0,1,5];[1,3,4] 1.64E-06 0.01E-06 1.70E-06  0.01E-06
31.2  [1,1,5];(3,3,3] 1.58E-06 0.01E-06 1.64E-06  0.02E-06
323 [2,3,4];[0,2,5] 1.47E-06 0.01E-06 1.53E-06  0.01E-06
32.9 [1,2,5] 1.44E-06  0.01E-06  1.49E-06  0.01E-06
33.9 [0, 4, 4] 1.33E-06  0.02E-06  1.41E-06  0.02E-06
345 [1,4,4];[2,2,5] 1.31E-06 0.01E-06 1.36E-06  0.01E-06
35.0 [0,3,5];[3,3,4] 1.27E-06 0.01E-06 1.32E-06  0.01E-06

35.5 [1,3,5] 1.24E-06  0.01E-06  1.29E-06  0.01E-06
36.0 (2,4, 4] 1.21E-06  0.01E-06  1.24E-06  0.02E-06
37.0 [2,3, 5] 1.14E-06  0.01E-06  1.19E-06  0.01E-06
38.4 [3,4,4];[0,4,5 1.07E-06 0.01E-06 1.11E-06  0.01E-06
38.9 (1, 4,5] 1.04E-06  0.01E-06  1.08E-06  0.01E-06
39.3 (3,3, 5] 1.02E-06  0.01E-06  1.06E-06  0.01E-06
40.2 [2, 4, 5] 9.84E-07 0.08E-07 1.01E-06  0.01E-06
41.6 [4, 4, 4] 9.19E-07 0.18E-07  9.39E-07  0.24E-07
42.4 [0,5,5];[3,4,5] 8.84E-07 0.06E-07 9.12E-07  0.09E-07
42.8 (1,5,5] 8.66E-07 0.10E-07  8.98E-07  0.13E-07
44.1 [2,5,5] 8.156-07 0.10E-07  8.70E-07  0.13E-07
45.3 [4, 4, 5] 7.72E-07 0.09E-07  8.08E-07  0.13E-07
46.1 (3,5,5] 7.55E-07 0.09E-07  7.79E-07  0.12E-07
48.7 [4,5, 5] 6.78E-07  0.09E-07  7.17E-07  0.12E-07
52.0 5,5, 5] 5.96E-07 0.14E-07  6.27E-07  0.19E-07

90



Table B.13: S-values (mGy-MBq™-s?) for 153Sm within cubical voxels of 3 mm and respective uncertainties.

Distance Coordinates PenNuc Peanfc DECDATA DECDATA
(mm) Uncertainty Uncertainty
0.0 [0,0, 0] 1.29E+00 0.00E+00 1.31E+00 0.00E+00
3.0 [0,0,1] 4.44E-02  0.00E-02  4.47E-02  0.00E-02
4.2 [0,1,1] 3.12E-03  0.01E-03  3.16E-03  0.01E-03
5.2 [1,1,1] 3.70E-04 0.02E-04 3.82E-04 0.04E-04
6.0 [0,0, 2] 9.89E-05  0.05E-05  1.04E-04 0.02E-04
6.7 [0,1,2] 7.96E-05  0.02E-05  8.33E-05  0.07E-05
7.3 [1,1,2] 6.69E-05  0.02E-05  7.02E-05  0.07E-05
8.5 [0, 2, 2] 5.03E-05 0.03E-05  5.34E-05  0.08E-05
9.0 [1,2,2];[0,0,3] 4.52E-05 0.02E-05 4.68E-05  0.05E-05
9.5 [0,1,3] 4.09E-05 0.02E-05  4.28E-05  0.05E-05
9.9 [1,1,3] 3.71E-05  0.02E-05  3.91E-05  0.05E-05
10.4 [2,2,2] 3.44E-05 0.03E-05 3.62E-05  0.08E-05
10.8 [0, 2,3] 3.18E-05 0.01E-05  3.38E-05  0.05E-05
11.2 [1,2,3] 2.99E-05 0.01E-05  3.11E-05  0.03E-05
12.0 [0, 0, 4] 2.60E-05 0.03E-05  2.80E-05  0.09E-05

124  [2,2,3];[0,1,4] 2.48E-05 0.01E-05 2.58E-05 0.03E-05
12.7 [1,1,4];[0,3,3] 2.34E-05 0.01E-05  2.48E-05  0.03E-05

13.1 [1,3,3] 2.24E-05 0.01E-05  2.33E-05  0.04E-05
13.4 [0, 2,4] 2.13E-05  0.01E-05  2.25E-05  0.04E-05
13.7 [1,2,4] 2.04E-05 0.01E-05  2.14E-05 0.03E-05
14.1 [2,3,3] 1.95E-05 0.01E-05  2.02E-05  0.03E-05
14.7 [2,2,4] 1.79E-05  0.01E-05  1.86E-05  0.03E-05

15.0 [0,3,4];[0,0,5] 1.73E-05 0.01E-05  1.82E-05  0.03E-05
153 [0,1,5];[1,3,4] 1.67E-05 0.01E-05  1.74E-05  0.02E-05
15.6 [1,1,5];(3,3,3] 1.60E-05 0.01E-05 1.68E-05  0.03E-05
16.2 [2,3,4];[0,2,5] 1.51E-05 0.01E-05 1.60E-05  0.02E-05
16.4 [1,2,5] 1.46E-05 0.01E-05  1.55E-05  0.02E-05
17.0 [0, 4, 4] 1.36E-05  0.01E-05  1.47E-05  0.04E-05
17.2  [1,4,4];(2,2,5] 1.33E-05 0.01E-05 1.41E-05 0.02E-05
17.5 [0,3,5];[3,3,4] 1.30E-05 0.01E-05 1.36E-05  0.02E-05

17.7 [1,3,5] 1.27E-05  0.01E-05  1.33E-05  0.02E-05
18.0 [2, 4, 4] 1.23E-05  0.01E-05  1.28E-05  0.03E-05
18.5 [2,3,5] 1.17E-05  0.01E-05  1.23E-05  0.02E-05
19.2  [3,4,4];[0,4,5] 1.09E-05 0.01E-05 1.13E-05  0.02E-05
19.4 [1, 4, 5] 1.07E-05  0.01E-05  1.13E-05  0.02E-05
19.7 (3,3, 5] 1.04E-05  0.01E-05  1.08E-05  0.03E-05
20.1 (2, 4,5] 10.00E-06  0.06E-06  1.05E-05  0.02E-05
20.8 [4, 4, 4] 9.51E-06  0.14E-06  1.02E-05  0.04E-05
21.2  [0,5,5];[3,4,5] 9.10E-06 0.05E-06 9.59E-06  0.15E-06
21.4 [1,5,5] 8.86E-06  0.08E-06  9.31E-06  0.24E-06
22.0 [2,5,5] 8.46E-06  0.07E-06  8.93E-06  0.23E-06
22.6 [4, 4, 5] 7.97E-06  0.07E-06  8.53E-06  0.23E-06
23.0 (3,5, 5] 7.78E-06  0.07E-06  8.08E-06  0.22E-06
24.4 [4,5,5] 6.98E-06  0.07E-06  7.44E-06  0.21E-06
26.0 (5,5, 5] 6.13E-06  0.11E-06 6.57E-06  0.34E-06
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Table B.14: S-values (mGy-MBq™-s?) for 153Sm within cubical voxels of 6 mm and respective uncertainties.

Distance Coordinates PenNuc PenNL,IC DECDATA DECDA:I-A
(mm) Uncertainty Uncertainty
0.0 [0, 0, 0] 1.79E-01  0.00E-01  1.82E-01  0.00E-01
6.0 [0,0,1] 3.24E-03  0.00E-03  3.26E-03  0.00E-03
8.5 [0,1,1] 1.53E-04 0.00E-04 1.57E-04 0.01E-04
10.4 [1,1,1] 4.00E-05 0.01E-05 4.16E-05  0.04E-05
12.0 [0,0, 2] 2.68E-05 0.01E-05  2.83E-05  0.03E-05
13.4 [0,1,2] 2.17E-05  0.00E-05  2.28E-05  0.01E-05
14.7 [1,1,2] 1.83E-05 0.00E-05  1.92E-05  0.01E-05
17.0 [0, 2, 2] 1.39E-05 0.00E-05  1.46E-05  0.02E-05
18.0 [1,2,2];[0,0,3] 1.24E-05 0.00E-05  1.30E-05  0.01E-05
19.0 [0,1,3] 1.13E-05 0.00E-05  1.18E-05  0.01E-05
19.9 [1,1,3] 1.03E-05 0.00E-05  1.08E-05  0.01E-05
20.8 [2,2,2] 9.51E-06  0.05E-06  1.01E-05  0.02E-05
21.6 [0, 2,3] 8.82E-06  0.03E-06  9.26E-06  0.08E-06
22.4 [1,2,3] 8.21E-06  0.02E-06  8.63E-06  0.06E-06
24.0 [0, 0, 4] 7.25E-06  0.05E-06  7.68E-06  0.15E-06

247  [2,2,3];[0,1,4] 6.84E-06 0.02E-06  7.20E-06  0.05E-06
25,5 [1,1,4];[0,3,3] 6.49E-06 0.02E-06 6.84E-06  0.06E-06

26.2 [1,3,3] 6.15E-06  0.02E-06  6.49E-06  0.07E-06
26.8 [0, 2, 4] 5.86E-06  0.02E-06  6.11E-06  0.07E-06
27.5 [1,2,4] 5.59E-06  0.02E-06  5.89E-06  0.05E-06
28.1 [2,3,3] 5.36E-06  0.02E-06  5.61E-06  0.06E-06
29.4 [2,2,4] 4.92E-06 0.02E-06  5.13E-06  0.06E-06

30.0 [0,3,4];[0,0,5] 4.73E-06  0.02E-06  4.98E-06  0.06E-06
30.6 [0,1,5];[1,3,4] 4.56E-06 0.01E-06 4.79E-06  0.03E-06
31.2 [1,1,5];[3,3,3] 4.40E-06 0.02E-06 4.64E-06  0.05E-06
323 [2,3,4];[0,2,5] 4.11E-06 0.01E-06  4.30E-06  0.03E-06
329 [1,2,5] 3.97E-06  0.01E-06  4.18E-06  0.04E-06
33.9 [0, 4, 4] 3.71E-06  0.02E-06  3.90E-06  0.08E-06
345 [1,4,4];(2,2,5] 3.62E-06 0.01E-06  3.80E-06  0.04E-06
35.0 [0,3,5];[3,3,4] 3.52E-06 0.01E-06 3.68E-06  0.04E-06

35.5 [1,3,5] 3.43E-06  0.01E-06  3.58E-06  0.04E-06
36.0 [2,4,4] 3.33E-06  0.02E-06  3.49E-06  0.05E-06
37.0 [2,3,5] 3.16E-06  0.01E-06  3.32E-06  0.04E-06
38.4 [3,4,4];[0,4,5] 2.93E-06 0.01E-06  3.05E-06  0.03E-06
38.9 [1,4,5] 2.85E-06  0.01E-06  2.97E-06  0.03E-06
39.3 [3,3,5] 2.80E-06  0.02E-06  2.93E-06  0.05E-06
40.2 [2,4,5] 2.67E-06  0.01E-06  2.80E-06  0.03E-06
41.6 [4,4,4] 2.48E-06  0.02E-06  2.62E-06  0.08E-06
42.4 [0,5,5];[3,4,5] 2.40E-06 0.01E-06  2.50E-06  0.03E-06
42.8 [1,5,5] 2.36E-06  0.01E-06  2.45E-06  0.04E-06
44.1 [2,5,5] 2.22E-06  0.01E-06  2.33E-06  0.04E-06
45.3 [4,4,5] 2.10E-06  0.01E-06  2.19E-06  0.04E-06
46.1 [3,5,5] 2.03E-06  0.01E-06  2.10E-06  0.04E-06
48.7 [4,5, 5] 1.82E-06  0.01E-06  1.91E-06  0.04E-06
52.0 [5,5, 5] 1.60E-06 0.02E-06  1.63E-06  0.06E-06
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Table B.15: S-values (mGy-MBq™*-s?) for 1321, 177Lu, 32P, 153Sm,

89Gr, ¥mT¢ and °°Y within cubical voxels of 2.26 mm and respective uncertainties.

