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Abstract

High-dose-rate (HDR) brachytherapy is a well-established and effective radiation
treatment modality utilized in the management of various cancers. It involves the
temporary placement of a sealed highly radioactive photon emitting source (a seed),

192y inside or mnear the tumor to deliver therapeutic doses of radiation.

usually
Image-guided HDR brachytherapy provides an optimal dose distribution in the tumour
with decreased toxicity to organs at risk due to the steep dose gradient from brachytherapy
sources.  However, dose distribution from brachytherapy sources is identical in all
directions, which often results in less-than-ideal tumour dose conformity leading to dose
spillage to healthy tissues causing side effects.

To mitigate this issue, novel shielding techniques have been developed. Shields
should be capable of significantly reducing the radiation source’s intensity, ideally by
several half-value layers. Furthermore, they must be compact enough to be utilized in
brachytherapy applicators and catheters. While achieving this is feasible for intracavitary
HDR brachytherapy, it becomes challenging for interstitial HDR brachytherapy due to the
high energy of '?Ir and small diameters of the catheters. Consequently, it becomes

necessary to explore alternative lower-energy radiation sources. This thesis pursued two

main objectives. Firstly, it aimed to design, manufacture and characterize a lower energy
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brachytherapy source, specifically Se, to investigate its physical and dosimetric
properties. The goal was to improve brachytherapy treatments by reducing the absorbed
dose to surrounding healthy tissues while achieving acceptable treatment times and dose
homogeneity. Secondly, treatment plans were simulated using the Monte Carlo method on
data from a rectal cancer patient to further validate the benefits of utilizing Se as a
brachytherapy source. These simulations were conducted using a rectal static shield as well
as a dynamically rotating shield. This allowed for a comparison of treatment metrics
between Se and the commonly used '?Ir, providing valuable insights into the potential
advantages of Se in brachytherapy applications.

The manufacturing process of the Se source involved encapsulating a vanadium
diselenide compound in titanium. The source was irradiated at the McMaster Nuclear
Reactor. Thorough evaluations were carried out, involving a range of assessments. These
included visual inspections to identify deformations, activity measurements, analysis of
radiation contaminants, and a gamma index analysis that compared film measurements
with Monte Carlo simulated results. Furthermore, Monte Carlo simulations were employed
to investigate the differences in shield effectiveness between the use of Se and *?Ir. To
characterize the source, Monte Carlo simulations using the standardized formalism of
TG-43 were completed.

The manufacturing of a low activity "Se brachytherapy source was achieved
successfully, demonstrating no deformations. The radiation contaminants produced by the
titanium and vanadium in the source were below 1% of the overall contribution of the Se
brachytherapy source.  Notably, the ™Se brachytherapy source enabled remarkable
shielding effectiveness. When using "Se with the rectal static shield and dynamically

rotating shield, the shields were able to attenuate the dose 4.86 + 0.12 and 5.41 £ 0.12
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times better than when using 1%?Ir, respectively. = This improvement in shielding
effectiveness allowed for better optimized treatment plans to be achieved when using ®Se.
The treatment time and dose homogeneity index were similar to the ones achieved with
92Ty and all dosimetric indices to organs at risk were improved. Most notably, the Do to
the contralateral rectum was reduced by 0.97 Gy and the D5 of the rectum was reduced by
1.17 Gy. These results display the potential that “Se has on the significant improvement of
brachytherapy treatments and serves as the initial steps to bringing this source to clinical

implementation.
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Abrégé

La curiethérapie est une modalité de traitement par rayonnement bien établie et
efficace pour divers cancers. Elle implique le placement d’une source hautement radioactive
émettant des photons (une graine), généralement 1''?Ir, dans ou prés de la tumeur pour
délivrer des doses thérapeutiques de rayonnement. La curiethérapie a haute dose guidée
par imagerie offre une distribution optimale de la dose dans la tumeur avec une toxicité
réduite pour les organes a risque grace au fort gradient de dose des sources de curiethérapie.
Cependant, la distribution de dose des sources de curiethérapie est identique dans toutes
les directions, ce qui conduit souvent a une dose tumorale moins conforme et a des effets
secondaires dus a l'irradiation de tissus sains.

Pour atténuer ce probleme, de nouvelles techniques de blindage ont été
développées. Les blindages doivent réduire significativement l'intensité de la source de
rayonnement, idéalement par plusieurs couches a demi-épaisseur. De plus, ils doivent étre
suffisamment compacts pour étre utilisés dans les applicateurs de curiethérapie. Bien que
cela soit possible pour la curiethérapie HDR intracavitaire, cela devient difficile pour la
curiethérapie HDR interstitielle en raison de la haute énergie de 1I''%2Ir et des petits
diametres des cathéters. Par conséquent, il est nécessaire d’explorer des sources de

rayonnement a plus basse énergie. Cette these avait deux objectifs principaux.
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Premierement, concevoir, fabriquer et caractériser une source de curiethérapie a basse
énergie, le ™Se, pour étudier ses propriétés physiques et dosimétriques. L’objectif était
d’améliorer les traitements de curiethérapie et d’en augmenter 'efficacité. Deuxiémement,
simuler des plans de traitement a ’aide de la méthode de Monte Carlo sur les données d'un
patient atteint de cancer du rectum pour valider davantage les avantages de 'utilisation du
Se comme source de curiethérapie. Cela a permis de comparer les traitements entre le
Se et I''%2Ir, fournissant ainsi des informations précieuses sur les avantages potentiels du
5Se en curiethérapie.

Le processus de fabrication de la source de "Se impliquait I’encapsulation d’un
composé¢ de diséléniure de vanadium dans du titane. La source a été irradiée au Réacteur
Nucléaire de McMaster. Des évaluations approfondies ont été menées, comprenant des
inspections visuelles pour identifier les déformations, des mesures d’activité, ’analyse des
contaminants radioactifs et une analyse de l'indice gamma comparant les mesures aux
résultats simulés par Monte Carlo. De plus, des simulations Monte Carlo ont été utilisées
pour étudier les différences d’efficacité de blindage entre le ™Se et I''92Ir. Pour caractériser
la source, des simulations Monte Carlo utilisant le formalisme normalisé TG-43 ont été
réalisées.

La fabrication d’'une source de curiethérapie au "Se a faible activité a été réalisée
avec succes, démontrant ’absence de déformations. Les contaminants radioactifs produits
par le titane et le vanadium dans la source étaient inférieurs a 1% de la contribution totale
de la source de curiethérapie au ®Se. Notamment, la source de curiethérapie au ™Se a
permis une efficacité de blindage remarquable. Lors de 1'utilisation du “Se avec le blindage
statique rectal et le blindage rotatif dynamique, les blindages ont pu atténuer la dose 4.86

+ 0.12 et 5.41 £ 0.12 fois mieux que lors de I'utilisation de 1''%?Ir, respectivement. Cette
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amélioration de l'efficacité de blindage a permis d’obtenir de meilleurs plans de traitement
optimisés avec le Se. Notamment, le Do, pour le rectum controlatéral et le ballon utilisé
pour le positionnement ont été réduits de 0.97 et 2.05 Gy respectivement, et le D5y du
rectum a été réduit de 1.17 Gy. Ces résultats montrent le potentiel du ">Se pour améliorer
considérablement les traitements de curiethérapie et ouvrent la voie a une mise en ceuvre

clinique future.
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Chapter 1

Introduction

1.1 Preface

High dose rate (HDR) brachytherapy is a radiotherapy treatment modality that
involves the insertion of a radioisotope inside or near the tumour to deliver prescribed doses
of radiation. This treatment modality allows for more localized and higher doses of radiation
to tumours compared to other modalities such as external beam radiotherapy. Although
HDR brachytherapy has these advantages, it has the limitation that the dose emitted by the
radioisotope is isotropically distributed. This restricts the escalation of dose to the tumour as
surrounding healthy tissues will receive higher doses with higher prescribed radiation doses.
To mitigate this risk, the use of metallic shields have been investigated and implemented
clinically to modulate the intensity of the radiation dose during brachytherapy treatments.
These techniques have shown great improvements in reducing dose received by healthy tissue
in brachytherapy treatments, which has be proven by clinical and theoretical findings.

Despite this improvement in brachytherapy treatments, the effectiveness of these
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shields in the attenuation of dose produced by radioisotopes is impeded by the physical
constraints imposed by the size of the applicators and catheters used in treatments. With
these small shield thicknesses, the dose produced by the most commonly used high energy
brachytherapy source, *?Ir, does not get attenuated by several half value layers. This
restricts brachytherapy treatments with the use of shields to not reach its full potential.
Recognizing the potential of these shielding techniques, it was decided to
investigate potential alternative brachytherapy sources. Compared to ?2Ir, this alternative
source should have lower gamma energies to allow for better shielding attenuation, have a
longer half-life, be capable of completing similar treatment times and be comparable in
production price. Through our research, ™Se showed promise in achieving all these
characteristics. Therefore, this thesis investigated the benefits of Se as well as the
feasibility of developing a ™Se brachytherapy source for use in brachytherapy applications

with novel shielding techniques.

1.2 Objectives

This work aimed to further improve brachytherapy treatments by designing,
manufacturing and testing a novel Se brachytherapy source. This source can lead to more
conformal dose distributions, reducing the dose in treatments to healthy tissue. The first
goal was to design and manufacture the source assessing the radiation output by measuring
the dosimetric properties of the source using radiochromic film as well as completing a
spectral analysis to analyze contaminants. The second goal was to assess the potential
benefits of using the Se source compared to the presently used '2Ir source for both

IMBT and presently used static shield design treatment plans for rectal cancer treatment.
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The radiation attenuation capacity of these shields was compared, and treatment plans
were optimized using a Monte Carlo-based treatment planning software. For the treatment
plans, the absorbed dose to the tumour and surrounding organs at risk were calculated and

compared to quantify the results.



Chapter 2

Background and Literature Review

2.1 Brachytherapy

High dose rate (HDR) brachytherapy is a form of radiotherapy that involves
temporarily placing a sealed photon-emitting radioactive source, usually *?Ir, inside or
near the tumour irradiating from the inside out, in contrast with external beam
radiotherapy that irradiates cancer from the outside. Brachytherapy can be used as a
monotherapy or combined with other treatment modalities for the treatment of localized
and small tumours [1]. The technique involves directing radioactive sources to the tumor
site through various approaches, including intracavitary, interstitial, intraluminal, surface
(mould), intraoperative, and intravascular methods. The two most commonly utilized
techniques are intracavitary and interstitial. In intracavitary brachytherapy, the
radionuclide is placed in a special applicator inside a body cavity. In interstitial HDR
brachytherapy, the source is placed inside the tumour via surgically implanted catheters.

[2]. The treatment modality enables enhanced localized dose delivery to the target, offering
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improved conformal therapy with a sharp dose fall-off outside the target volume. This
feature effectively minimizes the dose to the nearby organs at risk (OARs). However, due
to the rapid dose fall-off, precise delivery protocols and efficient quality control programs
become essential, as even slight source displacements can lead to large dosimetric

variations. [3].

2.1.1 Dose Rate

One of the most common ways to classify brachytherapy is through the dose rate at
the point prescribed [4]. There are three classifications for dose rates: low-dose rate (LDR),
medium-dose rate (MDR) and high-dose rate (HDR). LDR procedures, which commonly
use %1, 103Pd and 3'Cs as the radioactive sources, deliver dose at the rate of 0.4-2 Gy/h,
requiring treatment times of 24-144 h [5]. MDR procedures are classified as delivering doses
at the rate of 2-12 Gy/h and are not commonly used in the clinic. Lastly, HDR procedures
deliver a dose at a rate greater than 12 Gy/h and can only be delivered using a remote
afterloader for the safety of the patient and clinicians due to the sources used having high
activities [5]. Treatment times are on the scale of minutes, which is its most important
advantage. The full procedure is usually completed with 4-6 fractions [6]. It also has cost
benefits compared to the other procedures, as multiple patients can be treated with a single

source if the activity is acceptable.

2.1.2 Dosimetry

In conventional brachytherapy practice, the absorbed radiation dose is calculated

and reported as dose to water in water (Dw,w) according to the recommendations provided by
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American Association for Physicists in Medicine (AAPM) Task Group No. 43 (TG-43) [7, 8].
Treatment planning systems (TPS) typically model the human body as a water sphere with
unit density. The TG-43 dose calculation formalism describes the dose deposition around a
single source placed centrally in a spherical water phantom. However, certain factors such
as tissue and applicator heterogeneities, intersource attenuation (for LDR brachytherapy),
and finite patient dimensions are not taken into account in this calculation method. Its line
source geometry assumes evenly distributed radioactivity along a 1D line segment. It can
also be simplified to a point source that assumes a spherical symmetry dose distribution at
a given radial distance. It can be expressed by the following equation:
Gx(r,0

D(r,0) = Sic - A G2 gx(r) - F(r,) (2.1)

Where 1y and 0y correspond to the reference distance and polar angle relative to
the source longitudinal axis, as illustrated in Figure 2.1, which is 1 cm away from the source
center at 90°. r and € correspond to the point of interest denoted as P(r, §) in Figure 2.1.
The subscript “X” indicates whether the model used is a point or line source.

The air-kerma strength, Sk, is the air-kerma rate, K5(d), in vacuo (measurements
corrected for photon interactions such as attenuation and scattering in the air between the
source and detector and from any nearby objects) multiplied by the distance squared. The

equation is,

Sk = Ks(d) - d* (2.2)

The calculated air-kerma rate excludes low-energy that increase the value but do

not contribute to the dose at distances greater than 0.1 ¢m in tissue. This energy cutoff for
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P(r,0)

rp=1cm
f |
t - L -

Figure 2.1: Brachytherapy dosimetry coordinate system

low-energy photon emitting sources used in brachytherapy is typically 5 keV [8].
The dose rate constant in water, A, is the ratio of the dose rate at the reference

point in water to the air-kerma strength, which can be observed in the equation:

D(To, 80)

A=
Sk

(2.3)

The value of this parameter is determined by both the element of the radioactive source and
its dimensions, and it can also be influenced by the internal design of the capsule.

The geometry function, G(r,f), neglects scattering and attenuation but is the
correction for the inverse square law based on the assumptions made for the distribution of

radioactivity for a point source or a line source. It is defined as,

Gp(r,0) =r—2 (2.4)
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LrsﬂinO’ if 0 7& 0°
GL(T, 9) = (25)
@, lf 9 — OO

where [ is the angle enclosed by the tips of the line source seen in Figure 2.1 and L is the
active length of the line source.
The radial dose function, gx(r) corrects for the photon scattering and attenuation

contribution to the dose fall-off on the transverse plane. It is calculated using the equation,

D(r', fo) Gx(ro,6b)
D(ro, 6p) Gx(r,6)

gx(r) = (2.6)

The function is normalized at r = 1 cm. As depicted in Figure 2.2, the behaviors
of LDR sources and HDR sources display notable differences. The figure illustrates the

significant dose gradient from the !?°I

source (LDR source) primarily caused by dose
deposition through the photoelectric effect alone. On the other hand, higher energy sources
commonly used in HDR brachytherapy, such as '%?Ir, exhibit a rapid decrease in dose with
distance from the source, which is offset by the contribution of scattered photons. This
characteristic allows for a more uniform dose distribution for larger tumors compared to
LDR treatments.