Dl(sr:::;e Coordinates 1-131  |Uncertainty| Lu-177 |Uncertainty P-32 Uncertainty| Sm-153 |Uncertainty| Sr-89 |Uncertainty| Tc-99m |Uncertainty Y-90 Uncertainty
0.0 [0,0,0] 2.08E+00 0.00E+00 1.75E+00 0.00E+00 3.01E+00 0.00E+00 2.87E+00 0.00E+00 2.91E+00 0.00E+00 2.19E-01 0.00E-01  2.85E+00  0.00E+00
2.3 [0,0,1] 9.24E-02  0.01E-02 4.82E-02 0.00E-02  5.15E-01 0.00E-01 1.26E-01  0.00E-01  4.46E-01 0.00E-01  3.30E-03 0.02E-03 5.43E-01 0.00E-01
3.2 [0,1,1] 1.01E-02 0.00E-02  2.52E-03  0.01E-03 1.70E-01 0.00E-01  1.19E-02 0.00E-02  1.35E-01 0.00E-01  6.20E-04 0.05E-04  2.17E-01  0.00E-01
3.9 [1,1,1] 4.24E-03  0.04E-03  2.43E-04 0.03E-04 7.30E-02 0.01E-02 1.56E-03 0.01E-03  5.26E-02 0.01E-02  3.81E-04 0.04E-04 1.16E-01  0.00E-01
4.5 [0,0, 2] 1.78E-03  0.01E-03  6.99E-05 0.11E-05 3.26E-02 0.00E-02  1.85E-04 0.04E-04 2.06E-02 0.00E-02 2.72E-04 0.03E-04 6.86E-02 0.01E-02
5.1 [0,1,2] 1.76E-03  0.01E-03  5.69E-05 0.05E-05 1.69E-02  0.00E-02  1.44E-04 0.02E-04 9.52E-03 0.01E-03  2.18E-04 0.02E-04 4.52E-02  0.00E-02
5.5 [1,1,2] 1.77E-03  0.01E-03  4.67E-05 0.05E-05 8.91E-03  0.01E-03  1.20E-04 0.01E-04 4.41E-03 0.01E-03 1.80E-04 0.01E-04 3.08E-02  0.00E-02
6.4 [0, 2,2] 1.13E-03  0.01E-03  3.51E-05 0.06E-05 2.44E-03 0.01E-03 9.16E-05 0.17E-05 8.72E-04 0.05E-04 1.33E-04 0.02E-04  1.49E-02 0.00E-02
6.8 [1,2,2];[0,0,3] 1.13E-03 0.01E-03 3.13E-05 0.03E-05 1.27E-03  0.00E-03  8.03E-05 0.10E-05 3.75E-04  0.02E-04 1.18E-04 0.01E-04 1.05E-02  0.00E-02
7.1 [0,1,3] 8.26E-04 0.16E-04  2.79E-05 0.04E-05 6.17E-04 0.03E-04  7.25E-05 0.10E-05 1.36E-04 0.01E-04 1.06E-04 0.01E-04 7.43E-03  0.01E-03
7.5 [1,1,3] 8.20E-04 0.08E-04  2.54E-05 0.03E-05 3.20E-04 0.02E-04 6.66E-05 0.10E-05 5.81E-05 0.08E-05 9.75E-05 0.10E-05 5.30E-03  0.01E-03
7.8 [2,2,2] 8.07E-04 0.16E-04  2.33E-05 0.06E-05 1.76E-04 0.03E-04 5.99E-05 0.16E-05 3.16E-05 0.11E-05 8.82E-05 0.17E-05 3.77E-03  0.01E-03
8.1 [0,2,3] 6.52E-04 0.07E-04  2.16E-05 0.03E-05 8.05E-05 0.11E-05 5.69E-05 0.09E-05 1.05E-05 0.03E-05 8.12E-05 0.09E-05 2.66E-03  0.01E-03
8.5 [1,2,3] 6.47E-04  0.07E-04  2.00E-05 0.02E-05 4.00E-05 0.05E-05 5.27E-05 0.06E-05 5.27E-06 0.14E-06  7.56E-05  0.06E-05 1.88E-03  0.00E-03
9.0 [0,0, 4] 6.53E-04  0.05E-04 1.74E-05 0.06E-05 7.63E-06 0.53E-06 4.55E-05 0.16E-05 1.92E-06 0.13E-06 6.46E-05 0.16E-05 9.00E-04  0.08E-04
9.3 [2,2,3];[0,1,4] 6.50E-04 0.07E-04 1.65E-05 0.02E-05 5.27E-06 0.15E-06  4.36E-05 0.06E-05 1.81E-06 0.05E-06 6.21E-05 0.06E-05 6.32E-04  0.02E-04
9.6 [1,1,4);[0,3,3] 6.55E-04 0.07E-04 1.57E-05 0.02E-05 3.17E-06 0.11E-06  4.21E-05 0.07E-05 1.66E-06 0.05E-06  5.84E-05 0.06E-05 4.32E-04  0.02E-04
9.9 [1,3,3] 5.36E-04 0.06E-04 1.47E-05 0.03E-05 2.52E-06 0.11E-06 4.01E-05 0.08E-05 1.52E-06 0.06E-06  5.50E-05 0.08E-05 2.97E-04  0.02E-04
10.1 [0,2,4] 5.39E-04 0.05E-04 1.41E-05 0.02E-05 1.96E-06 0.08E-06  3.83E-05 0.08E-05 1.37E-06 0.05E-06 ~ 5.25E-05 0.07E-05 1.99E-04  0.02E-04
10.4 [1,2,4] 5.39E-04 0.05E-04  1.33E-05 0.02E-05 1.72E-06  0.05E-06  3.61E-05 0.05E-05 1.32E-06 0.04E-06 4.96E-05 0.05E-05 1.35E-04 0.01E-04
10.6 [2,3,3] 5.41E-04 0.06E-04 1.25E-05 0.02E-05 1.61E-06 0.06E-06  3.44E-05 0.07E-05 1.20E-06 0.05E-06  4.80E-05 0.07E-05 9.03E-05  0.12E-05
11.1 [2,2,4] 4.04E-04 0.06E-04 1.17E-05 0.02E-05 1.42E-06 0.06E-06 3.11E-05 0.07E-05 1.14E-06 0.05E-06 4.37E-05 0.07E-05  3.88E-05  0.08E-05
11.3 [0,3,4];[0,0,5] 3.99E-04 0.06E-04 1.14E-05 0.02E-05 1.38E-06 0.05E-06 3.11E-05 0.06E-05 1.05E-06 0.04E-06 4.20E-05 0.06E-05 2.49E-05 0.05E-05
11.5 [0,1,5];[1,3,4] 4.04E-04 0.06E-04 1.09E-05 0.01E-05 1.29E-06 0.03E-06 2.95E-05 0.04E-05 1.02E-06 0.03E-06  4.03E-05 0.04E-05 1.62E-05  0.03E-05
11.7  [1,1,5];[3,3,3] 3.48E-04 0.10E-04 1.05E-05 0.02E-05 1.24E-06  0.05E-06  2.85E-05 0.06E-05 9.82E-07 0.39E-07 3.87E-05 0.05E-05 1.03E-05  0.03E-05
12.2 [2,3,4);[0,2,5] 3.57E-04 0.04E-04 9.73E-06 0.12E-06 1.13E-06 0.03E-06  2.69E-05 0.04E-05 9.05E-07 0.25E-07 3.65E-05 0.04E-05 5.04E-06 0.13E-06
12.4 [1,2,5] 3.55E-04 0.05E-04 9.43E-06 0.14E-06 1.05E-06 0.04E-06  2.57E-05 0.04E-05 8.61E-07 0.30E-07 3.51E-05 0.04E-05 3.45E-06  0.12E-06
12.8 [0, 4,4] 3.59E-04 0.05E-04 8.94E-06 0.28E-06 9.72E-07 0.62E-07  2.47E-05 0.09E-05 7.84E-07 0.64E-07 3.32E-05 0.08E-05 2.48E-06  0.18E-06
13.0 [1,4,4);[2,2,5] 3.62E-04 0.05E-04 8.53E-06 0.13E-06 9.70E-07 0.34E-07 2.36E-05 0.04E-05 7.67E-07 0.29E-07 3.16E-05  0.04E-05 1.90E-06  0.07E-06
13.2  [0,3,5];[3,3,4] 3.58E-04 0.04E-04 8.40E-06 0.13E-06 9.17E-07 0.33E-07 2.28E-05 0.04E-05 7.23E-07 0.27E-07 3.07E-05 0.04E-05 1.73E-06  0.06E-06
13.4 [1,3,5] 3.59E-04 0.11E-04 8.13E-06 0.13E-06  8.77E-07 0.31E-07  2.25E-05 0.04E-05 6.99E-07 0.26E-07 2.99E-05  0.04E-05 1.61E-06  0.05E-06
13.6 [2,4,4] 3.23E-04 0.05E-04 7.91E-06 0.18E-06 8.99E-07 0.47E-07 2.17E-05 0.06E-05 7.03E-07 0.40E-07 2.89E-05 0.06E-05 1.52E-06  0.08E-06
13.9 [2,3,5] 3.21E-04 0.05E-04 7.41E-06 0.12E-06  8.09E-07 0.32E-07 2.07E-05 0.04E-05 6.65E-07 0.28E-07  2.73E-05 0.04E-05 1.37E-06  0.05E-06
145 [3,4,4];[0,4,5] 3.19E-04 0.04E-04 7.05E-06 0.12E-06 7.64E-07 0.32E-07 1.92E-05 0.04E-05 5.76E-07 0.24E-07  2.54E-05 0.04E-05 1.30E-06  0.05E-06
14.6 [1,4,5] 3.21E-04 0.05E-04 6.88E-06 0.12E-06  7.14E-07 0.30E-07 1.88E-05 0.04E-05 5.59E-07 0.24E-07 2.47E-05  0.04E-05 1.24E-06  0.04E-06
14.8 [3,3,5] 3.23E-04 0.05E-04 6.63E-06 0.17E-06  6.66E-07 0.40E-07 1.86E-05 0.05E-05 5.65E-07 0.35E-07 2.41E-05 0.05E-05 1.17E-06  0.06E-06
15.2 [2,4,5] 2.94E-04 0.05E-04 6.37E-06 0.11E-06  6.74E-07 0.30E-07 1.76E-05 0.04E-05 5.50E-07 0.27E-07 2.31E-05 0.03E-05 1.14E-06  0.05E-06
15.7 [4,4,4] 2.93E-04 0.03E-04 6.09E-06 0.28E-06 6.73E-07 0.77E-07 1.57E-05 0.08E-05 4.85E-07 0.50E-07 2.19E-05  0.08E-05 1.06E-06  0.12E-06
16.0 [0,5,5];[3,4,5] 2.92E-04 0.03E-04 5.82E-06 0.10E-06 5.65E-07 0.24E-07 1.62E-05 0.03E-05 4.46E-07 0.19E-07 2.09E-05 0.03E-05 9.50E-07  0.35E-07
16.1 [1,5,5] 2.91E-04 0.05E-04 5.84E-06 0.16E-06  5.53E-07 0.36E-07 1.56E-05 0.05E-05 4.77E-07 0.42E-07 2.06E-05 0.05E-05 9.49E-07  0.55E-07
16.6 [2,5,5] 2.64E-04 0.04E-04 5.50E-06 0.15E-06  5.15E-07 0.36E-07 1.46E-05 0.05E-05 3.98E-07 0.27E-07 1.90E-05 0.04E-05 8.78E-07 0.50E-07
17.1 [4,4,5] 2.65E-04 0.05E-04 5.09E-06 0.14E-06  5.04E-07 0.39E-07 1.46E-05 0.05E-05 3.70E-07 0.25E-07 1.83E-05 0.04E-05 8.27E-07  0.50E-07
17.4 [3,5,5] 2.49E-04 0.04E-04 4.96E-06 0.14E-06  4.65E-07 0.31E-07 1.37E-05 0.04E-05 3.80E-07 0.28E-07 1.80E-05 0.04E-05 7.86E-07  0.49E-07
18.4 [4,5,5] 2.43E-04 0.04E-04 4.38E-06 0.13E-06 4.47E-07 0.33E-07 1.24E-05 0.04E-05 3.33E-07 0.26E-07 1.59E-05 0.04E-05 7.11E-07 0.48E-07
19.6 [5,5,5] 2.46E-04 0.03E-04 3.99E-06 0.22E-06  3.72E-07 0.52E-07 1.08E-05 0.07E-05 3.15E-07 0.45E-07 1.39E-05 0.07E-05 6.02E-07  0.74E-07
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Table B.16: S-values (mGy-MBq*-s?) for 132, 177Lu, 32P, 153Sm, 89Sy, 99MT¢ and °Y within cubical voxels of 4.52 mm and respective uncertainties.