The 2D anisotropy function, F(r,d), is greatly affected by the source dimensions

as it describes the differences in dose as a function of polar angle relative to the transverse

plane. It is calculated by,

D(r,0) Gy(r,6,)
D(’T’, ‘90) GL(T7 0)

F(r,0) = (2.7)
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Figure 2.2: Radial Dose functions of five different radiation sources

The TG-43 formalism, while providing a standardized and fast method for dose
calculation, is limited by its assumption of treating the patient as a homogeneous water
medium [9]. This assumption can impact the accuracy of the final calculated results,
particularly for sources with low and intermediate energies, where the photoelectric effect is
prevalent. In these cases, the mass attenuation coefficients influence the dose distribution,
which is not accounted for in the TG-43 formalism. Additionally, even for high energy
sources, the scatter-to-primary ratio is at its maximum in low-Z materials [9]. As a result,
the TG-43 formalism fails to consider tissue heterogeneity, leading to significant deviations
between the expected and actual dose distributions in many cases. Anagnostopoulos et al.
found that for esophageal HDR brachytherpy that there were no differences within the
target volume, but revealed that the TG-43 calculated dose overestimated the dose to the
spinal cord by 13% and underestimated the dose to the sternum bone by 15% [10].
Lymperopoulou et al. investigated HDR breast treatments and found that the TG-43
calculated dose was up to 10% larger compared to the prescribed dose for the lung, which

was attributed to not only the lack of heterogeneity, but also to lack of good scattering
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conditions [11]. To address these limitations, model-based dose calculation algorithms have
been developed specifically for brachytherapy, and their application will be discussed in

detail in the following section.

2.2 Model-based Dose Calculation

To achieve more accurate modelling of dose distributions in brachytherapy,
model-based dose calculation algorithms (MBDCAs) are employed, which consider
radiation interactions in non-water media. The three methods used presently to provide a
detailed and accurate method for calculation of absorbed dose in heterogeneous systems
such as the human body are the collapsed-cone superposition/convolution method,
deterministic solutions to the linear Boltzmann transport equation and Monte Carlo
simulations [9].  While these methods yield precise dose calculations when applied
accurately, their practical implementation during treatments can be time-consuming,
making them less suitable for real-time clinical use. Nonetheless, these methods are
extensively utilized for research purposes. However, they encounter practical challenges,
particularly their sensitivity to the dose specification medium and voxel-by-voxel
interaction cross sections. Additionally, their practicality is further hampered by the
uniqueness of each patient-source-applicator configuration, making it infeasible to have
reference data for every potential combination.To address these issues, AAPM Task Group
No. 186 report (TG-186) was published [9]. The report provides recommendations to
enhance the use of MBDCAs in clinical practice.

One recommendation is that the TPS used with the MBDCA should have the

capability to calculate the dose or dose rate in a homogeneous water phantom to allow
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for a direct comparison with TG-43 parameters. To overcome the sensitivity to the dose
specification medium, the report suggests avoiding the fixation of a reference medium such
as water. Instead, it recommends reporting the dose to the tissue composing each voxel,
allowing for a more comprehensive analysis. Lastly, with regards to voxel-by-voxel interaction
cross sections, it recommends that organs be contoured and approved by radiation oncologists
and that the tissue composition be assigned uniformly to this contour. TG-186 provides
recommendations for assigning tissue elemental compositions for various organs and the
nominal physical densities both acquired from ICRU No. 46 as a reference source [4].

In all MBDCA dose engines, there exists a trade-off between the uncertainty in dose
calculations and the computational time required. Consequently, dealing with some degree
of uncertainty is inevitable, and to reduce it, the computation time needs to be increased.
TG-186 determined a threshold for acceptable uncertainty, and the time taken to achieve
these results was carefully documented. Further discussion on these values will be presented

in the thesis.

2.3 Intensity Modulated Brachytherapy

Brachytherapy is known for its superior conformal therapy compared to many other
treatment modalities. The treatment can have shorter treatment times, decreased dose to
healthy tissues and may be much more cost-effective than external beam radiotherapy with
comparable outcomes [12, 13, 14]. However, it does have limitations as the sources used
typically emit a rotationally symmetric dose distribution. This poses a challenge when
optimizing treatment plans for irregularly shaped tumour lesions that require a high dose

to the target area, often resulting in suboptimal target conformity [15]. To answer these
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limitations in conventional brachytherapy, implementing highly attenuating materials in the
applicators has been greatly investigated. This method is known as intensity-modulated
brachytherapy (IMBT) and was originally investigated by Ebert et al. in 2002 [16].

The concept of dynamically rotating the highly attenuating material while
irradiating the source allows the possibility to dynamically direct the radiation towards the
tumours and away from the healthy tissue. The dose distributions will better conform to
the tumour’s shape, allowing the dose to escalate to the tumour while effectively shielding
organs at risk (OAR). A systematic review was conducted by Callaghan et al. (2019) that
analyzed all peer-reviewed journal articles on IMBT published between January 1, 1980
and January 1, 2019. The review identified 18 studies that successfully decreased the dose
to OARs by 5.1-68.2%, demonstrating significant improvements in radiation protection for
critical structures. 11 studies reported improved treatment planning and delivery times by
7.6-99.7%, highlighting the potential for enhanced efficiency and workflow optimization.
Lastly, six studies increased target coverage by 18.6-71.6% relative to standard-of-care
treatments, indicating improved tumour control [15].

Famulari et al. (2020) designed and manufactured an IMBT radiation delivery
system prototype called AIM-Brachy to treat prostate cancer [17]. The AIM-Brachy
system dynamically controls the rotation of MRI-compatible platinum shields placed
within interstitial catheters, which partially collimate the radiation emitted from a %9Yb
source [18]. Platinum shields reduce the dose rate on the shielded side at 1 cm to 18.1% of
the dose rate on the unshielded side. The AIM-Brachy system can create a low-dose tunnel
within the urethra to minimize the occurrence and severity of urethral strictures or,
alternatively, to provide a method for dose escalation as well as to decrease the side effects

by minimizing the dose to the rectum and bladder. In a retrospective study, a dataset of 12
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prostate cancer patients treated with external beam radiotherapy followed by HDR
brachytherapy boost was used to generate conventional HDR brachytherapy and IMBT
treatment plans using an in-house treatment planning system called RapidBrachyMCTPS
[19, 20]. No margin was applied to the urethra contour. Given equal planning target
coverage, IMBT has the potential to, on average, reduce the urethra Do by 13.3% + 4.7%
(range: 4.1- 20.6%) without affecting other plan quality indices. Djq is the minimum dose
received by the “hottest” 10% of the urethral volume and is associated with urinary
toxicity.

Morcos and Enger (2020) developed an intracavitary IMBT delivery system for the
cervix [21]. An MRI and CT compatible tandem (outer diameter 6 mm, inner diameter 3 mm)
and ring applicator (Elekta Brachytherapy, Veenendaal, The Netherlands) was redesigned
to enable a rotating shield. To maximize the amount of shielding material in the tandem,
its inner diameter was changed to 5.4 mm. The 5.4 mm thick tandem shield resembles a
flute due to the 1 mm diameter beam collimation holes spaced 10 mm apart along its outer
surface, which in addition to collimating the beam laterally, limits dose to organs at risk
above and below the dwell position. The shield is connected to the rotating IMBT delivery
system through a custom miniature joint, which enables the transfer of rotational force while
maintaining the bend required for the angled tandem. The lunar ovoids are unshielded and
left unchanged. Tungsten was chosen as the shield material due to its relatively high density
and exhibition of minimal magnetic susceptibility artifacts in MRI-based brachytherapy and
clinically acceptable metal artifacts in CT imaging. To investigate the benefits of this system,
data from 36 cervical cancer patients were considered in a retrospective IRB-approved study
22].

14 implants were performed with the Venezia hybrid applicator. The Vienna-style
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hybrid tandem and ring applicator was used on the remaining 22 cases. All implants were
performed under MRI guidance. Hybrid intracavitary/interstitial brachytherapy implants
combined with 3 to 6 needles were used for six cases. All patients received external beam
radiotherapy in 25 fractions at 1.8 Gy/fraction followed by 5 fractions of HDR
brachytherapy boost using 5.5 Gy/fraction. The IMBT tandem was set to rotate at 22.5°
increments. Each IMBT case was simulated using the three radionuclides '*?Ir, Se and
19Yh.  ¥2Ir and "Se-based IMBT represents a superior alternative to conventional
intracavitary HDR brachytherapy with even greater improvements with °Yb. Compared
to intracavitary/interstitial HDR brachytherapy, needle-free IMBT with %°Yb improved
tumour coverage and OAR sparing; "Se proved non-inferior; and '?Ir led to clinically
acceptable plans. Delivery of a conformal OAR-sparing dose without a single interstitial
needle is an exciting avenue toward improving local control and reducing the morbidity of
treatment for this group of patients.

IMBT holds great promise for improving treatment outcomes, minimizing radiation-
related side effects and enhancing overall patient care in brachytherapy. Continued research
and technological advancements in IMB'T have the potential to revolutionize the field further,

leading to more personalized and effective treatment strategies.

2.3.1 High Dose Rate Endorectal Brachytherapy

At the Jewish General Hospital in Montreal, Canada, HDR endorectal
brachytherapy is performed on patients with locally advanced rectal cancer. The procedure
is CT-based image-guided and can be administered as a boost in three weekly fractions

with a prescribed dose of 10 Gy to the clinical target volume (CTV) or as a standalone
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Figure 2.3: Cross-sectional view of cylindrical intracavitary mold applicator (left) with the

full assembly (right).

pre-operative treatment in four daily fractions with a prescribed dose of 6.5 Gy to the CTV
23, 24]. Presently, the cylindrical intracavitary mould applicator (ICMA)
(Nucletron/Elekta; Veenendaal, the Netherlands) is used for this procedure, seen in Figure
2.3. The ICMA features an 8 mm diameter central channel designed to insert a highly
attenuating material, surrounded by eight equally distributed catheter channels. Our lab is
developing an applicator with a dynamically rotating shield to improve treatment
outcomes.

As described above, significant dosimetric improvements are achievable with
collimated brachytherapy sources, but practical challenges have impeded the clinical
implementation of IMBT. For example, shields must be able to attenuate the intensity of
the source significantly, preferably by several half-value layers, yet must be small enough to
be used inside brachytherapy applicators and needles. However, a lower degree of
attenuation that still improves achievable dose distributions can also be beneficial. This is
possible for intracavitary HDR brachytherapy, but with respect to interstitial HDR
brachytherapy, '°?Ir has too high of an energy to allow for adequate shielding within a

small diameter of interstitial catheters. This necessitates alternative lower energy radiation
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sources.

2.4 Desirable Characteristics of Brachytherapy
Sources

Desirable characteristics for a radiation source used in brachytherapy include low
mean gamma energy, long half-life, the feasibility of manufacturing into small capsules, and
the ability to provide a suitable dose rate and distribution within acceptable treatment
times. A low mean gamma energy is advantageous as it reduces the depth of penetration,
resulting in a reduced dose to healthy tissue located farther from the source [25].
Additionally, lower gamma energies enhance the effectiveness of shields in protecting
contra-lateral healthy tissues. Moreover, brachytherapy suites require less shielding, leading
to reduced implementation costs for facilities [26]. A longer half-life for the radiation
source is beneficial regarding cost and clinical workflow. It reduces the frequency of source
replacement, resulting in cost savings and fewer source purchases.  Fewer source
calibrations are also required. The affordability of the source is an essential factor,
influenced by the half-life and the method used to produce the radiation source, such as
utilizing a nuclear reactor or a cyclotron. Sources manufactured using a cyclotron tend to
be more expensive than those created using a nuclear reactor. Another disadvantage of
using the cyclotron is that the radioisotopes produced are neutron deficient, causing them
to have much shorter half-lives compared to ones produced in nuclear reactors [27]. The
feasibility of manufacturing the source in small capsules is important for brachytherapy

applications. The sources must fit into the small catheter channels present in applicators.
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Despite their small size, they still need to deliver a sufficiently high dose to irradiate
tumours in an acceptable treatment time effectively. The source’s specific activity is the
characteristic that allows for small source sizes.

Currently, the most commonly used HDR source in brachytherapy is '*2Ir, (E., ., =
360 keV, half-life = 74 days). The manufacturing of *2Ir sources for brachytherapy has been
optimized, utilizing well-known assembling and welding techniques [28]. This optimization
enables the production of high-specific activities, resulting in dose rates that allow for short
treatment times (typically less than 15 minutes). The half-life is tolerable for most clinics,
and while its gamma energy is not extremely low, it is lower compared to alternative sources
presently used. For clinics that may not be able to accommodate the short half-life of 2Ir
due to cost and/or transportation time, ®°Co (E., ,, = 1250 keV, half-life = 5.3 years) is
often used. ®°Co has a significantly higher average gamma energy. However, with such a
long half-life, the source rarely needs to be replaced, allowing for a great reduction in cost.

For HDR brachytherapy to be effective, low energy radioisotopes (E, .y < 50 keV)
[9] are not considered as they have short half-lives and are not capable of producing dose rates
that are comparable to ?Ir. Intermediate-energy radioisotopes (50 keV > E. ., < 200 keV)
9] have been investigated for use in brachytherapy applications, which include '™ Tm [29, 30],
193Gd [31], 199Yb [32, 33, 17] and °7Co [34]. It was found that each one has some disadvantages
that cause the source to be impractical for clinical applications. For '"°Tm, at depths less
than 5 mm, it has considerable bremsstrahlung and beta contamination [29]. The source’s
practically achievable dose rate is also significantly lower than that of 92Ir [35], meaning
that either the source dimensions need to be significantly larger or the irradiation time

19211'

needs to be longer to achieve an equivalent dose rate to The dosimetric characteristics

of 1%3Gd allowed a theoretical source to be designed. However, the manufacturing process
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was unfeasible, rendering the source incapable of clinical use [36]. YD has a short half-life
of 32 days, which is too short when considering the production and delivery time. Lastly,
the production of ®”Co is prohibitively expensive, as the technique to achieve an equivalent
dose rate to '%Ir requires a 1-2 mA cyclotron to function for many thousands of hours [37].

This research led to the decision to look into high-energy radioisotopes that had
mean gamma energies less than '%2Ir (200 keV > E. ., < 360 keV) [9]. Se (E, .y = 215 keV,
half-life = 119 days) exhibited the desirable characteristics of a brachytherapy source with a

lower mean gamma energy and a longer half-life, so it was selected for further investigation.

2.4.1 Selenium-75

Se is a commonly used radioisotope in industrial radiography for inspecting
infrastructure defects, including steel beams and oil pipelines. Its performance advantages
compared to %?Ir makes it a preferred choice for applications that have metal thicknesses
of 5-30 mm [38]. Despite its favourable dosimetric properties, the manufacturing aspects of
elemental selenium can pose challenges. Elemental selenium is highly toxic, volatile,
reactive and corrosive. It also has a very large coefficient of expansion close it its melting
point of 217 °C, and to avoid contamination during production, it requires encapsulation of
the element prior to irradiation [39]. To address these manufacturing difficulties, various
irradiation techniques, including different encapsulation methods and selenium compounds,
have been investigated [40, 41, 39]. Although these techniques have been applied in
industrial radiography source manufacturing, they have not been extensively applied to the
production of brachytherapy sources. This limitation is primarily attributed to the size

restrictions imposed by clinical applications, as brachytherapy sources have approximately
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four times smaller diameters, and the safety concerns associated with placing the source
inside a patient. Consequently, most existing literature analyzing the use of selenium in a
brachytherapy setting is largely theoretical [26, 24, 42]. These circumstances have
motivated us to delve deeper into these manufacturing solutions, leveraging our expertise

to design, test, and manufacture a Se brachytherapy source for clinical implementation.

2.5 Radiochromic Film

The specific radiochromic film used in this thesis was external beam therapy (EBT)
GAFCHROMIC™™ film. The purpose of the film’s use was to measure the physical dose
emitted by the source manufactured and compare the results to doses acquired through
simulations using an MBDCA. The film design consists of a 175 pum polyester coated with a
28 pum active layer film over which a 5 pm topcoat is applied [43]. The film contains a special
dye that is polymerized and develops a blue colour upon exposure to radiation. This causes
there to be a change in optical density proportional to the amount of energy deposited that
can be measured in a flatbed document scanner [44]. EBT GAFCHROMIC™ film has been
used in multiple brachytherapy applications [45, 46, 47]. It has the advantages of having a
high 2D spatial resolution, being safe to handle in room light, being nearly tissue equivalent,
having no angular dependence, being water resistant, allowing for use in water phantoms and
that they can be custom cut depending on the application. Accurate film dosimetry requires
controlling many variables such as scanning in the same lateral and longitudinal orientation
for all scans, including the calibration scans that are used to relate optical densities to known

doses.
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3.1 Abstract

Background: Se (t1/2 = 119 days, E, 4z = 215 keV) offers advantages over *?Ir (t; /5 = 74
days, E, ave = 360 keV) as a brachytherapy source due to its lower gamma energy and longer
half-life. However, despite its widespread use in industrial gamma radiography, commercial
fabrication of Se brachytherapy sources is currently limited by manufacturing constraints.
Purpose: This feasibility study aimed to manufacture and irradiate a low activity "Se
brachytherapy source and perform measurements to assess its potential for brachytherapy
applications.

Methods: A source was designed, and its TG-43U1 formalism was employed using the
Monte Carlo-based treatment planning system, RapidBrachyMCTPS. A vanadium diselenide
compound was encapsulated within a titanium capsule to create an active core with specific
dimensions. The Se source was irradiated at the McMaster Nuclear Reactor for 23.97
hours at an average neutron flux of 7.77 x 10'3 n/cm?s to achieve an activity of 50 mCi.
Source activity was measured using the AtomLab 500 detector. Gamma spectroscopy data
were collected and analyzed using a high-efficiency HPGe ORTEC detector fitted with a lead
shield to evaluate contaminants produced by vanadium and titanium.

Film measurements were conducted and compared with Monte Carlo simulations,
with multiple films placed at different distances from the source within a solid water
phantom. A gamma pass rate of 2%/2 mm was used to compare dose distributions between
film measurements and Monte Carlo simulations. Correction factors were applied to
compensate for uncertainties in the measurement setup.

Results: The air kerma strength per unit activity and dose rate constant were determined

as 4.751 £ 0.005 x 107® U/Bq and 1.116 + 0.001 cm™2, respectively. These values
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indicated that Se would require an activity of 2.05 4 0.1 times greater than a 10 Ci *?Ir

source to achieve a similar dose rate to water at 1 cm from the source along the transverse
axis. The measured activity of the source was 20.3 mCi, which was lower than the
expected value by over 50%. The radioactive contaminants from vanadium and titanium
did not exceed 1% of the dosimetric contributions of Se. Applying appropriate correction
factors, a gamma pass rate of 95% was achieved for all films.

Conclusions: A low activity "Se brachytherapy source was successfully manufactured
and irradiated. The calculated brachytherapy dosimetry parameters using the TG-43
formalism demonstrated the potential of the source as an alternative to !%%Ir.
Post-irradiation measurements confirmed the integrity of the source and provided further
evidence of its viability for brachytherapy applications. These findings support the need for

further investigation into manufacturing methods and pave the way for future steps in

bringing the source to clinical use.

3.2 Introduction

3.2.1 Brachytherapy

In high dose rate (HDR) brachytherapy, a sealed highly radioactive photon-emitting
source (a seed), is temporarily placed inside or near the tumour. Owing to the steep dose
gradients from brachytherapy sources, a high dose can be delivered to the tumour while
minimizing the dose to the surrounding healthy tissues. Due to this distinctive characteristic,
HDR brachytherapy is one of the most effective and precise radiation delivery modalities for

certain tumour types, especially with image guidance [14, 48, 49, 50, 51, 52].
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The major drawback of brachytherapy lies in its rotationally symmetric dose
distribution from brachytherapy sources. While it effectively delivers a high dose to the
tumour, it often lacks tumour conformity due to the non-symmetrical shape of tumours,
resulting in radiation spillage to nearby healthy tissues. Several groups have addressed this
issue by introducing metallic shields capable of rotating inside brachytherapy catheters and
applicators. This innovative approach, called intensity-modulated brachytherapy, allows
targeted radiation delivery towards the tumour while shielding surrounding healthy tissues.
By dynamically directing radiation toward the tumour and away from healthy tissues,
more effective tissue shielding can be achieved, and if necessary, allowing dose escalation
inside the tumour. [17, 22, 21, 53, 54, 15]. Through theoretical calculations, these novel
methods have shown better target coverage (18.6 %-71.6%) and decreased normal tissue
dose (5.1%-68.2%) [55, 56, 57, 58, 59, 60, 61]. However, the practical implementation of
IMBT faces challenges. The shields used in IMBT must efficiently attenuate the source’s
intensity, ideally by several half-value layers, while also being small enough to fit inside
brachytherapy applicators and catheters. However, even a lower degree of attenuation,
improving dose distributions, can be beneficial. In HDR brachytherapy, the current sources
used are '2Ir (E, ,, = 360 keV, half-life = 74 days) and “°Co (E, ., = 1250 keV, half-life =
5.3 years). These sources are chosen for their high dose rates, cost-effectiveness, and
practicality in manufacturing. However, their gamma energies are too high for the shields
to effectively attenuate their dose by several half-value layers. Therefore, several alternative
lower-energy  sources have been investigated for brachytherapy applications

[31, 36, 17, 34, 62, 18, 29, 30, 32, 33].
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3.2.2 Selenium-75

For a novel radiation source to be considered a viable alternative to the currently
used brachytherapy sources, it should possess certain characteristics. These include
generating lower gamma energy photons, having a longer half-life, producing similar dose
rates to allow for comparable treatment times, being feasible and cost-efficient to
manufacture. Thus far, multiple intermediate energy isotopes (50 keV > E, ,, < 200 keV)
have been investigated for use in brachytherapy applications
31, 36, 17, 34, 62, 18, 29, 30, 32, 33]. Clinical implementation of these sources was deemed
unfeasible due to limitations such as high production costs, low specific activities and short
half-lives. ™Se (E,., = 216 keV, half-life = 119 days) is a source that fits the criteria
above.

Se is a radioisotope widely used for industrial gamma radiography. Its relatively
low gamma energies and long half-life provides better images, fewer source exchanges and
a cost reduction compared to presently used isotopes in this field, such as 2Ir [38]. These
same characteristics make it of interest for use in HDR brachytherapy. Several studies have
theoretically analyzed ™Se as a potential source for brachytherapy applications assuming
pure elemental selenium is encapsulated. The studies demonstrated the benefits of the lower
gamma energy with regards to the applicator shielding as well as a reduction in necessary
room shielding in brachytherapy suites [26, 42, 24]. Most studies conducted on “Se have
investigated the manufacturing and dosimetric properties of the source for use in industrial
gamma radiography [40, 41, 38, 39]. These studies discuss the benefits of the source when in
use, especially for acquiring better images of infrastructure [38]. However, they also discuss

the difficulty in manufacturing "Se.
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The two main difficulties in manufacturing Se is (1) elemental selenium is highly
toxic, volatile, reactive, corrosive with a very large coefficient of expansion close to its low
melting point of 217 °C [39] and (2) the elemental selenium powder needs to be encapsulated
prior to irradiation in comparison to other radioisotopes that can be encapsulated post-
irradiation [40, 41]. If handled improperly, it can lead to explosions, fires and the production
of harmful gases [63]. To address the first constraint, for industrial radiography, which does
not require the source encapsulation to be as compact as for brachytherapy applications,
many designs have been fabricated [40, 41, 38]. For these designs, the methods included
encapsulating the elemental selenium twice, once prior to irradiation and the other post-
irradiation. Another method to address this concern was introduced by Shilton (2000) using
a selenium compound with an element more stable than selenium [39]. The main compound
is vanadium diselenide, which makes the source less of a safety concern when irradiating.

In the case of "2Ir, the production process involves its activation in a reactor,
followed by encapsulation in stainless steel. Stainless steel is selected as the encapsulation
material due to its malleability and cost-effectiveness, making it an ideal choice for
encapsulating radioisotopes. However, in the case of selenium, it is essential to encapsulate
it before irradiation, as mentioned earlier [40]. The irradiation process of the capsule in the
nuclear reactor poses significant limitations on the choice of materials used. Many
materials can chemically react with selenium and cause deformations in the capsule.
Additionally, the production of radioactive contaminants may occur in the capsule, leading
to the source being considered unsealed and affecting the dose distribution of the source.
The joint American Association of Physcists in Medicine (AAPM) and European Society
for Therapeutic Radiology and Oncology (ESTRO) task group 167 report recommends

that radiation contaminants should be less than 5% of the dosimetric contributions of the
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primary radionuclide [64]. Stainless steel contains iron, chromium and nickel, which will
produce radioactive contaminants and is not stable enough to avoid deformation in the
reactor. Therefore, selecting an encapsulation material that remains unactivated with the

thermal neutron fluxes to which the source is exposed during irradiation is important.

3.2.3 Objectives

The aim of this study was to manufacture a "Se brachytherapy source and
investigate its potential for use in brachytherapy applications. To accomplish this, a
theoretical Se brachytherapy source was designed and analyzed by (1) characterizing the
source with the clinically relevant TG-43 formalism [7, 8], (2) manufacturing and
irradiating the source and taking spectroscopy data to analyze radioactive contaminants
and (3) performing proof of principle measurements with measurement-to-calculation
agreement of a dose difference/distance to agreement criterion of 2%/2 mm by delivering

5Se dose distributions to solid water phantoms.

3.3 Materials and Methods

In this study, a brachytherapy source containing Se was designed and
characterized using RapidBrachyMCTPS, a validated research treatment planning system
available to the brachytherapy community upon request. RapidBrachyMCTPS offers a
user-friendly graphical interface along with dose optimization, contouring, and dose
analysis tools. It also incorporates an advanced Monte Carlo dose calculation engine known
as RapidBrachyMC, and recently, a TG-43 parameter calculation module called

RapidBrachyTG43 [19, 20, 65]. Following the design phase, the source was manufactured
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and subsequently irradiated at the McMaster Nuclear Reactor, where its quality assurance
and measurements were conducted. Calculations were performed using
RapidBrachyMCTPS to validate the results, and a comparison was made with the
measured values using the gamma index with a 2 mm distance-to-agreement and a 2% dose
difference criterion.. Detailed information on these steps is provided in the following

sections.

3.3.1 Source Design and Characterization

The source design and encapsulation dimensions are illustrated in Figure 3.1. To
achieve a volume of 2 mm?® as recommended by Weeks and Shulz for a 23 Ci Se source [26],
the length of the "Se source was increased compared to the currently utilized brachytherapy
sources in clinical practice. While an activity of 23 Ci was chosen, to match the dose rate of
a 10 Ci 12Ir source, a 20.5 Ci Se source would be needed. For dimensions of the source, all
were kept similar to currently used brachytherapy sources except the length was extended
to 7 mm while ensuring compatibility with existing applicators and 6F catheters commonly
employed in brachytherapy applications with *2Ir. Although longer sources may raise safety
concerns due to the potential risk of getting stuck in catheters during treatments, a 7 mm
source used in intracavitary brachytherapy is unlikely to get stuck. However, rigorous testing
will be necessary to avoid any future complications.

This study uses the RapidBrachyTG43 module of the RapidBrachyMCTPS to
characterize the source and calculate the radial dose function, 2D anisotropy function, air
kerma strength per unit activity, and dose rate constant of Se. The dose rate per activity

to water at 1 cm from the source along the transverse axis was calculated using the TG-43
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Figure 3.1: Geometric design of the ©Se theoretical source with dimensions given in

millimeter.

formalism, simply as the product & x A for both ™Se and 1°Ir.

3.3.2 Source Manufacturing

An inert source was manufactured in collaboration with Spectrum Safety Inc.
(Lowell, Massachusetts). A ™Se source target was developed by first compounding ™Se
enriched to greater than 99.5% with naturally occurring vanadium. An overall description
can be found in the patent completed by Shilton [39]. The compound VSe, was ground
into a fine powder and pressed in a 0.6 mm die at approximately 965 MPa. The resulting

3. A 10 mm long

pellets had an average length of 2.5 mm and a density of 4.95 mg/mm
pure titanium tube with dimensions of an outside diameter of 0.965 mm and an inside
diameter of 0.686 mm was laser welded closed on one end. Then three pellets totalling 7
mm in length were inserted into the tube. A piece of commercially pure titanium wire 0.5
mm diameter was inserted into the tube and laser welded in place, sealing the tube. The
wire was then trimmed so that 10 mm protruded from one end of the source target. This

titanium protrusion was used for source handling.

The inert source was then irradiated at McMaster Nuclear Reactor. An irradiation
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capsule containing the brachytherapy source, a vanadium piece (0.2154 g), a titanium wire
piece (0.0168 g) and a Co-Al wire piece (1% Co, 0.0113 g) were capped in a quartz tube
separately wrapped in aluminum foil, which was placed in-core. The capsule was placed in
a part of the reactor that experiences a thermal neutron flux to activate “Se more than
vanadium and titanium, as these elements activate in fast neutron fluxes. The Co-Al wire
piece determined the average neutron flux during irradiation. The vanadium and titanium
wire pieces were placed in the capsule to investigate the radiation contaminants. The capsule
was irradiated for 23.97 h to achieve an expected activity for the source of 50 mCi. This
activity was chosen to allow source positioning to be completed manually, as the source could
not be placed in a remote afterloader. The activity measurements of the brachytherapy
source and Co-Al wire were completed using the AtomLab 500 detector.