DI(S:::;:e Coordinates 1-131  |Uncertainty| Lu-177 |[Uncertainty| P-32 Uncertainty| Sm-153 [Uncertainty| Sr-89 |Uncertainty| Tc-99m |Uncertainty Y-90 Uncertainty
0.0 [0,0,0] 3.236-01 0.00E-01  2.53E-01 0.00E-01 7.12E-01 0.00E-01 4.11E-01 0.00E-01 5.89E-01 0.00E-01 2.89E-02 0.01E-02  6.56E-01  0.00E-01
4.5 [0,0,1] 3.48E-03 0.01E-03 9.45E-04 0.02E-04 6.04E-02 0.00E-02 9.57E-03 0.01E-03 5.36E-02 0.00E-02  4.45E-04 0.03E-04 9.40E-02  0.00E-02
6.4 [0,1,1] 4.87E-04 0.02E-04 4.80E-05 0.03E-05 9.57E-03 0.01E-03 4.99E-04 0.02E-04 7.77E-03  0.01E-03  1.48E-04 0.01E-04 2.45E-02  0.00E-02
7.8 [1,1,1] 2.82E-04 0.01E-04 2.48E-05 0.02E-05 1.78E-03 0.00E-03  8.48E-05 0.09E-05 1.32E-03  0.00E-03 9.41E-05 0.06E-05 7.90E-03  0.01E-03
9.0 [0,0,2] 2.05E-04 0.01E-04 1.80E-05 0.02E-05 1.30E-04 0.01E-04 4.75E-05 0.06E-05 4.13E-05 0.05E-05 6.74E-05 0.06E-05  2.24E-03  0.01E-03
10.1 [0,1,2] 1.64E-04 0.01E-04 1.44E-05 0.01E-05 2.60E-05 0.02E-05 3.86E-05 0.03E-05 8.11E-06 0.11E-06 5.42E-05 0.03E-05 8.17E-04  0.02E-04
11.1 [1,1,2] 1.35E-04 0.00E-04 1.19E-05 0.01E-05 5.86E-06 0.09E-06  3.23E-05 0.02E-05 2.24E-06  0.05E-06 4.47E-05 0.02E-05 2.92E-04 0.01E-04
12.8 [0,2,2] 1.01E-04 0.01E-04 9.01E-06 0.10E-06 1.07E-06  0.03E-06  2.49E-05 0.03E-05 8.00E-07 0.21E-07 3.34E-05 0.03E-05 2.92E-05  0.04E-05
13.6  [1,2,2];[0,0,3] 897E-05 0.03E-05 8.03E-06 0.06E-06 8.96E-07 0.15E-07 2.21E-05 0.02E-05 7.00E-07 0.13E-07 2.95E-05 0.02E-05 9.23E-06  0.12E-06
14.3 [0,1,3] 8.05E-05 0.04E-05 7.25E-06 0.06E-06 7.67E-07 0.16E-07 2.01E-05 0.02E-05 6.22E-07 0.13E-07 2.66E-05 0.02E-05 2.30E-06  0.05E-06
15.0 [1,1,3] 7.30E-05 0.03E-05 6.57E-06 0.06E-06  6.77E-07 0.15E-07 1.82E-05 0.02E-05 5.56E-07 0.13E-07 2.40E-05 0.02E-05 1.41E-06 0.03E-06
15.7 [2,2,2] 6.69E-05 0.06E-05 6.03E-06 0.10E-06  6.22E-07 0.26E-07 1.67E-05 0.03E-05 4.86E-07 0.19E-07 2.19E-05 0.03E-05 1.24E-06  0.05E-06
16.3 [0,2,3] 6.19E-05 0.03E-05 5.63E-06  0.05E-06  5.57E-07 0.13E-07 1.56E-05 0.02E-05 4.53E-07 0.12E-07 2.04E-05 0.02E-05 9.76E-07  0.22E-07
16.9 [1,2,3] 5.72E-05 0.02E-05 5.25E-06  0.04E-06  5.06E-07 0.09E-07 1.46E-05 0.01E-05 4.20E-07 0.08E-07 1.89E-05 0.01E-05 8.81E-07  0.14E-07
18.1 [0,0,4] 5.01E-05 0.06E-05 4.53E-06 0.10E-06  4.44E-07 0.26E-07 1.29E-05 0.03E-05 3.43E-07 0.19E-07 1.67E-05 0.03E-05 7.46E-07  0.38E-07
18.6 [2,2,3];[0,1,4] 4.71E-05 0.02E-05 4.34E-06 0.03E-06 4.07E-07 0.08E-07 1.22E-05 0.01E-05 3.26E-07 0.07E-07 1.55E-05 0.01E-05 6.99E-07  0.13E-07
19.2 [1,1,4];[0,3,3] 4.45E-05 0.02E-05 4.12E-06 0.04E-06  3.87E-07 0.10E-07 1.15E-05 0.01E-05 3.02E-07 0.08E-07 1.45E-05 0.01E-05 6.63E-07  0.14E-07
19.7 [1,3,3] 4.19E-05 0.03E-05 3.91E-06 0.04E-06 3.59E-07 0.11E-07 1.11E-05 0.01E-05 2.76E-07 0.09E-07 1.40E-05 0.01E-05 6.27E-07  0.18E-07
20.2 [0,2,4] 4.01E-05 0.03E-05 3.71E-06 0.04E-06  3.34E-07 0.11E-07 1.04E-05 0.01E-05 2.72E-07 0.09E-07 1.34E-05 0.01E-05 5.70E-07 0.17E-07
20.7 [1,2,4] 3.81E-05 0.02E-05 3.55E-06 0.03E-06  3.20E-07 0.07E-07 1.00E-05 0.01E-05 2.56E-07 0.06E-07 1.26E-05 0.01E-05 5.56E-07  0.12E-07
21.2 [2,3,3] 3.65E-05 0.02E-05 3.40E-06 0.04E-06 3.09E-07 0.10E-07 9.57E-06 0.13E-06 2.41E-07 0.08E-07 1.19E-05 0.01E-05 5.06E-07  0.15E-07
22.1 [2,2,4] 3.36E-05 0.02E-05 3.12E-06  0.04E-06  2.70E-07 0.10E-07 8.81E-06 0.13E-06 2.20E-07 0.08E-07 1.12E-05 0.01E-05 4.70E-07  0.15E-07
226 [0,3,4];[0,0,5] 3.20E-05 0.02E-05 3.01E-06 0.04E-06 2.57E-07 0.09E-07 8.60E-06 0.11E-06 2.06E-07 0.07E-07 1.06E-05 0.01E-05 4.42E-07  0.13E-07
23.0 [0,1,5];[1,3,4] 3.09E-05 0.01E-05 2.89E-06 0.02E-06  2.48E-07 0.05E-07 8.20E-06 0.07E-06  1.99E-07 0.05E-07 1.02E-05 0.01E-05 4.23E-07  0.08E-07
23.5 [1,1,5];[3,3,3] 2.97E-05 0.02E-05 2.78E-06 0.03E-06 2.31E-07 0.08E-07 7.95E-06 0.10E-06 1.91E-07 0.07E-07 9.83E-06 0.10E-06  4.16E-07  0.13E-07
243  [2,3,4];[0,2,5] 2.75E-05 0.01E-05 2.62E-06 0.02E-06  2.19E-07 0.05E-07 7.37E-06 0.07E-06  1.77E-07  0.04E-07 9.14E-06 0.06E-06  3.84E-07  0.08E-07
24.8 [1,2,5] 2.66E-05 0.01E-05 2.53E-06 0.03E-06  2.07E-07 0.06E-07 7.15E-06 0.08E-06 1.64E-07 0.05E-07 8.88E-06 0.08E-06  3.68E-07  0.10E-07
25.6 [0, 4, 4] 2.50E-05 0.03E-05 2.41E-06 0.05E-06 1.86E-07 0.11E-07 6.81E-06 0.16E-06 1.58E-07 0.10E-07 8.41E-06 0.15E-06  3.44E-07  0.18E-07
26.0 [1,4,4];(2,2,5] 2.41E-05 0.01E-05 2.32E-06 0.02E-06 1.87E-07 0.06E-07 6.55E-06 0.08E-06  1.51E-07 0.05E-07 8.09E-06 0.07E-06  3.26E-07  0.09E-07
264 [0,3,5];[3,3,4] 2.36E-05 0.01E-05 2.26E-06 0.02E-06 1.80E-07 0.06E-07 6.35E-06 0.08E-06 1.47E-07 0.05E-07 7.88E-06 0.07E-06  3.14E-07  0.09E-07
26.7 [1,3,5] 2.27E-05 0.01E-05 2.17E-06  0.02E-06  1.77E-07 0.06E-07 6.25E-06  0.07E-06  1.43E-07 0.05E-07 7.66E-06 0.07E-06  3.03E-07  0.08E-07
27.1 [2,4,4] 2.22E-05 0.02E-05 2.11E-06 0.03E-06  1.63E-07 0.07E-07 5.97E-06 0.10E-06 1.29E-07 0.06E-07 7.37E-06  0.10E-06  3.03E-07  0.13E-07
27.9 [2,3,5] 2.10E-05 0.01E-05 2.02E-06 0.02E-06  1.61E-07 0.05E-07 5.70E-06 0.07E-06 1.29E-07 0.04E-07 7.02E-06 0.07E-06  2.81E-07  0.08E-07
28.9 [3,4,4];[0,4,5] 1.95E-05 0.01E-05 1.88E-06 0.02E-06 1.52E-07 0.05E-07 5.26E-06 0.07E-06 ~ 1.19E-07 0.04E-07 6.55E-06 0.07E-06  2.51E-07  0.08E-07
29.3 [1,4,5] 1.90E-05 0.01E-05 1.86E-06 0.02E-06 1.38E-07 0.05E-07 5.21E-06 0.07E-06  1.15E-07 0.04E-07 6.40E-06 0.06E-06  2.45E-07  0.08E-07
29.6 [3,3,5] 1.86E-05 0.02E-05 1.81E-06 0.03E-06 1.44E-07 0.08E-07 5.05E-06 0.10E-06 1.11E-07 0.06E-07 6.40E-06 0.09E-06  2.40E-07 0.11E-07
30.3 [2,4,5] 1.78E-05 0.01E-05 1.74E-06 0.02E-06 1.37E-07 0.05E-07 4.90E-06 0.07E-06  1.03E-07 0.04E-07 5.93E-06 0.06E-06  2.27E-07  0.08E-07
31.3 [4,4,4] 1.63E-05 0.03E-05 1.60E-06 0.05E-06 1.15E-07 0.10E-07 4.59E-06 0.16E-06  9.44E-08 0.92E-08 5.73E-06  0.15E-06  2.06E-07  0.18E-07
320 [0,5,5];[3,4,5] 1.59E-05 0.01E-05 1.58E-06 0.02E-06 1.20E-07 0.04E-07 4.38E-06 0.06E-06 9.60E-08 0.36E-08 5.43E-06 0.05E-06 2.04E-07  0.07E-07
32.3 [1,5,5] 1.57E-05 0.02E-05 1.53E-06 0.03E-06  1.14E-07 0.06E-07 4.36E-06 0.09E-06  9.54E-08  0.55E-08 5.33E-06  0.08E-06  1.92E-07  0.09E-07
33.2 [2,5,5] 1.48E-05 0.02E-05 1.44E-06 0.03E-06 1.08E-07 0.07E-07 4.03E-06 0.08E-06 8.76E-08 0.57E-08 5.02E-06  0.08E-06  1.94E-07  0.10E-07
34.1 [4,4,5] 1.39E-05 0.01E-05 1.38E-06 0.03E-06 1.00E-07 0.06E-07 3.88E-06 0.08E-06 7.99E-08 0.48E-08 4.78E-06 0.08E-06 1.79E-07  0.10E-07
34.7 [3,5,5] 1.36E-05 0.01E-05 1.32E-06 0.02E-06  1.01E-07 0.07E-07 3.73E-06 0.08E-06  7.48E-08 0.46E-08 4.59E-06 0.08E-06  1.62E-07  0.09E-07
36.7 [4,5,5] 1.20E-05 0.01E-05 1.21E-06 0.02E-06 8.81E-08  0.60E-08 3.33E-06 0.07E-06  7.09E-08  0.47E-08 4.15E-06 0.07E-06  1.57E-07  0.09E-07
39.1 [5,5,5] 1.06E-05 0.02E-05 1.09E-06 0.04E-06 8.28E-08 1.07E-08 2.93E-06 0.13E-06 6.01E-08 0.69E-08 3.67E-06 0.12E-06  1.32E-07  0.14E-07

94




Table B.17: S-values (mGy-MBq™*-s?) for 1321, 177Lu, 32P, 153Sm,

89Gr, ¥mT¢ and °°Y within cubical voxels of 9.04 mm and respective uncertainties.