To analyze the contaminants produced by vanadium and titanium, the collection
and interpretation of gamma spectroscopy data were completed. The two samples were
characterized by gamma spectroscopy using a high-efficiency HPGe ORTEC detector fitted
with a lead shield to eliminate background noise. A spectrum was recorded two days after the
end of bombardment and again four days later, to verify peak assignments based on changes
in intensity. Radionuclides were identified by gamma energies, presence of correlated lines in
expected relative intensities and half-life measurements. Once identified, the radionuclides
were quantified by correcting each gamma line’s relative intensity from the Live Chart of
Nuclides [66] and detector efficiency at that energy. This provided the activity of each
radionuclide present at the time of the count, which was then decay corrected to the end
of irradiation. The data was then analyzed to produce tables showing the radionuclide
impurities per milligram of material for each metal at the end of the bombardment.

The efficiency curve used for correction was constructed for the HPGe ORTEC
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detector using a NIST multi-gamma disc source. This was created by taking the current
activity of the disc source from its reference date and value using the standard radioactive
decay equation. The apparent counts per second at the energies listed on the certificate
were recorded. Each apparent count per second was divided by the actual disintegrations

per second to determine the efficiency of that energy.

3.3.3 Film Measurements
Physical Setup

Film measurements were obtained using EBT3 Gafchromic film, placed in a solid

2 and varied

water phantom comprising 14 slabs (Figure 3.2). All slabs were 30 x 30 cm
in thickness to create different distances between the source and the film. A contraption
was used to hold all slabs together to ensure parallel alignment and matching corners. The
central slab, 1 cm thick, had catheter holes drilled into it, with the center hole holding the
source. Additionally, two outer slabs, 6 cm thick, were positioned to mimic backscattering
conditions.

Various slabs with different thicknesses were placed strategically to achieve specific
source-to-film distances of 0.5, 0.7, 1, -1, -1.2, 1.5, -1.6, 2, and -2.6 cm. These distances were
selected to enable a comprehensive analysis of the source’s dose distribution. The chosen
range of distances allowed the film to analyze doses between 0.25 to 40 Gy effectively.

Prior to source irradiation, the measurement setup was CT scanned to verify that
the source was centred and to have the necessary data to complete Monte Carlo

simulations using RapidBrachyMCTPS properly. After irradiation, the film was taped onto

each slab at the proper distances. The activity of the source was then read from the
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Figure 3.2: Measurement setup for film measurements. Solid water phantom is located

behind lead bricks for radiation safety. The films were placed and centered on each slab.

AtomLab 500 detector, and an irradiation time of 20 hours was decided. The source was
wrapped in a plastic wrap to avoid potential contamination between the source and the
solid water phantom slabs. The films were then brought to two separate scanners at the
Jewish General Hospital, EPSON 10000XL and EPSON 11000XL (Seiko Epson
Corporation, Nagano, Japan), which provide 48-bit RGB images. Two separate scans were
completed for ten films, including a film that received no dose to analyze background
radiation. Before these scans, both scanners had multiple films scanned with known doses
created from an orthovoltage beam to compute a calibration curve for film analysis. The

calibration curve was created using the methods stated in the study conducted by Lewis et
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al. [67]. The calibration and measurement films were scanned within 24 hours after
irradiation with 50 dpi corresponding to 2.0 mm/pixel. All films were labelled and scanned
in landscape orientation as the rotation of the scanner bed can lead to significant

differences in measured signal [68].

Monte Carlo Simulations

To wvalidate the accuracy of the dose distribution obtained from the film
measurements, we utilized the software RapidBrachyMCTPS to simulate the irradiation of
the "Se source within the same solid water phantom used in the film measurements. The
simulation results were then compared with the measured data from the film for validation.
Specifically, for this simulation, DICOM images of the measurement setup, acquired from
the CT scan completed prior to source irradiation, were imported into
RapidBrachyMCTPS. The drilled holes for source channels as well as the solid water
phantom slabs were the only contours in the simulation. The material assignment of air
was used for the source channel contours and PMMA was used for the solid water phantom
contour. A single dwell position was placed in the source location in the central catheter

channel. The dwell time was set to 20 hours. A 1 x 1 x 1 mm?

scoring grid was chosen
with 10° decays. These parameters allowed for there to be a Type A uncertainty of < 0.5%
within the 1 Gy 100% isodose line.

Voxellized representations of the measurement setup were inputted to
RapidBrachyMC in egsphant format [69]. Material properties and densities were assigned
via nominal material/density assignment to contours made for each component of the

phantom (Appendix A). RapidBrachyMC utilizes the Geant4 Monte Carlo radiation

transport toolkit [70, 71, 72], employing photon decay spectra from the Evaluated Nuclear
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Structure Data File for simulation of radioactive decay [73]. The simulation was executed
on the Cedar cluster of the Digital Research Alliance of Canada. Due to the low photon
energies emitted by "Se, it was assumed that the secondary electrons deposit their energy
locally [69], allowing the dose to be estimated through collision kerma, scored using a track
length estimator [74]. Implementation of multi-threading in RapidBrachyMCTPS in
conjunction with this method reduces the computation time. The Monte Carlo simulation
parameters, seen in Appendix B, were summarized in accordance with the
recommendations of TG-268 [75]. The history-by-history method was used to calculate the
type A uncertainty on the absorbed dose per voxel [76].

A gamma index with a distance of agreement of 2 mm and a percent dose difference
of 2% was used to compare the dose distributions between the physical measurements and
the simulations. For there to be an agreement between dose distributions, the gamma index
pass rate must be greater than 95%. Due to positional uncertainty from the measurement
setup with regards to the air gaps between slabs and the source in the catheter channel as well
as uncertainty in the source’s activity with the use of the AtomLab 500 detector, correction
factors were calculated that were within justification and were applied to the Monte Carlo
dose distributions.

A film measurement taken at 1 cm was used to determine the source activity
correction factor. Various source activity and film position combinations were iterated to
identify the combination that yielded the highest gamma pass rate. The activity was
iterated through a range of 1 to 1.5 times the originally measured activity value,
considering that the measured value was likely underestimated. The position values were
iterated through a range of 1 to 1.3 c¢m, considering that positional uncertainties would

contribute by increasing the distance between the source and film. Once the activity
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correction factor was calculated, it was applied to all film measurements, incorporating
iterations for the position value ranging from the distance to 0.5 cm greater than the

distance.

3.4 Results

3.4.1 TG-43U1 Parameters

Using RapidBrachyTG43 [65], the AAPM TG-43U1 brachytherapy dosimetry
parameters for the >Se source were calculated. The radial dose function and 2D anisotropy
functions were determined. The data can be seen in Figure 3.3. The air kerma strength per
unit activity and dose rate constant for Se were 4.751 4 0.005 x 1078 U/Bq and 1.116 +
0.001 cm ™2, respectively. Using TG-43 formalism, these values were multiplied together to
calculate the dose rate per activity to water at 1 cm from the source along the transverse

axis. This value was determined to be 2.05 £ 0.1 times less than what *2Ir produces.

3.4.2 Source Characteristics

Following a 23.97 hour irradiation period in the nuclear reactor, the measured
activities of the ™Se source and the Co-Al wire using the AtomLab 500 detector were 20.3
mCi and 34.2 puCi, respectively. The observed activity was more than 50% lower than the
expected value, and the activity from the Co-Al wire indicated an average neutron flux of
7.77 x 10'3 n/cm?s during irradiation.

The results of the contaminants analysis for the titanium and vanadium samples,

after correction from the efficiency curve, are presented in Table 3.1 for the titanium sample
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Figure 3.3: TG-43 parameter comparison between Se and '%?Ir sources for a) the radial

dose function and b) the 2D anisotropy function.

and Table 3.2 for the vanadium sample. The tables provide the measured activity for the
respective masses used: 0.0168 g for titanium and 0.2154 g for vanadium. Additionally,
extrapolation data is provided, indicating the activity per milligram of each element.

The exact masses of titanium and vanadium were unknown due to proprietary
reasons, however, the total mass of the brachytherapy source was measured to be 37.6 mg,
which includes a 10 mm titanium wire attachment for handling, and the mass of the "Se
used was measured to be 7.41 mg. Using these values, the combined mass of vanadium
and titanium is known to be 30.19 mg, allowing for calculations of the total contamination
contribution for different mass combinations of the two elements. Through evaluation of
various mass arrangements of titanium and vanadium, within the specified combined mass

value, the radioactive contaminants never exceeded 1% of the dosimetric contributions of

75Se
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Table 3.1: Radioactive impurities in titanium wire piece that weighed 0.0168 g. The table

also contains extrapolation information for impurities per mg of sample. Very short-lived

radionuclides will not appear in this spectrum due to the delay between end of bombardment

and gamma spectrum acquisition.

Radionuclide | Activity (Bq) | Activity per mg of Ti (Bq/mg)
Na-24 6.25 x 107 3.72 x 10°
Sc-46 2.21 x 10? 1.31 x 10°
Sc-47 8.79 x 10° 5.23 x 107
Sc-48 2.06 x 10° 1.23 x 107
Cu-64 1.26 x 10° 7.49 x 109
Ga-72 6.30 x 103 3.75 x 10°
As-76 3.45 x 104 2.05 x 108
Sbh-122 2.31 x 104 1.37 x 10°
Sbh-124 5.34 x 102 3.18 x 104
La-140 1.74 x 10° 1.04 x 107
Ho-166 1.25 x 10° 7.47 x 107
Yb-175 1.41 x 10* 8.37 x 10°
W-187 7.56 x 103 4.50 x 10°
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Table 3.2: Radioactive impurities in Vanadium pieces that weighed 0.2154 g. The table

also contains extrapolation information for impurities per mg of sample. Very short-lived

radionuclides will not appear in this spectrum due to the delay between EoB and gamma

spectrum acquisition.

Radionuclide | Activity (Bq) | Activity per mg of Ti (Bq/mg)
Na-24 2.18 x 104 1.01 x 10°
K-42 9.73 x 10° 4.52 x 108
Sc-47 3.81 x 103 1.77 x 10*
Sc-48 2.74 x 10° 1.27 x 10°
Cr-51 3.30 x 104 1.53 x 10°
Cu-64 2.97 x 106 1.38 x 107
Fe-59 3.99 x 102 1.85 x 10°
Ga-72 2.81 x 10° 1.30 x 10°
Se-75 3.82 x 104 1.78 x 10°
Br-82 6.84 x 103 3.17 x 104
Sh-124 1.12 x 103 5.21 x 103
Ho-166 4.34 x 104 2.01 x 10°
W-187 4.07 x 103 1.89 x 10%
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3.4.3 Film

Figure 3.4 provides an example of the dosimetric comparison plots completed for
all nine film measurement distances. The simulations have a Type A uncertainty of <0.5%
for voxels within the 100% isodose line of 1 Gy.
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Figure 3.4: Dosimetric comparison plots for the -1 cm source to film distance between the
Monte Carlo (top left) and physical film (top right) dose distributions. The absolute dose
difference (bottom left) and gamma values (bottom right) are shown. The dwell time was
set to 72000 s

Table 3.3 displays the final results for the film measurements using a source activity
correction factor of 1.237. All gamma pass rates were above 95% with distance correction

values that increased when the source-to-film distance increased.
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Table 3.3: Film results achieved using a source activity correction factor of 1.237.

Source to Distance Optimized Gamma
Film Correction Distance Pass at
Distance | Value (cm) Value (cm) Max (%)
(cm)
0.5 0.175 0.675 100
0.7 0.28 0.98 100
1 0.325 1.325 97.6
1.5 0.325 1.825 99.5
2 0.355 2.355 98.8
-1 -0.075 -1.075 99.5
-1.2 -0.13 -1.33 100
-1.6 -0.195 -1.795 96.7
-2.6 -0.18 -2.78 99.8

3.5 Discussion

The lower gamma energy and longer half-life of ”Se, compared to the commonly
utilized brachytherapy source, '°?Ir, make it a promising alternative for brachytherapy
applications. It is hypothesized that the lower gamma energy of Se holds the potential to
minimize the dose absorbed by healthy tissues during brachytherapy treatments, thereby
improving treatment plans and potentially enhancing the overall quality of life for patients.
Furthermore, it is anticipated that using ®Se may reduce the room shielding required in
brachytherapy suites, reducing implementation costs. This notion supports the findings of
a study conducted by Weeks and Schulz [26].

Despite the numerous advantages offered by “Se, its clinical utilization is presently
constrained due to challenges associated with manufacturing small brachytherapy capsules
that can deliver dose rates equivalent to those achieved with '??Ir. In its elemental form, "Se

exhibits high volatility and a significant expansion coefficient near its melting point of 217
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°C. Moreover, "®Se necessitates encapsulation before irradiation in a nuclear reactor, risking
activation of the capsule material, which introduces additional complexities compared to
the post-irradiation encapsulation of *?Ir. To address these safety concerns, a vanadium
diselenide compound was formulated based on the guidance of the patent developed by
Shilton [39], and titanium was chosen as the capsule material. The vanadium diselenide
compound was chosen as the addition of vanadium to the source brings stability during the
manufacturing and irradiation process, while minimally impacting the dose distribution of
the source. Titanium was chosen as the capsule material due to it having a natural form
being composed of five stable isotopes: 8% 40Ti, 7.3% 4"Ti, 73.8% *Ti, 5.5% 4°Ti and 5.4%
SOTi [77]. This material is expected to produce radioactive contaminants (i.e. scandium
isotopes), however it is activated in fast neutron fluxes, whereas selenium is activated in
thermal neutron fluxes.

In this study, a ”Se source with dimensions similar to currently used brachytherapy
sources was designed. Its TG-43 parameters were calculated. The source was manufactured
and irradiated at the McMaster Nuclear Reactor. The post-irradiation results provided
a proof of concept of a ”Se brachytherapy source, as the source remained intact without
deformations and exhibited acceptable radiation contaminants for brachytherapy treatments
from the vanadium and titanium elements. Although the activity of the source, as measured
by the AtomLab 500 detector, was lower than the expected value, film measurements could
still be completed within a reasonable time frame. The dose distributions obtained from

physical film measurements and Monte Carlo simulations exhibited good agreement.
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3.5.1 TG-43 Calculations

In this paper, the TG-43 parameters of °Se were calculated and compared to

1921, 1921y

In Figure 3.3a, it can be seen that "Se has a similar radial dose function as
The functions increase above a value of one and then decrease, which is ideal for HDR
brachytherapy treatments as the distribution peak usually occurs in the tumour. The 2D
anisotropy functions of both sources shown in Figure 3.3b have different trends due to the

192Ty source. The

length of the Se being approximately twice as long compared to the
greater length causes the "Se function to have the dose fall-off occur at a larger angle,
allowing the deposited radiation to be more uniform along the longitudinal axis. Depending
on the size and location of the tumour as well as the characteristics of the surrounding tissues,
this characteristic can bring benefits to the treatment, such as giving a more conformal dose.

The trade-off is that longer sources may get stuck in catheters during treatment, which is a

safety concern.

Dose Rates

The dose rate of a specific source plays an important role in clinical brachytherapy
treatments, as higher dose rates allow for shorter treatment times. According to the TG-43
parameters calculated in this study, for ”Se to achieve a similar dose rate as a 10 Ci *2Ir at
a reference point of 1 cm from the source in the transverse plane in the water, the activity
of the ™Se source needs to be 2.05 & 0.1 times larger. Notably, this finding deviates from
the value of 2.3 reported in the study conducted by Weeks and Schulz (1986) [26].

The aftermentioned study by Weeks and Schulz (1986) compared the exposure rate

constants of ™Se and '*?Ir to determine the activity required for >Se to have a similar dose
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rate as a 10 Ci 2Ir source. The authors calculated an exposure rate constant for "Se
to be 1.99 Rm?/hCi which aligns closely with the value derived from this study, namely
2.00 Rm?/hCi. These values were justified based on a study by Currier et al. (2013),
which emphasized the selection of an appropriate air kerma rate constant, considering source
encapsulation [78].

Several other studies, including those conducted by Shilton and Kelly (2018), as well
as the U.S. Department of Health Education and Welfare, also considered the encapsulation
factor and arrived at similar exposure constant values: 2.01 Rm?/hCi and 2.00 Rm?/hCi,
respectively [79, 80]. It is important to consider encapsulation, as 67% unattenuated air
kerma rate of "Se is attributable to photon energies less than 12 keV, which are attenuated
by the capsule material [78]. Failure to account for this can lead to significantly higher
exposure rate constants.

Hence, the discrepancy between the activity of "Se calculated in this study and
the one calculated by Weeks and Schulz (1986) required for Se to achieve an equivalent
dose rate to a 10 Ci 2Ir brachytherapy source, lies in the calculation of the exposure rate
constant for 192Tr. In this study, the calculated value was 4.08 Rm?/hCi, whereas Weeks and
Shulz reported a value of 4.60 Rm?/hCi. In a literature review conducted by Glasgow and
Dillon, exposure rate constant values for **Ir ranged from 3.948 Rem?/hmCi (recommended
in NCRP No. 41 [81]) to 4.89 Rem?/hmCi [82]. The large difference in these values primarily
arises from each investigator’s utilization of different spectroscopy data. Notably, the study
by Weeks and Shulz (1986) does not elaborate extensively on the calculation methodology,
except for the use of 16 principle gamma rays from the %2Ir spectrum. In contrast, this study
encompasses the entire spectrum while excluding photons below 10 keV and considering the

scattering and attenuation due to the source’s interaction with the surrounding material,
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including the capsule material and air.

3.5.2 Physical Properties
Source Activity

The expected activity of the irradiated Se source was 50 mCi, which was the
maximum activity permitted for handling of the source. However, after irradiation, the
measured activity using the AtomLab 500 detector was 23 mCi. This discrepancy presents a
concern as the close alignment between the measured and theoretically calculated activities
is crucial. The observed difference introduces uncertainty when determining the irradiation
time and neutron flux necessary to produce a 20 Ci ">Se source. The activity discrepancy
may be attributed to a lower quantity of Se present in the source as well as the Atomlab
detector used to measure the activity.

The AtomLab manual clarifies that the presented reading is, in some form, a
representation of the current in the detector, which is directly proportional to the exposure
rate given the fixed geometry of the unit [83]. The device is programmed with "dial values”
specific to isotopes, referenced to %°Co, with a dial value of 5.0. For Se, the calculated
dial value is 17.6, indicating that the exposure rate used for Se would be 0.284 times that
of ®Co. The exposure rate constant of ®°Co is widely accepted as 13.0 Rem?/hmCi [84].
Therefore, the imputed value of the exposure rate for Se would be 3.96 Rem?/hmCi. This
value is higher than the exposure rate constant calculated when considering the
encapsulation of the source, which is approximately 2.00 Rem?/hmCi. This discrepancy
between the theoretical and measured activities can be mainly attributed to the differences

in exposure rate constants.
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Radioactive Contaminants

As indicated in Table 3.1 and Table 3.2, the irradiation process generates several
radioactive contaminants. It is recommended to minimize these contaminants to levels
where their dosimetric contributions, within the range of clinically relevant distances near
the brachytherapy source, are less than 5% of the dosimetric contributions of the primary
radionuclide [64]. It was seen that through all mass arrangements of titanium and
vanadium, within the specified combined mass value, which included a 10 mm titanium
wire attachment to the source that would not be wused clinically, the radioactive
contaminants never exceeded 1% of the dosimetric contributions of ™Se. This outcome
instills confidence in the future utilization of this brachytherapy source in clinical settings,
as the contaminants remain below the 5% threshold of dose contributions from the "Se
source. However, for future investigations, it is advisable to test this source at different
sites within the reactor and at different reactors, considering that the relative amounts of

fast neutron activation products may vary between locations within a reactor.

3.5.3 Film Measurements

With employing a 2%/2 mm gamma index, all films successfully passed with a
gamma pass rate exceeding 95%. This was achieved by incorporating a source activity
correction factor and inputting individual positional correction values into the Monte Carlo
simulations. Using the source activity correction factor proved necessary due to the likelihood
of an inaccurate activity measurement obtained from the AtomLab 500 detector. Notably,
the correction factor was within expectation as the corrected activity was greater than the

original value and less than 50 mCi, which was the anticipated activity of the source.
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The positional correction values compensated for various factors contributing to
positional uncertainties resulting from the measurement setup using the solid water phantom.
Firstly, small air gaps were inadvertently created while taping the film to the water phantom
slabs and stacking them, as depicted in Figure 3.2. As the source-to-film distances increased,
the cumulative effect of air gaps became more pronounced, resulting in a greater disparity
between the expected and actual distances of the film. The distance correction values,
obtained through iterative optimization of the gamma pass rate over a range of distances,
reflected this trend. Table 3.3 presents the calculated values, revealing that shorter distance
magnitudes corresponded to smaller distance correction values.

Another factor was using plastic wrap to place the source within the catheter hole,
preventing any potential contamination of the water phantom slabs in direct contact with
the source. This precautionary measure may have led to a slight shift in the source’s precise
position within the catheter channel compared to its position in the CT scans utilized in
the Monte Carlo simulations taken before source irradiation. Lastly, a previous study by
Aldelaijan et al. (2011) explored the impact of source position variation within different
catheter sizes on film measurements. The findings indicated dosimetric errors up to 36.1% for
4F catheters and 39.8% for 6F catheters [68]. It is important to note that the study employed
a setup involving a remote afterloader, whereas this current study did not utilize catheters
nor a remote afterloader. Consequently, the source in this study may have experienced slight
angular rotation and other positional uncertainties greater than those reported by Aldelaijan
et al. (2011).

The successful comparison between film measurements and Monte Carlo
simulations validated the accuracy of the dose distribution obtained from the film

measurements. Utilizing a source activity correction factor and distance correction values
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was necessary for the water phantom measurement setup, considering the low activity
source was not amenable to manipulation using a remote afterloader. For future
investigations, it is recommended to use a higher activity source controlled by a remote
afterloader via catheters. Assuming the source remains intact during extended irradiation
times and considering the manufacturer-provided value of 7.41 mg for the amount of "Se
located within the source, it was determined that a 20 Ci source can be created in a typical
production cycle at a high flux reactor. This production cycle would involve six weeks of
irradiation time, a neutron flux of 3 x 10 n/cm?s and a 48 hour delay before sample
shipment. The determination of the higher activity source should follow a similar protocol
to the established standard for clinical HDR 2Ir sources, involving the use of an absolute
dose measurement performed using a user well-type ionization chamber with a calibration
traceable to a primary standard [68]. Furthermore, using a higher activity source will
significantly reduce measurement times. With this benefit, it is suggested to do single film
measurements to reduce air gaps that alter the expected source-to-film distance. Lastly,
incorporating a remote afterloader and catheters will reduce the positional uncertainty

associated with the source placement.

3.6 Conclusion

In this study, a "Se source with a low activity having dimensions acceptable for use
in brachytherapy was manufactured. The source demonstrated excellent structural integrity
without any deformations, while the presence of contaminants arising from titanium and
vanadium did not pose obstacles to its potential clinical use. The high gamma pass rates

observed between the film measurements and Monte Carlo simulations instilled confidence in
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the accuracy and reliability of the simulations involving the Se source. This confidence will
be leveraged in future simulations conducted with the "Se source, particularly in comparative
assessments of brachytherapy treatment plans involving the source alongside currently used
brachytherapy sources. Utilizing "Se as a brachytherapy source holds significant promise;
however, it is important to acknowledge that extensive further research and development are

essential before its implementation in clinical settings.

3.7 Appendix A

Element (% mass)
Material Density (g/cc) | H C N O Na | Mg | P S | Cl Ar K| Ca |Si|W
Air 0.001225 0.0124 | 65.5268 | 23.1781 1.2827
Soft Tissue 1.02 10.6 31.5 24 54.7 0.1 0210201 0.2
Rectum 1.03 10.6 11.5 2.2 75.1 0.1 0.1 [0.1]0.2 0.1
Bladder (filled) 1.03 10.8 3.5 1.5 83.0 0.3 0.1 101105 0.2
Cortical Bone 1.92 3.4 15.5 4.2 43.5 0.1]0.2]103]0.3 22.5
Silicone Rubber 1.14 0.082 | 0.324 0.216 0.378
Tungsten 19.30 1

3.8 Appendix B
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Item Name Description Reference
Code, Version RapidBrachyMCTPS, Geant4 10.2 [19], [20]
Validation Previously validated [19]
Timing 30 hours, 64 cores
Geometry Voxelized geometry extracted from DICOM

CT images and DICOM RT Structure Set files.
CT grid interpolated to grid with voxel size: 1
x 1x1mm?
Materials Solid  water phantom with elemental 9], [74]
composition and mass density of tissues
provided in Appendix A
Source Description Selenium-75 Source: core diameter of 0.6 mm 85], [73]
and core length of 7 mm
# Histories/Statistical | 10° decays with Type A uncertainties of j 0.5
Uncertainty % within the 1 Gy 100% isodose line.
Statistical Methods History-by-history method [76]
Cross Sections EPDL97, EEDL97, EADL97 [73], [86], [87]
Transport Parameters PENELOPE low-energy electromagnetic
physics list with default transport parameters.
Electron Transport off. Production cut: 0.1
mm.
Variance Reduction | Tracklength estimator using mass-energy | [19], [74], [87]
Technique absorption coefficient library provided in
RapidBrachyMCTPS.
Scored Quantities Absorbed dose (collisional kerma

approximation) scored to medium

Post Processing

Dose to voxels converted into dose-volume
parameters using RapidBrachyMCTPS.
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Chapter 4

Bridging text

The first manuscript of this thesis introduced a novel manufacturing technique for
the production of a ™Se brachytherapy source. This technique involves compounding
vanadium with selenium and encapsulating the compound in a titanium capsule. The
manufactured source demonstrated excellent stability, with no deformation observed after
irradiation. Moreover, the analysis of radiation contaminants generated by vanadium and
titanium revealed that their contribution to the overall dose remained below 1%. The
characterization, using TG-43 formalism, of the source completed with the in-house Monte
Carlo treatment planning software, RapidBrachyMCTPS, enabled comparison with the

92Ty The "Se source exhibited similar beneficial

commonly used brachytherapy source,
TG-43 qualities as 192Ir, particularly in terms of the radial dose function and 2D anisotropy
function. It was also determined that the activity of the ™Se source only needed to be
approximately twice that of the 2Ir source to achieve a similar dose rate, which is feasible

during the manufacturing process.

These results provide compelling evidence that a ™Se brachytherapy source can
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now be manufactured using recently available methods. However, this manuscript focuses
solely on establishing the feasibility of the source, and its true benefits in brachytherapy
treatments have yet to be investigated. The key motivation behind the development of the
5Se brachytherapy source lies in its lower gamma energy and longer half-life compared to
1921y, The hypothesis is that, with the lower gamma energy of ™Se and the novel
brachytherapy shielding techniques currently under development, significant improvements
in brachytherapy treatment plans can be achieved. These improvements encompass similar
treatment times, prescribed doses to the tumor and dose homogeneity, while reducing the
radiation dose deposited to surrounding healthy tissues. Such reductions in radiation
exposure to healthy tissues are expected to minimize future toxicities in patients and
enhance their overall quality of life.

The second manuscript delves into the investigation of this hypothesis by utilizing
RapidBrachyMCTPS. Initially, the study examines the differences in shielding attenuation
between "®Se and 92Ir through simulation. Subsequently, heterogeneous patient simulations
are performed to compare treatment plan metrics using both ®Se and '*?Ir and an intensity
modulated brachytherapy applicator design. These metrics include treatment times, dose
homogeneity, as well as dosimetric indices of the tumor and various organs at risk. The
findings from this analysis will shed further light on the potential benefits of utilizing "Se

in conjunction with novel shielding techniques in brachytherapy treatments.
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5.1 Abstract

Background: "Se (t1/2 = 119 days, E, ., = 215 keV) is a radioisotope that is widely
used in industrial gamma radiography. Its lower photon energy and longer half-life
compared to ¥2Ir (t; /2 = T4 days, E, 4vs = 360 keV) make it a viable candidate for use as a
brachytherapy source.

Purpose: This study aimed to investigate the feasibility of using a ">Se source for
brachytherapy applications and investigate its shielding properties combined with two
different applicators.

Methods: An active core (0.65 mm diameter, 7 mm length, 3.7 g/cm?® packed density) of
a ™Se source was encapsulated in a titanium (4.5 g/cm?, 0.90 mm outer diameter, 0.25 mm
wall thickness) capsule. The active core length was chosen to hold 23 Ci of "Se, providing
a dose rate at a reference point 1 cm from the source in the transverse plane in water
equivalent to 10 Ci of %?Ir. All simulations were conducted using the Monte Carlo-based
treatment planning system, RapidBrachyMCTPS. Dose distributions were acquired in a 30
x 30 x 30 cm® water phantom for two tungsten shields: a static shield presently used in
brachytherapy with a shield diameter of 8 mm and a rigid intensity-modulated
brachytherapy (IMBT) shield with an emission window of 180° and a thickness of 7.5 mm.
The resulting data were used to calculate the transmission factors for the different shield

192Ty source. Both shields were

models and compared with simulations performed using an
tested on CT images for a rectal cancer patient treated with high dose rate brachytherapy
to calculate the absorbed dose to the tumour and surrounding healthy tissue for both the
Se and '%2Ir sources. The treatment optimization was completed identically for both

sources. For the static shield, both plans had three active catheters with dwell positions

positioned with a step size of 5 mm, and for the IMBT shield, they had the dwell positions
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positioned along the central source channel with a step size of 5 mm and a 15° increment
shield rotation. A prescription dose of Dgy = 10 Gy was set.