Dl(s:::;:e Coordinates 1-131  [Uncertainty| Lu-177 |Uncertainty P-32  |Uncertainty| Sm-153 [Uncertainty| Sr-89 |Uncertainty| Tc-99m |Uncertainty Y-90 Uncertainty
0.0 [0,0,0] 4.02E-02  0.00E-02  3.11E-02 0.00E-02  1.10E-01 0.00E-01 5.51E-02 0.00E-02 9.67E-02  0.00E-02  3.84E-03 0.01E-03  1.27E-01  0.00E-01
9.0 [0,0,1] 6.62E-04  0.01E-04 2.37E-04 0.00E-04 5.82E-03 0.00E-03 6.91E-04 0.01E-04 4.41E-03 0.00E-03  8.63E-05 0.03E-05 9.95E-03  0.00E-03
12.8 [0,1,1] 1.18E-04 0.00E-04 1.24E-05 0.01E-05 4.32E-04 0.01E-04 3.98E-05 0.02E-05 2.86E-04 0.00E-04 3.68E-05 0.01E-05 1.16E-03  0.00E-03
15.7 [1,1,1] 7.12E-05 0.02E-05 6.47E-06  0.04E-06  3.68E-05 0.02E-05 1.80E-05 0.01E-05 2.12E-05 0.01E-05 2.35E-05 0.01E-05 1.53E-04  0.00E-04
18.1 [0,0,2] 5.15E-05 0.02E-05 4.68E-06 0.04E-06 4.66E-07 0.09E-07 1.32E-05 0.01E-05 3.66E-07 0.07E-07 1.70E-05 0.01E-05 1.13E-06 0.02E-06
20.2 [0,1,2] 4.11E-05 0.01E-05 3.82E-06 0.02E-06  3.52E-07 0.04E-07 1.07E-05 0.00E-05 2.81E-07 0.03E-07 1.36E-05 0.00E-05 6.41E-07 0.07E-07
22.1 [1,1,2] 3.41E-05 0.01E-05 3.20E-06 0.01E-06 2.87E-07 0.04E-07 8.99E-06 0.05E-06  2.27E-07 0.03E-07 1.13E-05 0.00E-05 4.96E-07  0.06E-07
25.6 [0,2,2] 2.55E-05 0.01E-05 2.42E-06 0.02E-06 1.99E-07 0.04E-07 6.86E-06 0.06E-06 1.59E-07 0.03E-07 8.50E-06 0.05E-06 3.46E-07 0.07E-07
27.1  [1,2,2];[0,0,3] 2.25E-05 0.01E-05 2.16E-06 0.01E-06  1.75E-07 0.03E-07 6.10E-06 0.03E-06 1.37E-07 0.02E-07 7.53E-06  0.03E-06  3.03E-07  0.04E-07
28.6 [0,1,3] 2.02E-05 0.01E-05 1.95E-06 0.01E-06 1.55E-07 0.03E-07 5.48E-06 0.04E-06 1.23E-07 0.02E-07 6.79E-06 0.03E-06  2.67E-07  0.04E-07
30.0 [1,1,3] 1.83E-05 0.01E-05 1.78E-06 0.01E-06 1.37E-07 0.03E-07 4.99E-06 0.03E-06  1.11E-07 0.02E-07 6.19E-06 0.03E-06  2.42E-07  0.04E-07
31.3 [2,2,2] 1.69E-05 0.01E-05 1.65E-06 0.02E-06 1.23E-07 0.04E-07 4.58E-06 0.06E-06 9.43E-08 0.32E-08 5.75E-06 0.05E-06 2.17E-07  0.07E-07
32.6 [0,2,3] 1.55E-05 0.01E-05 1.53E-06 0.01E-06 1.15E-07 0.02E-07 4.27E-06 0.03E-06  9.01E-08 0.19E-08 5.27E-06 0.03E-06  2.01E-07  0.04E-07
33.8 [1,2,3] 1.44E-05 0.00E-05 1.41E-06 0.01E-06 1.05E-07 0.02E-07 3.97E-06 0.02E-06  8.47E-08  0.14E-08 4.92E-06 0.02E-06  1.85E-07  0.03E-07
36.2 [0,0,4] 1.26E-05 0.01E-05 1.25E-06 0.02E-06 8.97E-08 0.42E-08 3.50E-06 0.06E-06  7.22E-08 0.35E-08 4.30E-06 0.05E-06 1.56E-07  0.06E-07
373  [2,2,3];[0,1,4] 1.18E-05 0.00E-05 1.18E-06 0.01E-06 8.37E-08 0.14E-08 3.27E-06 0.02E-06  6.79E-08  0.12E-08 4.06E-06  0.02E-06 ~ 1.50E-07  0.02E-07
384 [1,1,4];[0,3,3] 1.11E-05 0.00E-05 1.12E-06 0.01E-06 7.90E-08 0.16E-08 3.09E-06 0.02E-06  6.32E-08 0.13E-08 3.88E-06 0.02E-06  1.39E-07  0.02E-07
39.4 [1,3,3] 1.05E-05 0.00E-05 1.06E-06 0.01E-06 7.50E-08 0.19E-08 2.93E-06 0.03E-06 5.92E-08 0.16E-08 3.69E-06 0.03E-06 1.34E-07  0.03E-07
40.4 [0,2,4] 9.95E-06  0.04E-06 10.00E-07 0.08E-07 7.11E-08 0.19E-08 2.79E-06 0.02E-06  5.51E-08 0.15E-08 3.50E-06  0.02E-06  1.25E-07  0.03E-07
41.4 [1,2,4] 9.52E-06  0.03E-06  9.63E-07 0.05E-07 6.66E-08 0.13E-08 2.66E-06 0.02E-06  5.32E-08 0.11E-08 3.34E-06 0.02E-06  1.17E-07  0.02E-07
42.4 [2,3,3] 9.08E-06 0.04E-06  9.21E-07 0.07E-07 6.23E-08 0.17E-08  2.51E-06 0.02E-06  4.89E-08  0.14E-08 3.20E-06 0.02E-06  1.11E-07 0.03E-07
443 [2,2,4] 8.28E-06  0.04E-06  8.56E-07 0.07E-07 5.66E-08 0.16E-08  2.32E-06  0.02E-06  4.44E-08 0.13E-08 2.92E-06  0.02E-06  9.98E-08  0.26E-08
45.2 [0,3,4];[0,0,5] 7.97E-06 0.03E-06 8.16E-07 0.06E-07 5.50E-08 0.15E-08 2.22E-06 0.02E-06  4.31E-08 0.12E-08 2.83E-06 0.02E-06 9.68E-08  0.23E-08
46.1 [0,1,5];[1,3,4] 7.68E-06 0.02E-06  7.86E-07 0.04E-07 5.22E-08 0.09E-08 2.14E-06 0.01E-06 4.14E-08 0.08E-08 2.74E-06 0.01E-06  9.28E-08  0.14E-08
47.0 [1,1,5];(3,3,3] 7.36E-06 0.03E-06  7.52E-07 0.06E-07 4.96E-08 0.13E-08 2.07E-06  0.02E-06  3.94E-08 0.11E-08 2.62E-06 0.02E-06 8.92E-08  0.21E-08
48.7 [2,3,4];[0,2,5] 6.84E-06 0.02E-06 7.11E-07 0.04E-07 4.66E-08 0.09E-08 1.91E-06 0.01E-06 3.66E-08 0.07E-08 2.46E-06 0.01E-06 8.30E-08  0.14E-08
49.5 [1,2,5] 6.62E-06  0.02E-06 ~ 6.80E-07  0.04E-07 4.43E-08 0.10E-08 1.83E-06 0.01E-06 3.42E-08 0.08E-08 2.38E-06 0.01E-06 7.97E-08  0.16E-08
51.1 [0, 4, 4] 6.17E-06  0.05E-06 ~ 6.44E-07 0.09E-07 4.23E-08 0.21E-08 1.70E-06 0.03E-06  3.28E-08  0.16E-08  2.25E-06  0.03E-06  7.54E-08  0.33E-08
519 [1,4,4];[2,2,5] 6.00E-06 0.02E-06  6.23E-07 0.04E-07 4.02E-08 0.10E-08 1.67E-06 0.01E-06 3.12E-08 0.08E-08 2.19E-06 0.01E-06  7.19E-08  0.16E-08
52.7 [0,3,5];[3,3,4] 5.84E-06 0.02E-06 6.11E-07 0.04E-07 3.93E-08 0.10E-08 1.61E-06 0.01E-06 3.10E-08 0.08E-08 2.12E-06 0.01E-06  7.13E-08  0.16E-08
53.5 [1,3,5] 5.65E-06  0.02E-06 ~ 5.91E-07 0.04E-07 3.78E-08 0.09E-08 1.55E-06 0.01E-06 2.97E-08 0.08E-08 2.07E-06  0.01E-06  6.76E-08  0.16E-08
54.2 [2,4,4] 5.49E-06 0.03E-06  5.76E-07 0.06E-07 3.64E-08 0.13E-08 1.51E-06 0.02E-06  2.88E-08 0.11E-08 2.01E-06 0.02E-06  6.45E-08  0.21E-08
55.7 [2,3,5] 5.20E-06  0.02E-06 ~ 5.45E-07 0.04E-07 3.36E-08 0.09E-08 1.43E-06 0.01E-06 2.77E-08 0.08E-08 1.91E-06 0.01E-06 6.15E-08  0.15E-08
57.9 [3,4,4];[0,4,5] 4.81E-06 0.02E-06  5.08E-07 0.04E-07 3.16E-08 0.09E-08 1.31E-06 0.01E-06 2.46E-08 0.07E-08 1.78E-06  0.01E-06  5.73E-08  0.14E-08
58.6 [1,4,5] 4.68E-06  0.02E-06 ~ 4.92E-07 0.04E-07 2.95E-08 0.08E-08 1.30E-06 0.01E-06  2.43E-08 0.07E-08 1.73E-06 0.01E-06  5.57E-08  0.14E-08
59.3 [3,3,5] 4.60E-06  0.03E-06 ~ 4.84E-07 0.05E-07 2.86E-08 0.11E-08 1.25E-06 0.02E-06  2.36E-08 0.10E-08 1.69E-06 0.02E-06  5.44E-08  0.19E-08
60.6 [2,4,5] 4.36E-06 0.02E-06  4.61E-07 0.04E-07 2.78E-08 0.08E-08 1.19E-06 0.01E-06  2.19E-08 0.07E-08 1.63E-06 0.01E-06  5.21E-08  0.14E-08
62.6 [4,4,4] 4.09E-06  0.05E-06  4.40E-07 0.09E-07 2.65E-08 0.18E-08 1.10E-06 0.03E-06 1.98E-08 0.15E-08 1.50E-06 0.03E-06 5.00E-08  0.34E-08
639 [0,5,5];[3,4,5] 3.92E-06 0.02E-06  4.15E-07 0.03E-07 2.46E-08 0.07E-08 1.06E-06 0.01E-06 1.98E-08 0.06E-08 1.47E-06 0.01E-06  4.60E-08  0.11E-08
64.6 [1,5,5] 3.83E-06  0.03E-06  4.06E-07 0.05E-07  2.44E-08 0.11E-08 1.03E-06 0.01E-06 1.99E-08 0.09E-08 1.44E-06 0.02E-06  4.46E-08  0.17E-08
66.4 [2,5,5] 3.61E-06  0.03E-06 ~ 3.83E-07 0.05E-07 2.36E-08 0.11E-08 9.63E-07 0.15E-07 1.75E-08 0.08E-08 1.36E-06 0.01E-06 4.17E-08 0.17E-08
68.3 [4,4,5] 3.42E-06 0.02E-06  3.68E-07 0.04E-07 2.11E-08 0.10E-08 9.13E-07 0.14E-07 1.70E-08 0.08E-08 1.29E-06 0.01E-06  3.87E-08 0.16E-08
69.4 [3,5,5] 3.29E-06  0.02E-06 ~ 3.50E-07 0.04E-07 2.07E-08 0.10E-08 8.77E-07 0.14E-07 1.61E-08 0.08E-08 1.26E-06 0.01E-06  3.85E-08  0.17E-08
73.4 [4,5,5] 2.94E-06 0.02E-06  3.14E-07 0.04E-07 1.84E-08 0.09E-08 7.65E-07 0.13E-07 1.44E-08 0.08E-08 1.13E-06 0.01E-06 3.31E-08  0.15E-08
78.3 [5,5,5] 2.57E-06  0.04E-06  2.80E-07 0.07E-07 1.54E-08 0.14E-08 6.63E-07 0.21E-07 1.16E-08 0.11E-08 9.92E-07 0.22E-07 2.94E-08  0.24E-08
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Appendix C

Table C.1: Cellular S-values (mGy-MBq*-s%) for 6Ga when the source and the target are the nucleus of the cell.

S (N<-N)
Cell radii | Nucleus DECDATA | DECDATA PenNuc PenNuc /
.. Falzone | DECDATA . PenNuc ]
(um) radii (um) Uncertainty| / Falzone Uncertainty| Falzone
3.00 1.00 1.53E-01 1.57E-01 0.00E-01 1.03 9.62E-02  0.01E-02 0.63
3.00 2.00 2.57E-02 2.62E-02  0.00E-02 1.02 1.64E-02  0.00E-02 0.64
4.00 2.00 2.57E-02 2.62E-02  0.00E-02 1.02 1.64E-02  0.00E-02 0.64
4.00 3.00 8.45E-03 8.62E-03  0.01E-03 1.02 5.44E-03  0.00E-03 0.64
5.00 2.00 2.57E-02 2.62E-02  0.00E-02 1.02 1.64E-02  0.00E-02 0.64
5.00 3.00 8.45E-03 8.62E-03  0.01E-03 1.02 5.44E-03  0.00E-03 0.64
5.00 4.00 3.78E-03 3.86E-03  0.00E-03 1.02 2.44E-03  0.00E-03 0.65
6.00 3.00 8.45E-03 8.62E-03  0.01E-03 1.02 5.44E-03  0.00E-03 0.64
6.00 4.00 3.78E-03 3.86E-03  0.00E-03 1.02 2.44E-03  0.00E-03 0.65
6.00 5.00 2.02E-03 2.06E-03  0.00E-03 1.02 1.31E-03  0.00E-03 0.65
7.00 3.00 8.45E-03 8.62E-03  0.01E-03 1.02 5.44E-03  0.00E-03 0.64
7.00 4.00 3.78E-03 3.86E-03  0.00E-03 1.02 2.44E-03  0.00E-03 0.65
7.00 5.00 2.02E-03 2.06E-03  0.00E-03 1.02 1.31E-03  0.00E-03 0.65
7.00 6.00 1.21E-03 1.23E-03  0.00E-03 1.02 7.82E-04  0.01E-04 0.65
8.00 4.00 3.78E-03 3.86E-03  0.00E-03 1.02 2.44E-03  0.00E-03 0.65
8.00 5.00 2.02E-03 2.06E-03  0.00E-03 1.02 1.31E-03  0.00E-03 0.65
8.00 6.00 1.21E-03 1.23E-03  0.00E-03 1.02 7.83E-04  0.01E-04 0.65
8.00 7.00 7.83E-04 7.98E-04 0.01E-04 1.02 5.07E-04  0.00E-04 0.65
9.00 5.00 2.02E-03 2.06E-03  0.00E-03 1.02 1.31E-03  0.00E-03 0.65
9.00 6.00 1.21E-03 1.23E-03  0.00E-03 1.02 7.82E-04  0.01E-04 0.65
9.00 7.00 7.83E-04 7.98E-04  0.01E-04 1.02 5.07E-04  0.00E-04 0.65
9.00 8.00 5.38E-04 5.48E-04 0.01E-04 1.02 3.49E-04 0.00E-04 0.65
10.00 5.00 2.02E-03 2.06E-03  0.00E-03 1.02 1.31E-03  0.00E-03 0.65
10.00 6.00 1.21E-03 1.23E-03  0.00E-03 1.02 7.83E-04  0.01E-04 0.65
10.00 7.00 7.83E-04 7.99E-04 0.01E-04 1.02 5.07E-04  0.00E-04 0.65
10.00 8.00 5.38E-04 5.49E-04 0.01E-04 1.02 3.49E-04  0.00E-04 0.65
10.00 9.00 3.87E-04 3.94E-04 0.00E-04 1.02 2.51E-04  0.00E-04 0.65
11.00 5.00 2.02E-03 2.06E-03  0.00E-03 1.02 1.31E-03  0.00E-03 0.65
11.00 6.00 1.21E-03 1.23E-03  0.00E-03 1.02 7.83E-04 0.01E-04 0.65
11.00 7.00 7.83E-04 7.99E-04 0.01E-04 1.02 5.07E-04  0.00E-04 0.65
11.00 8.00 5.38E-04 5.49E-04 0.01E-04 1.02 3.49E-04 0.00E-04 0.65
11.00 9.00 3.87E-04 3.94E-04 0.00E-04 1.02 2.51E-04  0.00E-04 0.65
11.00 10.00 2.87E-04 2.94E-04  0.00E-04 1.02 1.87E-04  0.00E-04 0.65
12.00 6.00 1.21E-03 1.23E-03  0.00E-03 1.02 7.82E-04  0.01E-04 0.65
12.00 7.00 7.83E-04 7.98E-04 0.01E-04 1.02 5.07E-04  0.00E-04 0.65
12.00 8.00 5.38E-04 5.48E-04 0.01E-04 1.02 3.49E-04  0.00E-04 0.65
12.00 9.00 3.87E-04 3.94E-04  0.00E-04 1.02 2.51E-04  0.00E-04 0.65
12.00 10.00 2.88E-04 2.94E-04 0.00E-04 1.02 1.87E-04  0.00E-04 0.65
12.00 11.00 2.21E-04 2.25E-04  0.00E-04 1.02 1.44E-04 0.00E-04 0.65
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Table C.2: Cellular S-values (mGy-MBq*-s1) for 67Ga when the source is the cytoplasm and the target is the cell nucleus.

S (N<-Cy)
Cell radii | Nucleus DECDATA | DECDATA PenNuc | PenNuc/
.. Falzone | DECDATA . PenNuc R
(um) radii (um) Uncertainty| / Falzone Uncertainty| Falzone
3.00 1.00 4.45E-03 4.59E-03  0.05E-03 1.03 3.06E-03  0.01E-03 0.69
3.00 2.00 3.21E-03  3.23E-03  0.01E-03 1.01 2.17E-03  0.00E-03 0.68
4.00 2.00 1.25E-03 1.28E-03  0.01E-03 1.02 8.48E-04 0.03E-04 0.68
4.00 3.00 1.19E-03 1.21E-03  0.00E-03 1.01 8.05E-04 0.02E-04 0.68
5.00 2.00 6.64E-04 6.62E-04  0.06E-04 1.00 4.41E-04 0.02E-04 0.66
5.00 3.00 5.33E-04 5.45E-04  0.03E-04 1.02 3.62E-04  0.01E-04 0.68
5.00 4.00 5.77E-04 5.87E-04  0.02E-04 1.02 3.92E-04 0.01E-04 0.68
6.00 3.00 3.13E-04 3.20E-04  0.02E-04 1.02 2.11E-04  0.01E-04 0.67
6.00 4.00 2.85E-04 2.92E-04 0.02E-04 1.02 1.93E-04 0.00E-04 0.68
6.00 5.00 3.28E-04 3.36E-04 0.01E-04 1.02 2.23E-04  0.00E-04 0.68
7.00 3.00 2.08E-04 2.11E-04 0.02E-04 1.01 1.40E-04 0.01E-04 0.67
7.00 4.00 1.80E-04 1.85E-04 0.01E-04 1.03 1.22E-04 0.00E-04 0.68
7.00 5.00 1.77E-04 1.78E-04 0.01E-04 1.01 1.19E-04 0.00E-04 0.67
7.00 6.00 2.10E-04 2.13E-04 0.01E-04 1.01 1.42E-04  0.00E-04 0.67
8.00 4.00 1.48E-04 1.30E-04 0.01E-04 0.88 8.61E-05 0.03E-05 0.58
8.00 5.00 1.34E-04 1.19E-04 0.01E-04 0.89 7.88E-05  0.02E-05 0.59
8.00 6.00 1.26E-04 1.20E-04 0.01E-04 0.95 7.92E-05  0.02E-05 0.63
8.00 7.00 1.43E-04 1.45E-04 0.00E-04 1.02 9.66E-05  0.02E-05 0.68
9.00 5.00 8.63E-05 8.82E-05 0.06E-05 1.02 5.81E-05  0.02E-05 0.67
9.00 6.00 8.11E-05 8.36E-05  0.05E-05 1.03 5.52E-05  0.02E-05 0.68
9.00 7.00 8.40E-05 8.52E-05 0.04E-05 1.01 5.65E-05  0.01E-05 0.67
9.00 8.00 1.03E-04 1.05E-04 0.00E-04 1.02 6.96E-05 0.01E-05 0.68
10.00 5.00 6.76E-05 6.82E-05  0.06E-05 1.01 4.54E-05 0.02E-05 0.67
10.00 6.00 6.23E-05 6.40E-05  0.04E-05 1.03 4.22E-05 0.01E-05 0.68
10.00 7.00 6.04E-05 6.16E-05  0.03E-05 1.02 4.07E-05 0.01E-05 0.67
10.00 8.00 6.30E-05 6.37E-05  0.03E-05 1.01 4.22E-05 0.01E-05 0.67
10.00 9.00 7.67E-05 7.88E-05  0.03E-05 1.03 5.21E-05 0.01E-05 0.68
11.00 5.00 5.42E-05 5.59E-05  0.05E-05 1.03 3.67E-05  0.02E-05 0.68
11.00 6.00 5.05E-05 5.16E-05  0.04E-05 1.02 3.37E-05  0.01E-05 0.67
11.00 7.00 4.80E-05 4.85E-05 0.03E-05 1.01 3.19E-05 0.01E-05 0.66
11.00 8.00 4.70E-05 4.76E-05  0.03E-05 1.01 3.14E-05 0.01E-05 0.67
11.00 9.00 4.89E-05 4.98E-05  0.02E-05 1.02 3.28E-05 0.01E-05 0.67
11.00 10.00 6.00E-05 6.10E-05 0.02E-05 1.02 4.04E-05  0.01E-05 0.67
12.00 6.00 4.18E-05 4.28E-05  0.04E-05 1.02 2.81E-05 0.01E-05 0.67
12.00 7.00 3.91E-05 3.99E-05 0.03E-05 1.02 2.63E-05 0.01E-05 0.67
12.00 8.00 3.71E-05 3.82E-05  0.02E-05 1.03 2.52E-05 0.01E-05 0.68
12.00 9.00 3.70E-05 3.79E-05  0.02E-05 1.02 2.50E-05 0.01E-05 0.67
12.00 10.00 3.87E-05 3.97E-05  0.02E-05 1.03 2.62E-05 0.01E-05 0.68
12.00 11.00 4.79E-05 4.87E-05  0.02E-05 1.02 3.22E-05 0.01E-05 0.67

97




Table C.3: Cellular S-values (mGy-MBq*-s%) for 1231 when the source and the target are the nucleus of the cell.

S (N<-N)
Cell radii | Nucleus DECDATA | DECDATA PenNuc | PenNuc/
.. Falzone | DECDATA . PenNuc R
(um) radii (um) Uncertainty| / Falzone Uncertainty| Falzone
3.00 1.00 1.55E-01 1.63E-01 0.00E-01 1.05 1.42E-01 0.00E-01 0.91
3.00 2.00 2.12E-02  2.22E-02  0.00E-02 1.05 1.96E-02  0.00E-02 0.92
4.00 2.00 2.12E-02 2.22E-02  0.00E-02 1.05 1.96E-02  0.00E-02 0.92
4.00 3.00 6.67E-03  6.96E-03  0.01E-03 1.04 6.18E-03  0.00E-03 0.93
5.00 2.00 2.12E-02  2.22E-02  0.00E-02 1.05 1.96E-02  0.00E-02 0.92
5.00 3.00 6.67E-03 6.97E-03  0.01E-03 1.05 6.18E-03  0.00E-03 0.93
5.00 4.00 2.97E-03  3.10E-03  0.01E-03 1.04 2.77E-03  0.00E-03 0.93
6.00 3.00 6.67E-03  6.96E-03  0.01E-03 1.04 6.18E-03  0.00E-03 0.93
6.00 4.00 2.97E-03  3.10E-03  0.01E-03 1.04 2.77E-03  0.00E-03 0.93
6.00 5.00 1.61E-03 1.67E-03  0.00E-03 1.04 1.50E-03  0.00E-03 0.93
7.00 3.00 6.67E-03  6.97E-03  0.01E-03 1.05 6.18E-03  0.00E-03 0.93
7.00 4.00 2.97E-03  3.10E-03  0.01E-03 1.04 2.77E-03  0.00E-03 0.93
7.00 5.00 1.61E-03 1.67E-03  0.00E-03 1.04 1.50E-03  0.00E-03 0.93
7.00 6.00 9.77E-04  1.01E-03 0.00E-03 1.04 9.16E-04  0.01E-04 0.94
8.00 4.00 2.97E-03 3.10E-03  0.01E-03 1.04 2.77E-03  0.00E-03 0.93
8.00 5.00 1.61E-03 1.67E-03  0.00E-03 1.04 1.50E-03  0.00E-03 0.93
8.00 6.00 9.77E-04 1.01E-03  0.00E-03 1.04 9.16E-04 0.01E-04 0.94
8.00 7.00 6.42E-04 6.67E-04  0.02E-04 1.04 6.04E-04  0.00E-04 0.94
9.00 5.00 1.61E-03 1.67E-03  0.00E-03 1.04 1.50E-03  0.00E-03 0.93
9.00 6.00 9.77E-04 1.01E-03  0.00E-03 1.04 9.17E-04  0.01E-04 0.94
9.00 7.00 6.42E-04 6.66E-04 0.01E-04 1.04 6.04E-04  0.00E-04 0.94
9.00 8.00 4.46E-04 4.62E-04 0.01E-04 1.04 4.21E-04  0.00E-04 0.94
10.00 5.00 1.61E-03 1.67E-03  0.00E-03 1.04 1.50E-03  0.00E-03 0.93
10.00 6.00 9.77E-04 1.01E-03  0.00E-03 1.04 9.16E-04 0.01E-04 0.94
10.00 7.00 6.42E-04 6.67E-04  0.02E-04 1.04 6.04E-04  0.00E-04 0.94
10.00 8.00 4.46E-04 4.63E-04 0.01E-04 1.04 4.21E-04  0.00E-04 0.94
10.00 9.00 3.23E-04 3.34E-04 0.01E-04 1.04 3.06E-04  0.00E-04 0.95
11.00 5.00 1.61E-03 1.67E-03  0.00E-03 1.04 1.50E-03  0.00E-03 0.93
11.00 6.00 9.77E-04 1.01E-03  0.00E-03 1.04 9.16E-04 0.01E-04 0.94
11.00 7.00 6.42E-04 6.66E-04  0.02E-04 1.04 6.04E-04  0.00E-04 0.94
11.00 8.00 4.46E-04 4.63E-04 0.01E-04 1.04 4.21E-04 0.00E-04 0.94
11.00 9.00 3.23E-04 3.35E-04 0.01E-04 1.04 3.06E-04  0.00E-04 0.95
11.00 10.00 2.42E-04 2.51E-04 0.01E-04 1.04 2.30E-04  0.00E-04 0.95
12.00 6.00 9.77E-04 1.01E-03  0.00E-03 1.04 9.16E-04 0.01E-04 0.94
12.00 7.00 6.42E-04 6.67E-04  0.02E-04 1.04 6.04E-04  0.00E-04 0.94
12.00 8.00 4.46E-04 4.63E-04 0.01E-04 1.04 4.21E-04 0.00E-04 0.94
12.00 9.00 3.23E-04 3.35E-04 0.01E-04 1.04 3.06E-04  0.00E-04 0.95
12.00 10.00 2.42E-04 2.51E-04 0.01E-04 1.04 2.30E-04  0.00E-04 0.95
12.00 11.00 1.87E-04 1.93E-04 0.00E-04 1.03 1.77E-04  0.00E-04 0.95
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Table C.4: Cellular S-values (mGy-MBgq*-s1) for 1231 when the source is the cytoplasm and the target is the cell nucleus.

S (N<-Cy)
Cell radii | Nucleus DECDATA | DECDATA PenNuc | PenNuc/
.. Falzone | DECDATA . PenNuc R
(um) radii (um) Uncertainty| / Falzone Uncertainty| Falzone
3.00 1.00 1.37E-03 1.38E-03  0.03E-03 1.01 1.39E-03  0.01E-03 1.02
3.00 2.00 1.01E-03 1.04E-03 0.01E-03 1.03 1.03E-03  0.00E-03 1.02
4.00 2.00 5.57E-04 5.58E-04  0.09E-04 1.00 5.58E-04  0.02E-04 1.00
4.00 3.00 5.06E-04 5.06E-04 0.05E-04 1.00 5.03E-04 0.01E-04 0.99
5.00 2.00 3.88E-04 3.77E-04  0.08E-04 0.97 3.82E-04  0.02E-04 0.98
5.00 3.00 3.27E-04 3.29E-04  0.05E-04 1.01 3.27E-04  0.01E-04 1.00
5.00 4.00 3.05E-04 3.11E-04 0.03E-04 1.02 3.08E-04 0.01E-04 1.01
6.00 3.00 2.54E-04 2.47E-04  0.04E-04 0.97 2.48E-04  0.01E-04 0.98
6.00 4.00 2.16E-04 2.20E-04  0.03E-04 1.02 2.21E-04  0.01E-04 1.02
6.00 5.00 2.05E-04 2.07E-04  0.02E-04 1.01 2.07E-04  0.01E-04 1.01
7.00 3.00 1.98E-04 1.99E-04 0.04E-04 1.01 1.97E-04 0.01E-04 1.00
7.00 4.00 1.74E-04 1.76E-04 0.03E-04 1.01 1.74E-04  0.01E-04 1.00
7.00 5.00 1.53E-04 1.54E-04 0.02E-04 1.00 1.55E-04  0.00E-04 1.01
7.00 6.00 1.42E-04 1.45E-04 0.01E-04 1.02 1.44E-04  0.00E-04 1.02
8.00 4.00 1.43E-04 1.41E-04 0.02E-04 0.99 1.41E-04 0.01E-04 0.98
8.00 5.00 1.27E-04 1.25E-04 0.02E-04 0.98 1.25E-04  0.00E-04 0.98
8.00 6.00 1.11E-04 1.11E-04 O0.01E-04 1.00 1.11E-04  0.00E-04 1.00
8.00 7.00 1.03E-04 1.05E-04 0.01E-04 1.02 1.04E-04  0.00E-04 1.01
9.00 5.00 1.03E-04 1.04E-04 0.02E-04 1.01 1.02E-04  0.00E-04 0.99
9.00 6.00 8.91E-05 9.05E-05 0.12E-05 1.02 9.06E-05 0.03E-05 1.02
9.00 7.00 8.18E-05 8.17E-05  0.09E-05 1.00 8.17E-05  0.02E-05 1.00
9.00 8.00 7.79E-05 7.68E-05 0.07E-05 0.99 7.73E-05  0.02E-05 0.99
10.00 5.00 8.52E-05 8.38E-05  0.14E-05 0.98 8.41E-05 0.04E-05 0.99
10.00 6.00 7.41E-05 7.43E-05 0.11E-05 1.00 7.50E-05  0.03E-05 1.01
10.00 7.00 6.78E-05 6.75E-05  0.08E-05 1.00 6.71E-05  0.02E-05 0.99
10.00 8.00 5.95E-05 6.07E-05  0.07E-05 1.02 6.13E-05  0.02E-05 1.03
10.00 9.00 5.88E-05 5.93E-05  0.05E-05 1.01 5.88E-05 0.01E-05 1.00
11.00 5.00 7.02E-05 6.91E-05  0.13E-05 0.98 6.93E-05 0.03E-05 0.99
11.00 6.00 6.29E-05 6.21E-05  0.10E-05 0.99 6.23E-05  0.02E-05 0.99
11.00 7.00 5.47E-05 5.62E-05  0.08E-05 1.03 5.61E-05  0.02E-05 1.03
11.00 8.00 5.04E-05 5.15E-05  0.06E-05 1.02 5.09E-05 0.01E-05 1.01
11.00 9.00 4.73E-05 4.74E-05  0.05E-05 1.00 4.72E-05 0.01E-05 1.00
11.00 10.00 4.52E-05 4.59E-05 0.04E-05 1.01 4.58E-05 0.01E-05 1.01
12.00 6.00 5.23E-05 5.13E-05  0.09E-05 0.98 5.17E-05  0.02E-05 0.99
12.00 7.00 4.72E-05 4.68E-05 0.07E-05 0.99 4.68E-05 0.02E-05 0.99
12.00 8.00 4.17E-05 4.33E-05  0.05E-05 1.04 4.27E-05 0.01E-05 1.02
12.00 9.00 3.94E-05 3.96E-05 0.04E-05 1.01 3.94E-05 0.01E-05 1.00
12.00 10.00 3.66E-05 3.72E-05  0.04E-05 1.02 3.69E-05 0.01E-05 1.01
12.00 11.00 3.57E-05 3.64E-05 0.03E-05 1.02 3.63E-05 0.01E-05 1.02
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Table C.5: Cellular S-values (mGy-MBq*-s%) for 1*1In when the source and the target are the nucleus of the cell.