Results: Dose distributions in a water phantom were calculated. The transmission factors
displayed that ™Se had 4.86 & 0.12 and 5.41 £ 0.12 times better attenuation than '92Ir for
the static and rigid IMBT shields, respectively. For the calculated absorbed doses on the
patient data, with all treatment plans to achieve a prescribed dose of 10 Gy to 90% of the
tumour volume, the IMBT shield had the majority of the dosimetric indices improved
when using the Se source. The most noticeable improvements were that the Dy for the
contra-lateral rectum and balloon were reduced by approximately 0.97 and 2.05 Gy,
respectively, and the Dsq of the rectum was reduced by 1.17 Gy. The treatment time was
reduced by 1.2 min. For the static shield, the treatment plan for ”Se was similar to the
plan completed with 2Ir.

Conclusions: The designed "®Se source was superior with regards to attenuation through
tungsten shields due to its lower energy while still being able to produce an equivalent dose

rate to 1921r.

This allowed for better treatment plans to be achieved when using the IMBT
shield, as the treatment delivers the same absorbed dose to the tumour as '%?Ir with similar
treatment times while reducing the dose to surrounding organs at risk. These results allow

for justification of further analysis of this source for use in brachytherapy.
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5.2 Introduction

5.2.1 High Dose Rate Brachytherapy

High dose rate (HDR) brachytherapy, especially with magnetic resonance image
guidance, is one of the most effective and precise radiation delivery modalities with a major
impact on gynecological, genitourinary and prostate cancers. The use of brachytherapy for
the treatment of prostate cancer is an effective therapy delivered either as a monotherapy
or as a boost in combination with external beam radiotherapy (EBRT) [14]. A recent
multi-institutional study showed that HDR brachytherapy boost improves survival and
decreases the risk of developing distant metastases compared to EBRT alone in
intermediate and high-risk group prostate cancer patients [48]. A randomised trial of
EBRT alone or combined with HDR brachytherapy concluded that at 12 years, there
remains a significant improvement in relapse-free survival after EBRT with HDR
brachytherapy boost, with both modalities being equitoxic for severe late urinary and
bowel events and urethral strictures [49]. Corkum et al. (2020) investigated the long-term
toxicity of HDR brachytherapy as monotherapy and found that HDR monotherapy is well
tolerated with minimal impact on health-related quality of life [50]. For HDR treatment of
cervical cancer, several groups have published results with image guidance showing a 17%
increase in local control of large tumours and an 11% decrease in rectal bleeding [51]. In
addition, combining HDR brachytherapy with EBRT compared to EBRT alone increased
cancer-specific survival rates to 68.5% vs 35.4% after 5 years [52]. Intensity-modulated
radiotherapy or stereotactic body radiotherapy boost resulted in inferior overall survival as
compared with brachytherapy [12]. RetroEMBRACE demonstrated statistically and

clinically significant local control improvement of 10% with the wuse of hybrid
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intracavitary-interstitial brachytherapy compared to intracavitary brachytherapy for large
tumours [13]. For the treatment of rectal adenocarcinoma, EBRT is the best-studied form
of neoadjuvant radiotherapy. However, it is associated with significant toxicities such as
diarrhea, urinary symptoms, and sexual dysfunction [88, 89, 90, 91, 92]. An alternative is
HDR endorectal brachytherapy, which is associated with recurrence rates comparable to
those with EBRT, with fewer treatment-related toxicities and similar pre-operative
outcomes with proctitis as an acute side effect [93, 94].

With the source being inserted inside or near the tumour, HDR brachytherapy offers
numerous benefits for clinical treatments. However, it also has some drawbacks. These
drawbacks include the invasive nature of the procedure, the requirement for substantial
resources, and the radially symmetrical dose distributions produced by all sources. As a
result, surrounding healthy tissue may receive higher doses compared to other treatment
modalities [95].

In a study conducted by Bensaleh et al. (2009) on HDR treatments for breast
cancer, it was found that brachytherapy methods treated a larger portion of the breast
volume above 115% of the prescribed dose compared to 3D-CRT methods. This increased
dose can lead to the production of toxicities [1]. To address this issue, static metallic shields
are currently used in clinical practice to attenuate the dose. The distribution becomes
radially asymmetrical by attenuating the dose, allowing for more conformal treatment plans
and reducing the dose to surrounding healthy tissue [54]. Adding static shields has generally
improved brachytherapy treatments, but they have the limitation of a lack of versatility in
accommodating different tumour shapes and sizes [15]. Therefore, there was a need for a
new application that would enable the development of optimal treatment plans tailored to

each patient’s specific requirements.
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5.2.2 Intensity Modulated Brachytherapy

The strategy of optimizing the dose distribution using brachytherapy sources by
means of tailoring the dwell positions and dwell times is limited in its ability to conform
the absorbed dose to the shape of the tumour and sculpt it around the organs at risk due
to the near-isotropic distribution of the individual dwells. However, similar to the
revolution that occurred in EBRT with the introduction of beam intensity modulation,
brachytherapy is experiencing a technological renaissance through intensity-modulated
brachytherapy (IMBT) by the development of novel shielding techniques enabling
collimation of brachytherapy sources that can overcome the spatial limitation of
conventional sources. Several research groups have developed the next generation of HDR
brachytherapy technology, including design and development of shields, rotational IMBT
delivery  systems for treatment of prostate, cervix, and rectal cancers
(17, 22, 21, 53, 54, 15]. The importance of this research is that by incorporating metallic
shields that can rotate during the treatment inside brachytherapy catheters and
applicators, it will be possible to direct the radiation towards the tumour and shield the
surrounding healthy tissues. By dynamically directing the radiation towards the tumour
and away from healthy tissues, we can shield the normal tissues more effectively and, if
needed, escalate the dose to the tumour. This may lead to increased cure rates with fewer
side effects and improved patient quality of life.

Despite evidence of the significant dosimetric improvements achievable with a
collimated brachytherapy source, significant practical challenges impede the clinical
implementation of IMBT. Shield designs must be effective enough to attenuate the
intensity of the source by several half-value layers while fitting inside existing

brachytherapy catheters and applicators. This constraint limits the thickness of the shield
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to the sub-millimeter range for interstitial brachytherapy and millimeters for intracavitary

cases.

5.2.3 Brachytherapy Sources

Brachytherapy can be administered by low-energy (1 and !%3Pd,
E..v < 50 keV), intermediate energy ('*Yb, 50keV > E.,, < 200 keV) or high-energy
(*°Tr, F,., > 200 keV) gamma emitting radionuclides. Low-energy photon-emitting
radionuclides are used in low-dose rate (LDR) brachytherapy, with the photoelectric
interaction being the dominating photon interaction process with the tissue. The dose
distribution decreases rapidly with distance from the source due to strong attenuation in
tissue that is not compensated by scatter. For the intermediate and high-energy
brachytherapy sources, photoelectric interactions are minimal in soft tissue, Compton
scattering is the dominant photon interaction. The attenuation in tissue is compensated by
single/multiple-photon scatter build-up of the dose. While the dose distribution from
intermediate energy sources and *?Ir is similar, the energy of scattered photons emitted
from intermediate energy sources is much lower than that of 1%?Ir, with substantially lower
shielding requirements for IMBT shields as well as the treatment bunkers making the
technology cost-efficient and more available. Intermediate energy isotopes, including *3Gd,
169yh, 9Tm and 5"Co have been studied in the past for use in conventional HDR
brachytherapy and IMBT [31, 36, 17, 34, 62, 18, 29, 30, 32, 33]. The scattered photons
from these sources can easily be shielded by thin metal shields placed inside interstitial
catheters, enabling IMBT for interstitial HDR brachytherapy. However, none of these
radionuclides were suitable for clinical implementation due to limitations such as low

specific activity, short half-life or high production costs.
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Presently, the most common HDR brachytherapy source used in developed countries
is ¥?Ir (E.,, = 360 keV, half-life = 74 days). Due to its relatively short half-life of 74 days,
192Tr is not used in developing countries and is replaced by ®Co (E,., = 1250 keV, half-life
= 5.3 years), which has a much longer half-life as well as higher average energy than 1%2Ir.
Both sources are manufactured using a nuclear reactor, making the production cost-efficient.

However, a new HDR source with lower energy to decrease the shielding requirements and

a longer half-life than 1%2Ir is desirable.

5.2.4 Selenium-75

®Se (E .y = 215 keV, half-life = 119 days) is a radioisotope that is currently
widely used in industrial gamma radiography to inspect materials, such as steel or concrete,
for any defects in infrastructure [96]. "Se has also been studied as a potential high-energy
source (E,, < 200 keV) for use in HDR brachytherapy [26, 42, 24]. Many studies have
investigated "Se with regards to the manufacturing and dosimetric properties for use in
industrial gamma radiography [40, 41, 38, 39]. Still, only a few studies have been performed
regarding the feasibility of Se for brachytherapy applications [26, 96]. Weeks and Schulz
(1986) calculated that ™Se has an exposure rate constant 2.3 times less than 19%Ir [26].
Therefore, to achieve an equivalent dose rate at a reference point 1 cm from the source
in the transverse plane in water, the Se source in this study was set to have an activity

1921y The maximum provided '%2Ir activity clinically is

that was 2.3 times greater than
about 10 Ci for HDR brachytherapy. Hence, a 23 Ci ™Se source was desirable. The authors
completed many theoretical calculations to determine the necessary aspects, such as the size

of the capsule, the magnitude of neutron flux and irradiation time for developing a 23 Ci
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Se source.

The lower photon energy emitted from ®Se requires less shielding for brachytherapy
suites. HDR brachytherapy room shielding generally requires having either 40 cm of barite
concrete or 5 cm of lead [97] for '?Ir and shielding similar to that of a teletherapy room (80
cm of concrete or 12 ¢cm of lead [98]) for ®Co. ™Se only requires approximately 31 cm of
barite concrete or 2.5 cm of lead for equivalent shielding [26]. This would reduce the overall
costs as the construction of brachytherapy suites would require less material. Due to the
reduction in shielding thickness for equivalent attenuation compared with *2Ir, ™Se is also
of interest for IMBT. The half-value layer (HVL) in tungsten is 0.8 mm for ”Se and 3.3 mm
for 2Ir [99]. Intracavitary applicators for treating gynecologic cancers have cavities from
5 mm (tandem for cervix applicators) up to centimeters (vaginal applicators). For rectal
cancer, the size of the applicator cavity is about 15 mm. Having an HVL about a quarter
of the thickness compared to the presently used source will allow for improved attenuation,
potentially leading to a better-optimized treatment plan.

This study aimed to determine the potential benefits of using "Se compared to
1921y for use in brachytherapy. To accomplish this, we simulated a ®Se source using a
Monte Carlo-based treatment planning software to (1) quantitatively analyze how effective
brachytherapy shields become at attenuating radiation when using Se compared to 2Ir

and (2) compare optimized treatment plans that used Se and '**Ir on a single rectal cancer

patient, one plan using a static shield design and the other for an IMBT shield.
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5.3 Materials and Methods

In this work, the dosimetric properties of a ™Se source were investigated, and

192y The source encapsulation

all dosimetric comparisons are made between Se and
dimensions and materials for Se are identical to the ones used in the previous manuscript,
and the 192Ir source used was the microSelectron-v2 HDR source (Nucletron, Veenendaal,
Netherlands). Using a Monte Carlo-based treatment planning system, RapidBrachyMCTPS
[19, 20], dose distributions in water for two rectal applicators were calculated. Two treatment
plans using one fraction for one rectal cancer patient were developed using a rigid 180°
IMBT shield and the cylindrical intracavitary mold applicator (ICMA) (Nucletron/Elekta;
Veenendaal, the Netherlands) HDR brachytherapy applicator design for both the "Se and

the 12Ir sources. These optimized plans calculated the absorbed dose to the tumour and

the surrounding organs at risk.

5.3.1 Monte Carlo Simulations

RapidBrachyMCTPS is a validated open-source research treatment planning system
with dose optimization tools, a graphical user interface and a Monte Carlo dose calculation
engine known as RapidBrachyMC [19, 20]. This software was used to simulate both a
Se source, the design seen in Figure 5.1, and the microSelectron-v2 HDR *?Ir source in
treatment plans using a homogeneous water phantom and a heterogeneous patient phantom.
Voxellized representations of the water and patient phantom are provided to RapidBrachyMC
in .egsphant format [69]. Material and densities can be assigned via a HU calibration curve
or via nominal material/density assignment to contours (Appendix C). RapidBrachyMC is

based on the Geant4 Monte Carlo radiation transport toolkit [70, 71, 72] where the simulation
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of radioactive decay is achieved by using photon decay spectra from the Evaluated Nuclear
Structure Data File [73]. All simulations were run on the Beluga cluster of the Digital
Research Alliance of Canada. Since the photon energies emitted by these radioisotopes are
low, it was assumed that the secondary electrons deposit their energy locally [69]. This
assumption allows the dose to be approximated by collision kerma, scored using a track
length estimator [74]. Utilizing multi-threading in conjunction with this approach enables a
reduction in computation time. The Monte Carlo simulation parameters, seen in Appendix
B, were summarized following the recommendations of TG-268 [75]. The type A uncertainty
on the absorbed dose per voxel was calculated using the history-by-history method [76].

0.90 i

(mm)

| ‘ Capsule 7.0 | ‘ 2.0
I |
8.2

Figure 5.1: Source dimensions of the selenium source.

Simulations in Water

To quantitatively determine the difference in attenuation that brachytherapy shields
achieve when using the radioisotope "Se compared to *2Ir, RapidBrachyMCTPS was used
to acquire dose distributions inside a uniform water phantom (30 x 30 x 30 c¢m?®) using
two rectal applicators: the ICMA applicator with a static shield and a rigid 180° emission
window IMBT applicator designed by Thibodeau-Antonacci et al. [53]. These designs can
be seen in Appendix A, and further analysis of these applicators can be seen in [53]. The

shields were imported into RapidBrachyMCTPS in STL format, and a single dwell position
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was selected halfway up the source channel with a dwell time set to 60 s. The plan was
simulated with 10% decays with a 1 x 1 x 1 mm? scoring grid. The transmission factor (TF)
was calculated to compare the shield’s attenuation capability between the two sources. The

equation to calculate the TF is:

D(r = lem, 0 = 90°, ¢ = 180°)

TF =
D(r =1lcm, 0 = 90°,¢ = 0°)

(5.1)

Where D(r = 1 ¢m,0 = 90°,¢ = 180°) is the absorbed dose 1 cm on the transverse
plane from the source on the shielded side, and D(r = 1 cm,§ = 90°,¢p = 0°) is the absorbed

dose 1 cm on the transverse plane from the source on the unshielded side.

Simulation with Patient Dataset

For the heterogeneous patient phantom simulations, one fraction of a rectal cancer
patient treated at the Montreal Jewish General Hospital was used with the approval of our
institutional review board. The CT images of this patient were loaded into
RapidBrachyMCTPS. Organs at risk, including the pelvis, femur, bladder, and rectum,
were contoured. Other contours specific to this study were also placed into the treatment
plan. These include the clinical target volume (CTV), the contralateral healthy rectal wall,
the balloon used to position the applicator and two cylinder contours 1 cm superior and
inferior to the center of the CTV. The balloon was included as one of the objectives for the
rectal IMBT applicator is to remove the need for using balloons in rectal brachytherapy. If
this is achieved, the dose received to the balloon in this study would be the one received to
the contralateral rectum. The two inferior and superior cylinder contours are dose spill
regions used to evaluate the leakage in the inferior and superior directions. The clinical

prescription dose of Dgy = 10 Gy to the CTV was used.
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For both ™Se and '?Ir simulations, the rigid 180° tungsten shield and ICMA static
HDR brachytherapy shield were imported into RapidBrachyMCTPS in STL format. The
applicators were placed in the voxelized patient geometry using the layered mass geometry
feature for parallel worlds in Geant4 [100]. Once in place, dwell positions were inputted
into appropriate source channels with a 5 mm step size between each dwell position for the
5Se source and 2Ir source. All dwell times were set to 1 s, 107 radioactive decays of the
primary isotope were used, and the voxel size of 3 x 3 x 3 mm?® was used. These settings
were chosen to keep the computation time realistic and inexpensive. The nominal physical
densities were acquired from the ICRU No. 46 [101] for all relevant organs, and the tissue
elemental compositions were assigned based on the suggestions found in the AAPM TG-186
report [9]. The elemental compositions and mass densities used in the simulations can be
seen in Appendix C. Each dwell position and corresponding shield rotation was simulated
to get the per-dwell position dose distributions.

Once the dose distributions were acquired, the fast mixed integer optimization
algorithm implemented in RapidBrachyMCTPS was used [102] to optimize a treatment plan
with a CTV Dgg dose within 1% of the prescribed dose. The dose constraints and weights for
the CTV (target) and surrounding OARs were manually altered in a trial-and-error method
to achieve this plan. The plan was then re-simulated to obtain a high-resolution dose map
of the final plan, with a Type A uncertainty being less than 1% for voxels within the 100%
isodose line. To achieve this, the simulation parameters were set to have the number of
decays be 10° and the voxel size be set to 1 x 1 x 1 mm?.

After the final simulation, dosimetric indices for both the ”Se and '92Ir treatments
were compared to determine whether the use of a "Se source allowed for the dose to OARs to

decrease while maintaining the prescribed dose to the CTV. More specifically, the dosimetric
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indices compared were the Ds.. of the contralateral rectum, balloon, superior and inferior
leakage contours as well as the Dsq of these contours with the rectum, bladder, femur and

pelvis. The treatment time was also determined.

5.4 Results

5.4.1 Simulations in Water

The normalization of the dose distributions was set at 1 cm from the source center
on the unshielded side of the applicator. The axial views of the normalized dose maps for
all water simulations can be seen in Figure 5.2. It is clearly seen that the radiation is more

192h.

attenuated when using the "Se source compared to For absorbed dose values within

1 cm from the source, the uncertainty of these simulations was all less than 0.5 %.
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(a) 180° rigid IMBT - Ir-192 (b) 180° rigid IMBT - Se-75
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Figure 5.2: The axial dose distributions in water for both shields are used to calculate the
transmission factors. a) and b) are the comparison of the rigid 180° IMBT shield for both

sources, and c¢) and d) are the comparison of the ICMA static shield for both sources.

The TF values were calculated using Equation 5.1, seen in Table 5.1, to
quantitatively analyze the attenuation of the sources with the applicators. When using the
Se source, the ICMA applicator and the rigid 180° IMBT applicator can reduce the

absorbed dose on the shielded side by 4.86 & 0.12 and 5.41 £ 0.12 compared to the ¥2Ir

source.
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Table 5.1: Transmission factors for both the conventional HDR brachytherapy shield and
the rigid 180° IMBT shield.

Conventional HDR Brachytherapy

Iridium: 20.04% 4+ 0.13%

Selenium: | 4.12% =+ 0.06%

IMBT - Medical Shield

Iridium: 16.81% + 0.13%

Selenium: | 3.11% + 0.06%

5.4.2 Simulations in Patient

Figure 5.3 illustrates the sagittal dose distributions of the treatment plans using
the 192Ir and "Se sources for the IMBT shield. The selected slices in the figure effectively
showcase the penetration through both the shielded and unshielded sides of the applicator.
This figure shows that the radiation penetration of the Se source remains within the
applicator, which is desirable. In contrast, the radiation from the '?Ir source exceeds the
applicator. Figure 5.4 displays the axial dose distributions for the treatment plans using
92Ty and Se sources for the ICMA static shield. Notably, the dose distributions exhibit
striking similarity. The simulations have a Type A uncertainty of less than 1% for voxels

within the 100% isodose line.
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Figure 5.3: Sagittal dose distributions after final MC simulation in a heterogeneous patient
phantom using the IMBT shield for the '92Ir source (left) and Se source (right). The
contours displayed are the structures used to optimize the plan, and in the slices, the position

of the applicator can be seen.

Figure 5.4: Axial dose distributions after final MC simulation in a heterogeneous patient
phantom using the ICMA static shield for the 2Ir source (left) and "Se source (right). The

contours displayed are the structures used to optimize the plan.

The DVH metrics of the CTV and the surrounding OARs can be seen in Table

5.2. Within this table, the treatment times and the dose homogeneity indexes can also
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be seen. The Ds.. values were used to assess the hot spots within the structures, and the
D5y values were used to determine the dose spread in the structures. The IMBT treatment
results showed that ®Se improved the plan metrics in every aspect except for the Dsq of the
Balloon. The most noticeable improvements were that the treatment time was reduced by
1.2 min, the Dy, for the contra-lateral rectum and balloon were reduced by approximately
0.97 and 2.05 Gy, respectively, and the D5y of the rectum was reduced by 1.17 Gy. The
ICMA static shield results showed that the two sources produced similar treatment plans
concerning the dosimetric indices, dose homogeneity and treatment times. The methods
used to acquire the heterogeneous patient phantom dose distributions and DVH metrics can

be seen in Appendix B.
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Table 5.2: Plan metrics for both ®Se and ?Ir treatment plans using the IMBT shield.
The Type A uncertainty for both plans was <1% on the 100% isodose line

IMBT Shield ICMA Static Shield
Plan Metric Iridium-192 | Selenium-75 | Iridium-192 | Selenium-75

Treatment Time (min) 8.15 6.95 8.27 7.06
CTV Dy, (Gy) 9.94 9.94 9.93 10.01
Contralateral Dyc. (Gy) 5.68 4.71 7.00 6.92
Superior Do (Gy) 6.52 6.09 5.34 5.56
Inferior Dy, (Gy) 6.29 6.24 5.00 5.28
Balloon Dy, (Gy) 3.30 1.25 4.76 4.98
Contralateral Dsgy (Gy) 1.47 0.64 2.34 2.18
Superior Dsgy (Gy) 1.76 1.67 1.83 1.83
Inferior Dsgy (Gy) 1.80 1.73 1.82 1.88
Balloon Dygy, (Gy) 0.30 0.31 0.90 0.86
Rectum Dsog (Gy) 2.11 0.94 3.63 3.56
Bladder Dsgy, (Gy) 0.32 0.22 0.50 0.48
Femur Dsgy, (Gy) 0.14 0.13 0.17 0.15
Pelvis D5pe (Gy) 0.33 0.29 0.45 0.43
Dose Homogeneity Index 0.81 0.82 0.34 0.33

5.5 Discussion

The critical limitation of brachytherapy is the rotationally symmetric dose

distribution provided by brachytherapy sources, delivering a high dose to the tumour but



5. Dosimetric Analysis of a Selenium-75 Brachytherapy Source 70

often with poor tumour conformity due to the non-symmetrical shape of the tumours
resulting in dose spillage to surrounding healthy tissues. By incorporating metallic shields
that can rotate during the treatment inside brachytherapy catheters and applicators, it will
be possible to direct the radiation towards the tumour and shield the surrounding healthy
tissues [62]. By dynamically directing the radiation towards the tumour and away from
healthy tissues, we can shield the normal tissues more effectively and, if needed, escalate
the dose to the tumour [17]. Although significant dosimetric improvements are achievable
with collimated brachytherapy sources, practical challenges have impeded the clinical
implementation of IMBT. For example, shields must be able to attenuate the source’s
intensity significantly, preferably by several half-value layers, yet must be small enough to
be used inside brachytherapy applicators and needles. However, a lower degree of
attenuation that improves achievable dose distributions can also be beneficial [22, 21].

Due to its lower gamma energy and longer half-life than 2Ir, in this study, "Se
was chosen as a potential alternative to ?2Ir for the treatment of rectal cancer with IMBT.
It was hypothesized that the lower mean gamma energy of Se allows the shields to more
effectively attenuate the dose, leading to improved treatment outcomes by reducing the
dose to OARs. To test this, simulations were conducted using RapidBrachyMCTPS. A
comparison of transmission factors and dosimetric indices for two rectal treatment plans
demonstrated that theoretically, Se is the superior source for intracavitary rectal
treatments.

The transmission factor analysis showed that using the "Se source resulted in
higher dose attenuation by the shields compared to the'®?Ir source. This outcome was
expected as the HVL of ™Se is 4.1 times shorter than '°Ir in tungsten. However, the

measured attenuation improvement factors of 4.86 4+ 0.12 and 5.41 4+ 0.12 for the ICMA
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static HDR and IMBT shields do not perfectly align with the HVL ratio. This difference is
likely attributed to differences in the measurement setup used to determine the HVL values
compared to the shield simulations, taking into account factors such as the shape of the metal
used and the occurrence of beam hardening phenomenon, which causes the second HVL in
a beam’s path to be longer than the first one. The variation in attenuation between the use
of a ™Se and ?Ir sources were prevalent in the application of the sources for the patient
simulations seen qualitatively in Figure 5.3 for the IMBT shield. However, the impact was
not as significant as anticipated in the ICMA static shield treatment plans depicted in Figure
5.4.

One of the objectives of endorectal IMBT is to eliminate the use of a rectal
balloon. The main uses for the rectal balloon are its effectiveness in reducing internal
motion and its ability to reduce the dose received by the rectal wall. Drawbacks include
the dose inhomogeneity created, which results in a lack of charged particle equilibrium and
a lack of scattered radiation and added complications to the treatment such as patient
discomfort [103]. The IMBT patient images show that the dose distribution for the ™Se
treatment plan does not penetrate the shield, while it does for the '?Ir treatment plan.
This lack of penetration would reduce the need for the rectal balloon as the dose received
by the rectal wall would not be changed with or without the balloon when using the "Se
source and the IMBT applicator. This observation is further supported by the dosimetric
indices presented in Table 5.2, where the healthy tissues experiencing the highest dose
reduction were located on the shielded side of the tungsten shield, which coincides with the
location of the rectal balloon.

Both ™Se and '*?Ir are high-energy sources, resulting in similar photon interactions,

photoelectric effect and Compton scattering. Famulari et al. (2018) Conducted research on
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the relative biological effectiveness of these two sources and found that "Se exhibited only
a 3% higher biological effectiveness compared to the current iridium-192 sources [104]. The
primary distinction between the two sources is that the mean gamma energy for ”Se is lower
than 22Ir. Consequently, to fully leverage the benefits of a “Se source, effective shielding
techniques are essential, as the shield will attenuate more radiation from “Se compared to
1927,

In the case of the ICMA static shield applicator treatments, the source channels
are positioned along the circumference of the applicator, which contrasts with the IMBT
applicator that only has one central channel. This difference has significant implications
on the effective use of the shield, resulting in escalated dose to surrounding healthy tissue,
particularly to organs on the opposite side of the shield [15]. For this study’s specific patient’s
treatment plan, three catheter channels were utilized to achieve the prescribed dose to the
tumour. However, some positions were closer to the contra-lateral contour without any
shielding. This treatment configuration does not allow for the advantageous lower gamma
energy of Se to be fully utilized. A similar outcome was also demonstrated in a previous
study conducted by Shoemaker et al. (2019), where optimized treatment plans for endorectal
brachytherapy using the same ICMA static shield applicator revealed similar dosimetric
indices between Se and '2Ir [24]. Although the benefits of Se are not evident when
utilizing the currently employed ICMA static shield applicator, the >Se source proposed in
this study still enables the development of treatment plans comparable to those using %2Ir
in terms of dose homogeneity, treatment times and the ability to achieve the prescribed dose.

This paper focuses solely on the simulation of treatment for rectal adenocarcinoma.
To further demonstrate the potential benefits of using "Se in brachytherapy, it would be

beneficial to simulate its application in other brachytherapy sites, specifically intracavitary
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treatments. As mentioned earlier, the advantages of Se become evident when shields are
effectively employed. Effective shield usage involves considerations such as the positioning
of the source relative to the shield and the shield’s thickness and material.

In cases where the shield is too thin, such as in interstitial brachytherapy
applications, the radiation produced by "®Se may not be sufficiently attenuated, leading to

dose distribution results similar to those obtained with 2Ir.

For such scenarios, it is
recommended to use low or medium-energy radioisotopes. An example of this can be found
in the study conducted by Famulari et al. (2019) on prostate interstitial IMBT, where
shields with a thickness of 0.80 mm, made of platinum instead of tungsten, were utilized
due to the constraint of catheters with a 1.45 mm diameter channel [17]. Platinum, with
its higher atomic number, provides better attenuation of the radiation from the sources.
However, even with the improved attenuation, ®Se is not considered the ideal source for
this application. The study simulated the system using a '®Yb (E,,, = 93 keV, half-life =
32 days) source. Nevertheless, for intracavitary applications, with adequate shield thickness
and positioning techniques, such as for the IMBT applicator designed by Morcos et al.
(2021) for cervical cancer [22], the benefits of using "Se as an alternative source are likely
to be observed.

The ™Se source has shown great promise as an alternative source to 1%?Ir, especially
in IMBT intracavitary applications. In addition to providing a conformal dose distribution
to the tumour while sparing healthy surrounding tissues, brachytherapy suites would require
less room shielding, as shown in the study performed by Weeks and Schulz (1986) [26]. This
would reduce the implementation costs of clinics. Fewer source changes would also occur
due to the longer half-life of ™Se. Only three source changes a year for ”Se compared to

five for 2Ir, reducing the operational costs of clinics.
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5.6 Conclusion

From a dosimetric perspective, ™Se shows significant potential as an alternative to
1921y for treating rectal cancer by utilizing intracavitary IMBT. It offers notable advantages
in reducing the absorbed dose to organs at risk while achieving the prescribed dose to the
tumour. In addition, ”Se can produce comparable treatment plans to °2Ir in conventional

brachytherapy.