S (N<-N)
Cell radii | Nucleus DECDATA |DECDATA/ PenNuc | PenNuc/
. Falzone | DECDATA . PenNuc .
(pm) radii (um) Uncertainty| Falzone Uncertainty| Falzone
3.00 1.00 1.40E-01 1.45E-01 0.00E-01 1.04 1.21E-01  0.00E-01 0.86
3.00 2.00 1.93E-02 2.00E-02  0.00E-02 1.04 1.69E-02  0.00E-02 0.87
4.00 2.00 1.93E-02 2.00E-02  0.00E-02 1.04 1.69E-02  0.00E-02 0.87
4.00 3.00 6.22E-03  6.44E-03  0.01E-03 1.03 5.49E-03  0.00E-03 0.88
5.00 2.00 1.93E-02 2.00E-02  0.00E-02 1.04 1.69E-02  0.00E-02 0.87
5.00 3.00 6.22E-03  6.43E-03  0.01E-03 1.03 5.50E-03  0.00E-03 0.88
5.00 4.00 2.85E-03 2.93E-03  0.00E-03 1.03 2.54E-03  0.00E-03 0.89
6.00 3.00 6.22E-03 6.44E-03  0.01E-03 1.03 5.49E-03  0.00E-03 0.88
6.00 4.00 2.85E-03  2.93E-03  0.00E-03 1.03 2.53E-03  0.00E-03 0.89
6.00 5.00 1.56E-03 1.61E-03  0.00E-03 1.03 1.40E-03  0.00E-03 0.90
7.00 3.00 6.22E-03  6.43E-03  0.01E-03 1.03 5.49E-03  0.00E-03 0.88
7.00 4.00 2.85E-03  2.93E-03  0.00E-03 1.03 2.54E-03  0.00E-03 0.89
7.00 5.00 1.56E-03 1.61E-03  0.00E-03 1.03 1.40E-03  0.00E-03 0.90
7.00 6.00 9.55E-04 9.82E-04 0.02E-04 1.03 8.63E-04 0.01E-04 0.90
8.00 4.00 2.85E-03  2.94E-03  0.00E-03 1.03 2.54E-03  0.00E-03 0.89
8.00 5.00 1.56E-03 1.61E-03  0.00E-03 1.03 1.40E-03  0.00E-03 0.90
8.00 6.00 9.55E-04 9.82E-04 0.02E-04 1.03 8.63E-04  0.01E-04 0.90
8.00 7.00 6.29E-04 6.46E-04  0.01E-04 1.03 5.71E-04  0.00E-04 0.91
9.00 5.00 1.56E-03 1.61E-03  0.00E-03 1.03 1.40E-03  0.00E-03 0.90
9.00 6.00 9.55E-04 9.82E-04  0.02E-04 1.03 8.63E-04  0.01E-04 0.90
9.00 7.00 6.29E-04 6.46E-04  0.01E-04 1.03 5.70E-04  0.00E-04 0.91
9.00 8.00 4.36E-04 4.48E-04 0.01E-04 1.03 3.98E-04 0.00E-04 0.91
10.00 5.00 1.56E-03 1.61E-03  0.00E-03 1.03 1.40E-03  0.00E-03 0.90
10.00 6.00 9.55E-04 9.83E-04 0.02E-04 1.03 8.63E-04 0.01E-04 0.90
10.00 7.00 6.29E-04 6.47E-04 0.01E-04 1.03 5.71E-04  0.00E-04 0.91
10.00 8.00 4.36E-04 4.48E-04 0.01E-04 1.03 3.97E-04  0.00E-04 0.91
10.00 9.00 3.15E-04 3.24E-04 0.01E-04 1.03 2.88E-04  0.00E-04 0.91
11.00 5.00 1.56E-03 1.61E-03  0.00E-03 1.03 1.40E-03  0.00E-03 0.90
11.00 6.00 9.55E-04 9.82E-04  0.02E-04 1.03 8.63E-04 0.01E-04 0.90
11.00 7.00 6.29E-04 6.46E-04  0.01E-04 1.03 5.71E-04  0.00E-04 0.91
11.00 8.00 4.36E-04 4.48E-04 0.01E-04 1.03 3.98E-04 0.00E-04 0.91
11.00 9.00 3.15E-04 3.23E-04 0.01E-04 1.03 2.88E-04  0.00E-04 0.92
11.00 10.00 2.36E-04 2.42E-04 0.00E-04 1.02 2.16E-04  0.00E-04 0.91
12.00 6.00 9.55E-04 9.82E-04 0.02E-04 1.03 8.63E-04 0.01E-04 0.90
12.00 7.00 6.29E-04 6.46E-04 0.01E-04 1.03 5.70E-04  0.00E-04 0.91
12.00 8.00 4.36E-04 4.48E-04 0.01E-04 1.03 3.97E-04  0.00E-04 0.91
12.00 9.00 3.15E-04 3.23E-04 0.01E-04 1.03 2.88E-04  0.00E-04 0.91
12.00 10.00 2.36E-04 2.42E-04  0.00E-04 1.02 2.16E-04  0.00E-04 0.91
12.00 11.00 1.81E-04 1.86E-04 0.00E-04 1.03 1.66E-04  0.00E-04 0.92
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Table C.6: Cellular S-values (mGy-MBq™-s1) for 1*In when the source is the cytoplasm and the target is the cell nucleus.

S(N<-Cy)
Cell radii | Nucleus DECDATA |DECDATA/ PenNuc | PenNuc/
.. Falzone | DECDATA ) PenNuc ]
(um) radii (um) Uncertainty| Falzone Uncertainty| Falzone
3.00 1.00 1.50E-03 1.50E-03 0.02E-03 1.00 1.47E-03  0.01E-03 0.98
3.00 2.00 1.14-03 1.17E-03 0.01E-03 1.03 1.14E-03  0.00E-03 1.00
4.00 2.00 7.26E-04  7.26E-04  0.09E-04 1.00 7.21E-04  0.03E-04 0.99
4.00 3.00 6.28E-04 6.32E-04  0.05E-04 1.01 6.22E-04  0.02E-04 0.99
5.00 2.00 5.31E-04 5.25E-04 0.08E-04 0.99 5.23E-04  0.03E-04 0.98
5.00 3.00 4.43E-04 4.44E-04  0.05E-04 1.00 4.41E-04  0.02E-04 1.00
5.00 4.00 3.89E-04 3.88E-04 0.03E-04 1.00 3.81E-04  0.01E-04 0.98
6.00 3.00 3.33E-04 3.39E-04  0.04E-04 1.02 3.34E-04 0.01E-04 1.00
6.00 4.00 2.81E-04 2.87E-04  0.03E-04 1.02 2.82E-04  0.01E-04 1.00
6.00 5.00 2.46E-04 2.48E-04  0.02E-04 1.01 2.45E-04  0.01E-04 1.00
7.00 3.00 2.58E-04 2.57E-04 0.04E-04 1.00 2.54E-04 0.01E-04 0.98
7.00 4.00 2.21E-04 2.20E-04 0.02E-04 1.00 2.17E-04  0.01E-04 0.98
7.00 5.00 1.85E-04 1.87E-04 0.02E-04 1.01 1.85E-04 0.01E-04 1.00
7.00 6.00 1.66E-04 1.66E-04 0.01E-04 1.00 1.63E-04  0.00E-04 0.98
8.00 4.00 1.66E-04 1.69E-04 0.02E-04 1.02 1.68E-04 0.01E-04 1.01
8.00 5.00 1.44E-04 1.45E-04 0.01E-04 1.01 1.44E-04  0.00E-04 1.00
8.00 6.00 1.25E-04 1.27E-04 0.01E-04 1.02 1.26E-04  0.00E-04 1.00
8.00 7.00 1.15E-04 1.16E-04 0.01E-04 1.01 1.14E-04  0.00E-04 0.99
9.00 5.00 1.12E-04 1.15E-04 0.01lE-04 1.03 1.13E-04 0.00E-04 1.01
9.00 6.00 9.85E-05 1.00E-04 0.01E-04 1.02 9.92E-05 0.03E-05 1.01
9.00 7.00 8.84E-05 9.02E-05 0.07E-05 1.02 8.86E-05  0.02E-05 1.00
9.00 8.00 8.27E-05 8.35E-05  0.05E-05 1.01 8.24E-05  0.02E-05 1.00
10.00 5.00 8.64E-05 8.99E-05 0.11E-05 1.04 8.83E-05  0.04E-05 1.02
10.00 6.00 7.74E-05 7.91E-05 0.08E-05 1.02 7.84E-05  0.03E-05 1.01
10.00 7.00 7.02E-05 7.14E-05 0.06E-05 1.02 7.07E-05  0.02E-05 1.01
10.00 8.00 6.52E-05 6.56E-05  0.05E-05 1.01 6.49E-05  0.02E-05 1.00
10.00 9.00 6.12E-05 6.22E-05  0.04E-05 1.02 6.15E-05  0.01E-05 1.01
11.00 5.00 6.87E-05 7.07E-05  0.10E-05 1.03 6.90E-05  0.03E-05 1.00
11.00 6.00 6.12E-05 6.29E-05 0.07E-05 1.03 6.21E-05  0.02E-05 1.01
11.00 7.00 5.65E-05 5.71E-05  0.05E-05 1.01 5.67E-05  0.02E-05 1.00
11.00 8.00 5.21E-05 5.30E-05  0.04E-05 1.02 5.21E-05 0.01E-05 1.00
11.00 9.00 4.85E-05 4.96E-05 0.04E-05 1.02 4.88E-05  0.01E-05 1.01
11.00 10.00 4.67E-05 4.80E-05 0.03E-05 1.03 4.72E-05  0.01E-05 1.01
12.00 6.00 4.82E-05 5.03E-05 0.06E-05 1.04 4.92E-05 0.02E-05 1.02
12.00 7.00 4,55E-05 4.57E-05  0.05E-05 1.00 4.54E-05 0.02E-05 1.00
12.00 8.00 4,17E-05 4.29E-05 0.04E-05 1.03 4.20E-05 0.01E-05 1.01
12.00 9.00 3.92E-05 3.99E-05 0.03E-05 1.02 3.95E-05 0.01E-05 1.01
12.00 10.00 3.75E-05 3.84E-05 0.03E-05 1.02 3.77E-05  0.01E-05 1.01
12.00 11.00 3.75E-05 3.75E-05  0.02E-05 1.00 3.71E-05 0.01E-05 0.99
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Table C.7: Cellular S-values (mMGy-MBq*-s%) for 2°2T1 when the source and the target are the nucleus of the cell.

S (N<-N)
Cell radii | Nucleus DECDATA | DECDATA PenNuc | PenNuc/
.. Falzone | DECDATA . PenNuc R
(um) radii (um) Uncertainty| / Falzone Uncertainty| Falzone
3.00 1.00 3.46E-01 3.58E-01 0.01E-01 1.03 2.80E-01  0.00E-01 0.81
3.00 2.00 5.44E-02 5.60E-02  0.01E-02 1.03 4.65E-02  0.00E-02 0.85
4.00 2.00 5.44E-02 5.60E-02  0.01E-02 1.03 4.65E-02  0.00E-02 0.85
4.00 3.00 1.81E-02 1.86E-02  0.00E-02 1.03 1.58E-02  0.00E-02 0.87
5.00 2.00 5.44E-02 5.60E-02  0.01E-02 1.03 4.65E-02  0.00E-02 0.85
5.00 3.00 1.81E-02 1.86E-02  0.00E-02 1.03 1.58E-02  0.00E-02 0.88
5.00 4.00 8.24E-03 8.44E-03  0.01E-03 1.02 7.30E-03  0.00E-03 0.89
6.00 3.00 1.81E-02 1.86E-02  0.00E-02 1.03 1.58E-02  0.00E-02 0.87
6.00 4.00 8.24E-03 8.44E-03  0.01E-03 1.02 7.30E-03  0.00E-03 0.89
6.00 5.00 4,44E-03 4.55E-03  0.01E-03 1.02 3.98E-03  0.00E-03 0.90
7.00 3.00 1.81E-02 1.86E-02  0.00E-02 1.03 1.58E-02  0.00E-02 0.87
7.00 4.00 8.24E-03  8.44E-03  0.01E-03 1.02 7.30E-03  0.00E-03 0.89
7.00 5.00 4.44E-03 4.55E-03  0.01E-03 1.02 3.97E-03  0.00E-03 0.89
7.00 6.00 2.68E-03 2.74E-03  0.00E-03 1.02 2.41E-03  0.00E-03 0.90
8.00 4.00 8.24E-03  8.44E-03  0.01E-03 1.02 7.30E-03  0.00E-03 0.89
8.00 5.00 4,44E-03 4.56E-03  0.01E-03 1.03 3.98E-03  0.00E-03 0.90
8.00 6.00 2.68E-03 2.74E-03  0.00E-03 1.02 2.41E-03  0.00E-03 0.90
8.00 7.00 1.74E-03 1.78E-03  0.00E-03 1.02 1.58E-03  0.00E-03 0.91
9.00 5.00 4,44E-03 4.55E-03  0.01E-03 1.02 3.97E-03  0.00E-03 0.89
9.00 6.00 2.68E-03  2.74E-03  0.00E-03 1.02 2.41E-03  0.00E-03 0.90
9.00 7.00 1.74E-03 1.78E-03  0.00E-03 1.02 1.58E-03  0.00E-03 0.91
9.00 8.00 1.20E-03 1.23E-03  0.00E-03 1.02 1.09E-03  0.00E-03 0.91
10.00 5.00 4.44E-03 4.55E-03  0.01E-03 1.02 3.97E-03  0.00E-03 0.90
10.00 6.00 2.68E-03  2.74E-03  0.00E-03 1.02 2.41E-03  0.00E-03 0.90
10.00 7.00 1.74E-03 1.78E-03  0.00E-03 1.03 1.58E-03  0.00E-03 0.91
10.00 8.00 1.20E-03 1.23E-03  0.00E-03 1.02 1.09E-03  0.00E-03 0.91
10.00 9.00 8.62E-04 8.84E-04  0.02E-04 1.03 7.89E-04  0.00E-04 0.91
11.00 5.00 4.44E-03 4.55E-03  0.01E-03 1.02 3.98E-03  0.00E-03 0.90
11.00 6.00 2.68E-03 2.74E-03  0.00E-03 1.02 2.41E-03  0.00E-03 0.90
11.00 7.00 1.74E-03 1.78E-03  0.00E-03 1.03 1.58E-03  0.00E-03 0.91
11.00 8.00 1.20E-03 1.23E-03  0.00E-03 1.02 1.09E-03  0.00E-03 0.91
11.00 9.00 8.62E-04 8.84E-04  0.02E-04 1.03 7.88E-04  0.00E-04 0.91
11.00 10.00 6.42E-04 6.58E-04 0.01E-04 1.02 5.89E-04  0.00E-04 0.92
12.00 6.00 2.68E-03  2.74E-03  0.00E-03 1.02 2.41E-03  0.00E-03 0.90
12.00 7.00 1.74E-03 1.78E-03  0.00E-03 1.02 1.58E-03  0.00E-03 0.91
12.00 8.00 1.20E-03 1.23E-03  0.00E-03 1.02 1.09E-03  0.00E-03 0.91
12.00 9.00 8.62E-04 8.83E-04  0.02E-04 1.02 7.89E-04  0.00E-04 0.91
12.00 10.00 6.42E-04 6.57E-04  0.01E-04 1.02 5.89E-04  0.00E-04 0.92
12.00 11.00 4.92E-04 5.05E-04 0.01E-04 1.03 4.53E-04 0.00E-04 0.92
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Table C.8: Cellular S-values (mGy-MBq*-s'1) for 2°2T1 when the source is the cytoplasm and the target is the cell nucleus.

S (N<-Cy)
Cell radii | Nucleus DECDATA | DECDATA PenNuc | PenNuc/
.. Falzone | DECDATA . PenNuc R
(Hm) radii (um) Uncertainty| / Falzone Uncertainty| Falzone
3.00 1.00 8.64E-03 8.65E-03  0.12E-03 1.00 8.87E-03  0.03E-03 1.03
3.00 2.00 6.15E-03  6.20E-03  0.04E-03 1.01 6.32E-03  0.01E-03 1.03
4.00 2.00 2.97E-03  2.96E-03  0.03E-03 1.00 3.08E-03  0.01E-03 1.04
4.00 3.00 2.55E-03  2.55E-03  0.02E-03 1.00 2.62E-03  0.00E-03 1.03
5.00 2.00 1.69E-03 1.73E-03  0.02E-03 1.03 1.78E-03  0.00E-03 1.05
5.00 3.00 1.39E-03 1.40E-03 0.01E-03 1.00 1.44E-03  0.00E-03 1.04
5.00 4.00 1.29E-03 1.31E-03 0.01E-03 1.01 1.34E-03  0.00E-03 1.04
6.00 3.00 8.65E-04 8.70E-04 0.10E-04 1.01 9.07E-04  0.02E-04 1.05
6.00 4.00 7.54E-04 7.59E-04  0.06E-04 1.01 7.90E-04  0.01E-04 1.05
6.00 5.00 7.51E-04 7.58E-04  0.04E-04 1.01 7.84E-04  0.01E-04 1.04
7.00 3.00 5.81E-04 5.91E-04  0.08E-04 1.02 6.13E-04  0.02E-04 1.05
7.00 4.00 5.00E-04 5.07E-04  0.05E-04 1.01 5.24E-04  0.01E-04 1.05
7.00 5.00 4.61E-04 4.66E-04  0.04E-04 1.01 4.85E-04  0.01E-04 1.05
7.00 6.00 4.81E-04 4.83E-04 0.03E-04 1.00 5.02E-04  0.01E-04 1.04
8.00 4.00 3.51E-04 3.55E-04 0.04E-04 1.01 3.72E-04  0.01E-04 1.06
8.00 5.00 3.19E-04 3.20E-04 0.03E-04 1.00 3.36E-04 0.01E-04 1.05
8.00 6.00 3.06E-04 3.09E-04 0.02E-04 1.01 3.23E-04  0.00E-04 1.05
8.00 7.00 3.28E-04 3.30E-04 0.02E-04 1.01 3.43E-04  0.00E-04 1.05
9.00 5.00 2.31E-04 2.35E-04  0.03E-04 1.02 2.47E-04  0.01E-04 1.07
9.00 6.00 2.17E-04  2.19E-04  0.02E-04 1.01 2.30E-04  0.00E-04 1.06
9.00 7.00 2.14E-04 2.17E-04  0.02E-04 1.02 2.27E-04  0.00E-04 1.06
9.00 8.00 2.35E-04 2.36E-04  0.01E-04 1.01 2.46E-04  0.00E-04 1.05
10.00 5.00 1.77E-04 1.81E-04 0.02E-04 1.02 1.89E-04  0.00E-04 1.07
10.00 6.00 1.65E-04 1.66E-04 0.02E-04 1.01 1.74E-04  0.00E-04 1.05
10.00 7.00 1.57E-04 1.58E-04 0.01E-04 1.01 1.66E-04  0.00E-04 1.06
10.00 8.00 1.58E-04 1.61E-04 0.01E-04 1.02 1.67E-04  0.00E-04 1.06
10.00 9.00 1.75E-04 1.76E-04  0.01E-04 1.01 1.83E-04  0.00E-04 1.05
11.00 5.00 1.41E-04 1.43E-04 0.02E-04 1.01 1.49E-04  0.00E-04 1.05
11.00 6.00 1.29E-04 1.31E-04 0.02E-04 1.02 1.37E-04  0.00E-04 1.06
11.00 7.00 1.21E-04 1.23E-04 0.01E-04 1.01 1.29E-04  0.00E-04 1.06
11.00 8.00 1.18E-04 1.20E-04 0.01E-04 1.01 1.25E-04  0.00E-04 1.06
11.00 9.00 1.20E-04 1.21E-04 0.01E-04 1.01 1.27E-04  0.00E-04 1.06
11.00 10.00 1.34E-04 1.36E-04 0.01E-04 1.02 1.41E-04 0.00E-04 1.05
12.00 6.00 1.03E-04 1.05E-04 0.01E-04 1.02 1.10E-04  0.00E-04 1.07
12.00 7.00 9.63E-05 9.81E-05  0.11E-05 1.02 1.03E-04  0.00E-04 1.07
12.00 8.00 9.23E-05 9.32E-05  0.09E-05 1.01 9.80E-05  0.02E-05 1.06
12.00 9.00 9.10E-05 9.25E-05  0.07E-05 1.02 9.65E-05  0.02E-05 1.06
12.00 10.00 9.36E-05 9.50E-05  0.07E-05 1.02 9.92E-05  0.01E-05 1.06
12.00 11.00 1.06E-04 1.07E-04 0.01E-04 1.01 1.11E-04  0.00E-04 1.05
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Table C.9: Cellular S-values (mGy-MBq*-st) for 7Ga using DPK.

Cell radii NucIe:Js S (N<-N) S (N<-Cy)
(um) radii MIRD | DECDATA | PECPATA | oo nue | Pe™NUe/ | virp | pEcDATA |PECPATA | pornuc | PenNuc/
(um) / MIRD MIRD / MIRD MIRD
3.00 100 127601 1476-01 116  9.586-02  0.75  5.24E-03 4.56E-03 087  3.05E03  0.58
3.00 200 229802 2.51E-02  1.09  1.64E-02 072  3.59E-03 3.256-03 0.90  2.17E-03  0.60
4.00 200  2.29E-02 251E02 109 164602 072  151E-03 127E-03  0.84  8.48E-04  0.56
4.00 3.00 7.79E-03 827E-03  1.06  5.42E-03 070  1.35E-03 1.21E-03  0.90  8.03E-04  0.59
5.00 200 229E-02 2.51E-02  1.09  1.64E-02 072  7.75E-04 6.63E-04  0.86  4.41E-04  0.57
5.00 3.00 7.79E-03 827E-03  1.06  5.42E-03 070  6.37E-04 5.43E-04  0.85  3.61E-04  0.57
5.00 400  3.54E-03 3.71E-03  1.05  2.43E-03  0.69  6.54E-04 5.86E-04 090  3.90E-04  0.60
6.00 3.00 7.79E-03 827E-03  1.06  5.42E-03 070  3.63E-04 3.16E-04  0.87  2.10E-04  0.58
6.00 400  3.54E-03 3.71E-03  1.05  2.43E-03  0.69  3.35E-04 2.89E-04  0.86  1.92E-04  0.57
6.00 500 190E-03 1.99E03 105  130E-03 0.68  3.71E-04 3.34E-04 090  2.22E-04  0.60
7.00 3.00 7.79E-03 827E-03  1.06  5.42E-03 070  2.36E-04 2.10E-04  0.89  1.39E-04  0.59
7.00 400  3.54E-03 3.71E-03  1.05  2.43E-03  0.69  2.05E-04 1.82E-04 0.89  1.21E-04  0.59
7.00 500 190E-03 1.99E-03  1.05  1.30E-03  0.68  2.01E-04 1.77E-04  0.88  1.17E-04  0.58
7.00 600 1.14E-03 1.19E-03  1.04  7.79E-04  0.68  2.33E-04 2.11E-04 091  1.40E-04  0.60
8.00 400  3.54E-03 3.71E-03  1.05  2.43E-03  0.69  142E-04 1.28E-04 090  846E-05  0.60
8.00 500 190E-03 1.99E-03  1.05  1.30E-03 0.68  1.30E-04 1.17E-04 090  7.76E-05  0.60
8.00 6.00 1.14E-03 1.19E03 104  7.79E-04  0.68  1.33E-04 1.18E-04 0.88  7.81E-05  0.59
8.00 7.00  7.43E-04 7.70E-04  1.04  5.05E-04  0.68  158E-04 1.44E-04 091  9.53E-05  0.60
9.00 500 1.90E-03 1.99E-03  1.05  1.30E-03  0.68  9.39E-05 8.61E-05 092  5.69E-05  0.61
9.00 6.00 1.14E-03 1.19E-03  1.04  7.79E-04  0.68  8.94E-05 8.16E-05 091  5.39E-05  0.60
9.00 7.00  7.43E-04 7.70E-04  1.04  5.05E-04  0.68  9.32E-05 8.37E-05  0.90  5.54E-05  0.59
9.00 800  5.11E-04 5029E-04  1.03  3.47E-04 068  1.13E-04 1.03E-04 091  6.83E-05  0.60
10.00 500  1.90E-03 1.99E-03  1.05  1.30E-03  0.68  7.19E-05 6.70E-05  0.93  4.42E-05  0.61
10.00  6.00 1.14E-03 1.19E-03 1.04 7.79E-04 0.68  6.67E-05 6.20E-05 093  4.09E05  0.61
10.00  7.00  7.43E-04 7.70E-04  1.04  5.05E-04  0.68  6.50E-05 5.99E-05  0.92  3.95E-05  0.61
10.00 800  5.11F-04 5.29E-04  1.03  3.47E-04 068  6.87E-05 6.21E-05 090  4.11E-05  0.60
10.00  9.00  3.68E-04 3.80E-04  1.03  2.49E-04  0.68  837E-05 7.67E-05  0.92  5.09E-05  0.61
11.00  5.00 ; 1.99E-03 ) 1.30E-03 . ; 5.39E-05 ; 3.55E-05 :
11.00  6.00 ; 1.196-03 ; 7.79E-04 - ; 4.95E-05 ; 3.26E-05 -
11.00  7.00 ; 7.70E-04 ; 5.05E-04 : ; 4.66E-05 ) 3.08E-05 .
11.00 8.0 ) 5.29E-04 ) 3.47E-04 - ; 4.57E-05 ) 3.02E-05 -
11.00  9.00 ) 3.80E-04 ) 2.49E-04 . ; 4.78E-05 ) 3.16E-05 .
11.00  10.00 ; 2.83E-04 ) 1.85E-04 - ; 5.91E-05 ) 3.92E-05 -
1200  6.00 ; 1.196-03 ; 7.79E-04 . ) 4.08E-05 ) 2.68E-05 .
1200  7.00 ; 7.70E-04 ; 5.05E-04 . ; 3.81E-05 ) 2.51E-05 .
1200  8.00 ; 5.29E-04 ; 3.47E-04 - ; 3.64E-05 ) 2.40E-05 -
1200  9.00 ; 3.80E-04 } 2.49E-04 : ; 3.60E-05 ) 2.37E-05 .
12.00  10.00 ) 2.83E-04 ) 1.85E-04 - ) 3.79E-05 ) 2.50E-05 -
1200  11.00 ; 2.16E-04 ) 1.42E-04 . ; 4.68E-05 ) 3.10E-05 .
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Table C.10: Cellular S-values (mGy-MBq*-s1) for 123 using DPK.

Cell radil | Nucleus DSE((?I;A:)A PenNuc / ;E(:\:I;:‘IY/-)\ PenNuc /

(um) radii (um) MIRD DECDATA PenNuc MIRD DECDATA PenNuc

/ MIRD MIRD / MIRD MIRD
3.00 1.00 1.53E-01 1.43E-01 0.94 1.40E-01 0.92 1.69E-03 1.39E-03 0.82 1.39E-03 0.82
3.00 2.00 2.15E-02 1.98E-02 0.92 1.94E-02 0.90 1.22E-03  1.04E-03 0.85 1.03E-03 0.84
4.00 2.00 2.15E-02 1.98E-02 0.92 1.94E-02 0.90 5.75E-04 5.60E-04 0.97 5.60E-04 0.97
4.00 3.00 6.75E-03  6.25E-03 0.93 6.13E-03 0.91 5.23E-04 5.02E-04 0.96 5.03E-04 0.96
5.00 2.00 2.15E-02 1.98E-02 0.92 1.94E-02 0.90 3.53E-04 3.81E-04 1.08 3.81E-04 1.08
5.00 3.00 6.75E-03  6.25E-03 0.93 6.13E-03 0.91 2.95E-04 3.28E-04 1.11 3.28E-04 1.11
5.00 4.00 2.98E-03 2.80E-03 0.94 2.75E-03 0.92 2.90E-04 3.08E-04 1.06 3.08E-04 1.06
6.00 3.00 6.75E-03  6.25E-03 0.93 6.13E-03 0.91 2.05E-04 2.47E-04 1.21 2.48E-04 1.21
6.00 4.00 2.98E-03 2.80E-03 0.94 2.75E-03 0.92 1.85E-04 2.20E-04 1.19 2.20E-04 1.19
6.00 5.00 1.59E-03 1.51E-03 0.95 1.49E-03 0.94 1.88E-04 2.06E-04 1.09 2.06E-04 1.10
7.00 3.00 6.75E-03  6.25E-03 0.93 6.13E-03 0.91 1.55E-04 1.96E-04 1.26 1.96E-04 1.26
7.00 4.00 2.98E-03 2.80E-03 0.94 2.75E-03 0.92 1.39E-04 1.74E-04 1.25 1.74E-04 1.25
7.00 5.00 1.59E-03 1.51E-03 0.95 1.49E-03 0.94 1.31E-04 1.54E-04 1.18 1.55E-04 1.18
7.00 6.00 9.60E-04 9.24E-04 0.96 9.09E-04 0.95 1.34E-04 1.44E-04 1.08 1.44E-04 1.07
8.00 4.00 2.98E-03 2.80E-03 0.94 2.75E-03 0.92 1.12E-04 1.40E-04 1.25 1.41E-04 1.26
8.00 5.00 1.59E-03 1.51E-03 0.95 1.49E-03 0.94 1.04E-04 1.24E-04 1.19 1.24E-04 1.19
8.00 6.00 9.60E-04 9.24E-04 0.96 9.09E-04 0.95 9.81E-05 1.11E-04 1.13 1.11E-04 1.13
8.00 7.00 6.29E-04 6.09E-04 0.97 6.00E-04 0.95 9.91E-05 1.04E-04 1.05 1.04E-04 1.05
9.00 5.00 1.59E-03 1.51E-03 0.95 1.49E-03 0.94 8.64E-05 1.02E-04 1.18 1.02E-04 1.18
9.00 6.00 9.60E-04 9.24E-04 0.96 9.09E-04 0.95 7.99E-05 9.02E-05 1.13 9.03E-05 1.13
9.00 7.00 6.29E-04 6.09E-04 0.97 6.00E-04 0.95 7.49E-05 8.11E-05 1.08 8.13E-05 1.09
9.00 8.00 4.38E-04 4.24E-04 0.97 4.18E-04 0.95 7.51E-05 7.69E-05 1.02 7.70E-05 1.03
10.00 5.00 1.59E-03 1.51E-03 0.95 1.49E-03 0.94 7.34E-05 8.36E-05 1.14 8.38E-05 1.14
10.00 6.00 9.60E-04 9.24E-04 0.96 9.09E-04 0.95 6.74E-05 7.45E-05 1.11 7.46E-05 1.11
10.00 7.00 6.29E-04 6.09E-04 0.97 6.00E-04 0.95 6.19E-05 6.68E-05 1.08 6.69E-05 1.08
10.00 8.00 4.38E-04 4.24E-04 0.97 4.18E-04 0.95 5.80E-05 6.09E-05 1.05 6.10E-05 1.05
10.00 9.00 3.18E-04 3.08E-04 0.97 3.04E-04 0.96 5.80E-05 5.83E-05 1.01 5.84E-05 1.01
11.00 5.00 - 1.51E-03 - 1.49E-03 - - 6.89E-05 - 6.90E-05 -
11.00 6.00 - 9.24E-04 - 9.09E-04 - - 6.19E-05 - 6.19E-05 -
11.00 7.00 - 6.09E-04 - 6.00E-04 - - 5.56E-05 - 5.57E-05 -
11.00 8.00 - 4.24E-04 - 4.18E-04 - - 5.05E-05 - 5.06E-05 -
11.00 9.00 - 3.08E-04 - 3.04E-04 - - 4.68E-05 - 4.68E-05 -
11.00 10.00 - 2.31E-04 - 2.28E-04 - - 4.53E-05 - 4.54E-05 -
12.00 6.00 - 9.24E-04 - 9.09E-04 - - 5.14E-05 - 5.14E-05 -
12.00 7.00 - 6.09E-04 - 6.00E-04 - - 4.65E-05 - 4.66E-05 -
12.00 8.00 - 4.24E-04 - 4.18E-04 - - 4.24E-05 - 4.25E-05 -
12.00 9.00 - 3.08E-04 - 3.04E-04 - - 3.91E-05 - 3.91E-05 -
12.00 10.00 - 2.31E-04 - 2.28E-04 - - 3.66E-05 - 3.66E-05 -
12.00 11.00 - 1.78E-04 - 1.75E-04 - - 3.59E-05 - 3.59E-05 -
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Table C.11: Cellular S-values (mGy-MBq™*-st) for 1*In using DPK.