5.7 Appendix A

s Vo2 N\,f;
fao 3 pd .

5 4 s s
!

2.0cm

Figure 5.5: Intracavitary mold applicator used conventionally in HDR brachytherapy

rectal treatments. Central lumen capable of holding an 8 mm tungsten shield.

Figure 5.6: Rigid 180° IMBT shield designed by Thibodeau-Antonacci et al. The diameter
of the shield is 15 mm with 7.5 mm of tungsten shielding. The light grey part is a removable

silicone rubber to enclose the central lumen.
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5.8 Appendix B

Item Name Description Reference
Code, Version RapidBrachyMCTPS, Geant4 10.2 [19], [20]
Validation Previously validated [19]
Water Phantom: 2 hours on 40 cores from a Compute Canada remote cluster
Timing

Patient: i) 25 min and ii) 40 h on 40 cores from a Compute Canada remote cluster
Voxelized geometry extracted from DICOM CT images and DICOM RT Structure
Set files. CT grid interpolated to grid with voxel size:

Geometry
Water Phantom: 1 x 1 x 1 mm?
Patient: i) 3 x 3 x 3 mm® and i) 1 x 1 x 1 mm?
Water Phantom: Homogeneous water phantom

Materials Patient: Heterogeneous phantom with elemental composition and mass density (9], [74]

of tissues provided in Appendix C

Source Description

Iridium-192 Source: MicroSelectron-v2 HDR source designed by Nucletron
(Veenendaal, Netherlands) - core diameter of 0.6 mm and core length of 3.5 mm

Selenium-75 Source: core diameter of 0.6 mm and core length of 7 mm

[85], [73]

# Histories/Statistical Uncertainty

Water Phantom: 10% photon histories with Type A uncertainties of <1%
Patient: i) 107 and ii) 10° photon histories with Type A uncertainties i) <10%

i) <1%

Statistical Methods

History-by-history method

[76]

Cross Sections

EPDL97, EEDLO7, EADLO7

[73], [86], [87]

Transport Parameters

PENELOPE low-energy electromagnetic physics list with default transport

parameters. Electron Transport off. Production cut: 0.1 mm.

Variance Reduction Technique

Tracklength estimator using mass-energy absorption coefficient library provided

in RapidBrachyMCTPS.

[19], [74], [87]

Scored Quantities

Absorbed dose (collisional kerma approximation) scored to
Water phantom: water

Patient: medium

Post Processing

Dose to voxels converted into dose-volume parameters using RapidBrachyMCTPS.

5.9 Appendix C
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Element (% mass)
Material Density (g/cc) | H C N O Na | Mg | P S | Cl Ar K| Ca |[Si|W
Air 0.001225 0.0124 | 65.5268 | 23.1781 1.2827
Soft Tissue 1.02 10.6 31.5 24 54.7 0.1 0.2 [02]0.1 0.2
Rectum 1.03 10.6 11.5 2.2 75.1 0.1 0.1 (0102 0.1
Bladder (filled) 1.03 10.8 3.5 1.5 83.0 0.3 0.1 10.11]0.5 0.2
Cortical Bone 1.92 34 15.5 4.2 43.5 0.1]0.2]103]0.3 22.5
Silicone Rubber 1.14 0.082 | 0.324 0.216 0.378
Tungsten 19.30 1
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Chapter 6

Discussion

Brachytherapy, both as a monotherapy and in combination with external beam
radiotherapy, has emerged as a highly effective treatment modality for various cancers,
including gynecological, genitourinary and prostate cancers [14, 48, 49, 50, 51, 52, 12, 13].

In this thesis, we focused on exploring Se for use in brachytherapy and its
integration with innovative shielding techniques, aiming to approach the ideal radiation
therapy where the prescribed dose is delivered precisely to the tumour while minimizing
exposure to surrounding healthy tissues.

The successful manufacturing of the "Se source presented in this paper was
primarily facilitated by the manufactured method outlined in the patent authored by
Shilton (2000) [39]. By incorporating vanadium, a stable element, with elemental selenium,
the source overcame various safety concerns associated with using elemental selenium
alone. These concerns encompassed the potential deformation of the source in the nuclear
reactor and the creation of hazardous gas during the encapsulation process. Notably, the

patent recently expired, opening up opportunities for researchers to explore the
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manipulation of selenium in diverse source encapsulations, thereby enhancing various
applications involving different radioisotopes. In combination with this compound, the
capsule material of titanium was selected as the selenium needed to be encapsulated prior
to irradiation. Although titanium and vanadium are stable elements relative to selenium,
they can still undergo activation in the reactor, particularly in fast neutron fluxes. To
mitigate this, it is essential to place the source in thermal neutron fluxes within the
reactor.  Usng the thermal neutron flux at McMaster Nuclear Reactor, the total
contribution of the radiation contaminants did not exceed 1% of the overall contribution of
the dose, enabling it to be considered a sealed source for use in brachytherapy. If the total
contribution of radiation contaminants exceeds 5% when creating higher activity sources,
alternative manufacturing methods should be investigated.

While this thesis successfully manufactured a low activity “Se brachytherapy
source, it represents only the initial step toward the clinical implementation of this design.
To progress further, several important aspects need to be addressed. Firstly, a higher
activity source needs to be created to meet the requirements for clinical applications. A 20
Ci ™Se brachytherapy source would be preferable as it was determined that for a "Se
brachytherapy source to have a similar dose rate to a 10 Ci *2Ir source it needed 2.05 +
0.1 times more activity. For the purpose of this study, measurements were conducted to
determine the activity, radioactive contaminants, and film dosimetry of the source. An
AtomLab 500 detector was used for activity measurements and a HPGe Ortec detector was
used to measure the radioactive contaminants. The activity measured using the AtomLab
500 detector was approximately 40% of the theoretically calculated value. To address this
concern when manufacturing a higher activity source, it is recommended to use multiple

different activity detectors to allow more confidence in the measurement with one of the
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measurements having a comparable procedure to the one used for clinical HDR %?Ir

sources. This process entails conducting an absolute dose measurement with a user
well-type ionization chamber that has been calibrated to a primary standard, as described
in the Aldelaijan et al. study [68]. Additionally, the radioactive contaminants of the
potential higher activity source should follow the same methodology as this thesis to make
sure that the overall radioactive contaminant contribution does not exceed 5% of the
overall dose distribution of the ™Se source. The source should also be irradiated in
different reactors in different fluxes to get an in-depth analysis of the impact the fluxes
have on the radioactive contaminants.

Due to the constraint of having to manually handle the source, the activity had to
be kept low during measurements, limiting the film dosimetry setup. Manual handling of
the ™Se source without the use of catheters and a remote afterloader increases the
positional uncertainties related to film dosimetry. Additionally, it was decided to take all
film measurements simultaneously as with a lower activity source the time it takes to
achieve an acceptable dose reading can take many hours. This method of taking all
measurements simultaneously introduced air gaps created by the film and tape used, which
added further positional uncertainty. With these limitations taken into consideration, as
well as the underestimation of the activity, correction factors were calculated that enabled
a justifiable comparison between the film and Monte Carlo dose distributions. With a
higher activity source, a remote afterloader with catheters will be necessary to handle the
source allowing for a reduction in positional uncertainty. Additionally, only one film
measurement is recommended to be taken at a time as the measurement times for each film
will take minutes instead of hours. This would remove the positional uncertainty produced

by the air gaps.
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For clinical implementation, preliminary tests of recommendations from
regulatory guidelines need to be completed. The International Atomic Energy Agency’s
report on "Production techniques and quality control of sealed radioactive sources of
palladium-103,  iodine-125, iridium-192 and ytterbium-169” provides valuable
recommendations for quality control programs [28]. Completing these recommendations
would allow the manufactured sources to pass inspection tests according to State Standard
24297-87 [105]. The recommended tests outlined in the report include external
examination, temperature tests, external pressure tests, impact tests and endurance tests.
External evaluation should be conducted following each of these tests to assess any
deformations that may occur. Temperature tests are performed in heating and cooling
devices with temperatures up to 600 °C down to -40 °C. External pressure tests require the
source to withstand a pressure of 2 MPa with air. Impact tests involve using a 50 g
hammer placed no less than 1 m above the source. Endurance tests require welding joints
between the source and wire and between the wire and the shank, where the source needs
to resist the load on rupture not less than 15H [28]. For all these tests, subjecting at least
two manufactured and irradiated "Se brachytherapy sources are necessary to ensure
consistency and reliability. Following each test, a leakage test must be performed in
accordance with ISO 2919:1999E [106]. Lastly, due to the increased length of the
brachytherapy source, tests must be completed to ensure the source will not get stuck in
catheters during brachytherapy procedures. By adhering to these recommended regulatory
tests, the quality and safety of the manufactured sources can be thoroughly assessed,
providing confidence in their compliance with established standards.

Introducing metallic shields in brachytherapy catheters and applicators can

potentially improve treatment outcomes by minimizing the dose received by healthy
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tissues. This is particularly important due to the isotropic nature of dose distributions
produced by brachytherapy sources. Despite its lower gamma energy, °Se is still
considered a high-energy source, and the radiation it produces undergoes both
photoelectric effect and Compton scattering interactions in soft tissue, similar to “2Ir and
Co [2, 24, 104, 42, 21]. However, the energy of the Compton scattered photons is lower,
making it easier to shield for IMBT applications, specifically for intracavitary treatments,
where shields with several mm thickness are used. In contrast, interstitial IMBT
brachytherapy treatments typically employ sub-milimeter shields not allowing for enough
shielding for a "Se brachytherapy source.

Drawing from a study by Ebert et al. (2002), it was found that a shield
transmission of less than 10% was important to achieve significant benefits from shield
usage in IMBT. In the context of this thesis, this recommendation was successfully met by
retrospectively employing “Se in conjunction with IMBT for treating rectal cancer as the
transmission through the IMBT shield was 3.11 £ 0.06%. Conversely, 1%2Ir was found to
have a transmission of 16.81 + 0.13%, exceeding the recommended 10% threshold and
surpassing the Se transmission by 5.4 times.

By employing "5Se, considerable reductions in dosimetric indices for healthy tissues
were achieved in the optimized treatment plan for the IMBT applicator. This improvement
was particularly noteworthy for the healthy tissues located on the opposite side of the shield,
with the D2cc values for the contra-lateral rectum and balloon decreasing by 0.97 Gy and 2.05
Gy, respectively, and the D50 of the rectum reducing by 1.17 Gy. The design of the applicator
also played a role in these enhancements, as the source was positioned in the central channel,
leading to the attenuation of the dose to the majority of the contralateral healthy tissue

throughout the treatment. In contrast, the static shield technique only attenuated the dose



6. Discussion 82

towards a portion of the contralateral healthy tissue, depending on the chosen catheter.
These encouraging results underscore the potential of the Se brachytherapy source and its
compatibility with shielding techniques, ultimately improving the precision and efficacy of
radiation cancer treatment.

In addition to the dosimetric advantages, using a lower gamma energy source in
brachytherapy treatments can also reduce costs. Using a source with lower gamma energy
necessitates less shielding for transportation and within brachytherapy suites. Weeks and
Schulz (1986) conducted a study that demonstrated the potential reduction in shielding
thickness when comparing a "Se source to a '*’Ir source, showing a 9 cm reduction for
concrete shielding and a 2.5 ¢cm reduction for lead shielding in brachytherapy suites [26].
The reductions would be even more substantial for facilities that use %°Co, with 49 cm for
concrete and 9.5 cm for lead. These findings highlight the significant cost reduction in the
implementation of brachytherapy suites using ™Se.

One of the primary reasons for the widespread use of ®°Co in developing countries,
despite its high average gamma energy, is its long half-life of 5.3 years. Given the extended
transportation times of brachytherapy sources to clinics in these regions, using *2Ir is not
feasible due to its short half-life. The short half-life of 1%?Ir would result in limited source
availability at the clinics, necessitating frequent source changes throughout the year and
imposing unnecessary financial burdens. In contrast, the long half-life of ®°Co makes it an
ideal choice to address this issue.

However, despite its advantages, the average gamma energy of 1.25 MeV associated
with %°Co renders novel shielding techniques developed to enhance brachytherapy treatment
plans completely ineffective. On the other hand, although "Se has a significantly shorter

half-life compared to °Co, its half-life of 119 days may still be sufficient to justify its use in
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developing countries for improved brachytherapy treatment plans. Further investigation is
required to explore the potential future applications of ">Se in this context.

Looking ahead, further research and development in this direction hold tremendous
promise for advancing the field of brachytherapy and fostering its application in real-world
clinical settings. By harnessing the advantages of Se and refining shielding strategies, we
can strive towards more effective and targeted cancer treatments, benefiting patients and

healthcare outcomes.
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Chapter 7

Conclusion

This thesis presented the initial steps for manufacturing a "Se brachytherapy
source for brachytherapy treatments. A ™Se brachytherapy source was designed,
characterized, manufactured, and measurements were taken to justify further source
development. The recently available method of using a vanadium diselenide compound to
manufacture the source was successful, and the hypothesized advantages that the lower
gamma, energy that °Se has in comparison to '*’Ir exceeded expectations. The radioactive
contaminants resulting from including vanadium and titanium elements in the ”Se source
were found to be below the maximum recommended percentage of dose contribution to the
overall dose. This effectively addresses the primary concern of using the selenium
compound in combination with a titanium capsule.

An in-house Monte Carlo treatment planning software was used to characterize the
source and evaluate the potential of the ™Se source for IMBT treatment of rectal cancer
compared to the commonly used brachytherapy source, ??Ir, in optimized brachytherapy

treatment plans. The treatment plan for rectal adenocarcinoma utilizing a 23 Ci Se source
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demonstrated a similar treatment time, prescribed dose to the tumour, and dose homogeneity
index compared to a 10 Ci 2Ir source. Additionally, majority of the dosimetric indices of
organs at risk were reduced with the most notable reductions being the Ds.. for the contra-
lateral rectum and balloon by approximately 0.97 and 2.05 Gy, respectively, and the Dsq
of the rectum by 1.17 Gy. The combination of these outcomes successfully accomplishes
the objective of this thesis, which aimed to showcase the feasibility of manufacturing a Se
brachytherapy source and provide a compelling justification for its further development by
highlighting its advantages.

For future steps to get this source to clinical implementation, a higher activity
source on the order of 20 Ci needs to be manufactured and tested to ensure the source can
pass all regulations set out for using brachytherapy sources in clinical treatments. By refining
and expanding the capabilities of this Se source, brachytherapy treatments can further be
improved, allowing for a potential reduction in cost for brachytherapy treatments as well as

improvement in quality of life for patients.
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