Cell radil | Nucleus DSE(CNI;Aﬁ,)A PenNuc / ;E(:\ZII;:‘IYI-)\ PenNuc /

(um) radii (um) MIRD DECDATA PenNuc MIRD DECDATA PenNuc

/ MIRD MIRD / MIRD MIRD
3.00 1.00 1.37E-01 1.32E-01 0.96 1.19E-01 0.87 1.52E-03 1.51E-03 0.99 1.47E-03 0.97
3.00 2.00 1.91E-02 1.83E-02 0.96 1.67E-02 0.87 1.12E-03 1.17E-03 1.04 1.14E-03 1.02
4.00 2.00 1.91E-02 1.83E-02 0.96 1.67E-02 0.87 5.99E-04 7.30E-04 1.22 7.17E-04 1.20
4.00 3.00 6.07E-03  5.92E-03 0.98 5.43E-03 0.89 5.30E-04 6.33E-04 1.19 6.21E-04 1.17
5.00 2.00 1.91E-02 1.83E-02 0.96 1.67E-02 0.87 3.96E-04 5.27E-04 1.33 5.19E-04 1.31
5.00 3.00 6.07E-03  5.92E-03 0.98 5.43E-03 0.89 3.40E-04 4.47E-04 1.31 4.40E-04 1.29
5.00 4.00 2.72E-03  2.72E-03 1.00 2.51E-03 0.92 3.25E-04 3.87E-04 1.19 3.81E-04 1.17
6.00 3.00 6.07E-03  5.92E-03 0.98 5.43E-03 0.89 2.55E-04 3.38E-04 1.32 3.33E-04 1.31
6.00 4.00 2.72E-03  2.72E-03 1.00 2.51E-03 0.92 2.32E-04 2.85E-04 1.23 2.82E-04 1.22
6.00 5.00 1.48E-03 1.49E-03 1.01 1.39E-03 0.94 2.20E-04 2.48E-04 1.13 2.44E-04 1.11
7.00 3.00 6.07E-03  5.92E-03 0.98 5.43E-03 0.89 2.05E-04 2.58E-04 1.26 2.54E-04 1.24
7.00 4.00 2.72E-03  2.72E-03 1.00 2.51E-03 0.92 1.83E-04 2.20E-04 1.20 2.17E-04 1.19
7.00 5.00 1.48E-03 1.49E-03 1.01 1.39E-03 0.94 1.65E-04 1.87E-04 1.13 1.85E-04 1.12
7.00 6.00 9.09E-04 9.19E-04 1.01 8.55E-04 0.94 1.54E-04 1.66E-04 1.07 1.63E-04 1.06
8.00 4.00 2.72E-03  2.72E-03 1.00 2.51E-03 0.92 1.50E-04 1.70E-04 1.13 1.67E-04 1.11
8.00 5.00 1.48E-03 1.49E-03 1.01 1.39E-03 0.94 1.32E-04 1.45E-04 1.10 1.44E-04 1.09
8.00 6.00 9.09E-04 9.19E-04 1.01 8.55E-04 0.94 1.18E-04 1.27E-04 1.08 1.25E-04 1.06
8.00 7.00 6.02E-04 6.06E-04 1.01 5.65E-04 0.94 1.10E-04 1.15E-04 1.05 1.14E-04 1.04
9.00 5.00 1.48E-03 1.49E-03 1.01 1.39E-03 0.94 1.09E-04 1.14E-04 1.05 1.13E-04 1.04
9.00 6.00 9.09E-04 9.19E-04 1.01 8.55E-04 0.94 9.59E-05 1.00E-04 1.04 9.88E-05 1.03
9.00 7.00 6.02E-04 6.06E-04 1.01 5.65E-04 0.94 8.59E-05 8.96E-05 1.04 8.84E-05 1.03
9.00 8.00 4.20E-04 4.22E-04 1.00 3.94E-04 0.94 8.13E-05 8.34E-05 1.03 8.21E-05 1.01
10.00 5.00 1.48E-03 1.49E-03 1.01 1.39E-03 0.94 8.96E-05 8.91E-05 0.99 8.79E-05 0.98
10.00 6.00 9.09E-04 9.19E-04 1.01 8.55E-04 0.94 7.92E-05 7.92E-05 1.00 7.82E-05 0.99
10.00 7.00 6.02E-04 6.06E-04 1.01 5.65E-04 0.94 7.05E-05 7.13E-05 1.01 7.04E-05 1.00
10.00 8.00 4.20E-04 4.22E-04 1.00 3.94E-04 0.94 6.41E-05 6.54E-05 1.02 6.45E-05 1.01
10.00 9.00 3.05E-04 3.05E-04 1.00 2.85E-04 0.93 6.14E-05 6.22E-05 1.01 6.12E-05 1.00
11.00 5.00 - 1.49E-03 - 1.39E-03 - - 6.97E-05 - 6.89E-05 -
11.00 6.00 - 9.19E-04 - 8.55E-04 - - 6.27E-05 - 6.19E-05 -
11.00 7.00 - 6.06E-04 - 5.65E-04 - - 5.70E-05 - 5.63E-05 -
11.00 8.00 - 4.22E-04 - 3.94E-04 - - 5.26E-05 - 5.18E-05 -
11.00 9.00 - 3.05E-04 - 2.85E-04 - - 4.92E-05 - 4.85E-05 -
11.00 10.00 - 2.28E-04 - 2.14E-04 - - 4.77E-05 - 4.69E-05 -
12.00 6.00 - 9.19E-04 - 8.55E-04 - - 4.98E-05 - 4.91E-05 -
12.00 7.00 - 6.06E-04 - 5.65E-04 - - 4.57E-05 - 4.51E-05 -
12.00 8.00 - 4.22E-04 - 3.94E-04 - - 4.24E-05 - 4.18E-05 -
12.00 9.00 - 3.05E-04 - 2.85E-04 - - 3.98E-05 - 3.93E-05 -
12.00 10.00 - 2.28E-04 - 2.14E-04 - - 3.79E-05 - 3.74E-05 -
12.00 11.00 - 1.75E-04 - 1.64E-04 - - 3.73E-05 - 3.67E-05 -
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Table C.12: Cellular S-values (mGy-MBq*-s%) for 2°1T1 using DPK.

Cell radil | Nucleus DSE((|:\‘D<A¢1\ PenNuc / ;E(EI;:'IYI-)\ PenNuc /

(um)  radii(um)| MIRD |DECDATA PenNuc MIRD | DECDATA PenNuc

/ MIRD MIRD / MIRD MIRD
3.00 1.00 2.84E-01 3.58E-01 1.26 2.80E-01 0.98 9.16E-03  8.69E-03 0.95 8.86E-03 0.97
3.00 2.00 4.68E-02 5.60E-02 1.20 4.65E-02 0.99 6.35E-03  6.18E-03 0.97 6.32E-03 1.00
4.00 2.00 4.68E-02  5.60E-02 1.20 4.65E-02 0.99 3.19E-03  2.98E-03 0.93 3.08E-03 0.97
4.00 3.00 1.60E-02 1.86E-02 1.16 1.58E-02 0.99 2.64E-03  2.55E-03 0.97 2.62E-03 0.99
5.00 2.00 4.68E-02 5.60E-02 1.20 4.65E-02 0.99 1.82E-03 1.72E-03 0.94 1.78E-03 0.98
5.00 3.00 1.60E-02 1.86E-02 1.16 1.58E-02 0.99 1.49E-03 1.39E-03 0.93 1.44E-03 0.97
5.00 4.00 7.37E-03  8.44E-03 1.15 7.30E-03 0.99 1.36E-03 1.30E-03 0.95 1.34E-03 0.99
6.00 3.00 1.60E-02 1.86E-02 1.16 1.58E-02 0.99 9.31E-04 8.69E-04 0.93 9.05E-04 0.97
6.00 4.00 7.37E-03  8.44E-03 1.15 7.30E-03 0.99 8.19E-04 7.60E-04 0.93 7.90E-04 0.96
6.00 5.00 4.02E-03  4.55E-03 1.13 3.97E-03 0.99 7.92E-04 7.56E-04 0.95 7.83E-04 0.99
7.00 3.00 1.60E-02 1.86E-02 1.16 1.58E-02 0.99 6.28E-04 5.85E-04 0.93 6.11E-04 0.97
7.00 4.00 7.37E-03  8.44E-03 1.15 7.30E-03 0.99 5.39E-04 5.02E-04 0.93 5.24E-04 0.97
7.00 5.00 4.02E-03  4.55E-03 1.13 3.97E-03 0.99 4.97E-04 4.64E-04 0.93 4.84E-04 0.97
7.00 6.00 2.44E-03 2.74E-03 1.12 2.41E-03 0.99 5.03E-04 4.83E-04 0.96 5.01E-04 1.00
8.00 4.00 7.37E-03  8.44E-03 1.15 7.30E-03 0.99 3.79E-04 3.54E-04 0.93 3.71E-04 0.98
8.00 5.00 4.02E-03  4.55E-03 1.13 3.97E-03 0.99 3.39E-04 3.20E-04 0.94 3.35E-04 0.99
8.00 6.00 2.44E-03 2.74E-03 1.12 2.41E-03 0.99 3.25E-04 3.07E-04 0.95 3.21E-04 0.99
8.00 7.00 1.59E-03 1.78E-03 1.12 1.58E-03 0.99 3.41E-04 3.29E-04 0.97 3.42E-04 1.00
9.00 5.00 4.02E-03  4.55E-03 1.13 3.97E-03 0.99 2.46E-04 2.34E-04 0.95 2.46E-04 1.00
9.00 6.00 2.44E-03 2.74E-03 1.12 2.41E-03 0.99 2.29E-04 2.18E-04 0.95 2.29€E-04 1.00
9.00 7.00 1.59E-03 1.78E-03 1.12 1.58E-03 0.99 2.26E-04 2.16E-04 0.95 2.26E-04 1.00
9.00 8.00 1.10E-03 1.23E-03 1.11 1.09E-03 0.99 2.43E-04 2.36E-04 0.97 2.45E-04 1.01
10.00 5.00 4.02E-03  4.55E-03 1.13 3.97E-03 0.99 1.86E-04 1.78E-04 0.96 1.87E-04 1.01
10.00 6.00 2.44E-03 2.74E-03 1.12 2.41E-03 0.99 1.70E-04 1.65E-04 0.97 1.73E-04 1.02
10.00 7.00 1.59E-03 1.78E-03 1.12 1.58E-03 0.99 1.63E-04 1.57E-04 0.97 1.65E-04 1.01
10.00 8.00 1.10E-03  1.23E-03 1.11 1.09E-03 0.99 1.65E-04 1.58E-04 0.96 1.66E-04 1.01
10.00 9.00 7.92E-04 8.82E-04 1.11 7.89E-04 1.00 1.80E-04 1.75E-04 0.97 1.82E-04 1.01
11.00 5.00 - 4.55E-03 - 3.97E-03 - - 1.39€-04 - 1.48E-04 -
11.00 6.00 - 2.74E-03 - 2.41E-03 - - 1.28E-04 - 1.35E-04 -
11.00 7.00 - 1.78E-03 - 1.58E-03 - - 1.21E-04 - 1.27E-04 -
11.00 8.00 - 1.23E-03 - 1.09E-03 - - 1.17E-04 - 1.24E-04 -
11.00 9.00 - 8.82E-04 - 7.89E-04 - - 1.20E-04 - 1.26E-04 -
11.00 10.00 - 6.57E-04 - 5.89E-04 - - 1.34E-04 - 1.40E-04 -
12.00 6.00 - 2.74E-03 - 2.41E-03 - - 1.03E-04 - 1.09E-04 -
12.00 7.00 - 1.78E-03 - 1.58E-03 - - 9.62E-05 - 1.02E-04 -
12.00 8.00 - 1.23E-03 - 1.09E-03 - - 9.20E-05 - 9.70E-05 -
12.00 9.00 - 8.82E-04 - 7.89E-04 - - 9.06E-05 - 9.54E-05 -
12.00 10.00 - 6.57E-04 - 5.89E-04 - - 9.35E-05 - 9.80E-05 -
12.00 11.00 - 5.03E-04 - 4.53E-04 - - 1.06E-04 - 1.10E-04 -
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