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Abstract
Non-melanoma skin cancer (NMSC), comprising primarily basal cell carcinoma (BCC) and
squamous cell carcinoma (SCC), is one of the most prevalent cancers globally, with its incidence
rising annually. Traditional treatments, including surgical excision, cryosurgery, photodynamic
therapy, and radiotherapy, have limitations such as potential for incomplete excision and cosmetic
concerns. Superficial brachytherapy (SBT) with beta emissions from rhenium-188 (188Re) has
emerged as a promising alternative. This study focuses on the dosimetric analysis of 188Re-based
SBT using three-dimensional Monte Carlo GATE simulations to model the radiation dose
distribution within treated tissues accurately. The primary objectives are to assess the safety,
effectiveness, and potential clinical benefits of 188Re SBT in treating BCC and SCC. The research
demonstrates that 188Re SBT achieves high treatment efficacy while minimizing impact on
surrounding healthy tissues, thereby supporting its adoption as a standard therapy for NMSC and
potentially improving patient outcomes and quality of life.
Keywords: Skin cancer treatment, Superficial brachytherapy (SBT), Rhenium-188 (188Re), GATE,
Dosimetry.

Résumé
Le cancer de la peau non mélanomateux (CPNM), comprenant principalement le carcinome
basocellulaire (CBC) et le carcinome épidermoïde (CE), est l'un des cancers les plus répandus dans
le monde, avec une incidence en augmentation annuelle. Les traitements traditionnels, incluant
l'excision chirurgicale, la cryochirurgie, la thérapie photodynamique et la radiothérapie, présentent
des limites telles que le risque d'excision incomplète et des préoccupations esthétiques. La
curiethérapie superficielle (CS) avec des émissions bêta de rhénium-188 (188Re) a émergé comme
une alternative prometteuse. Cette étude se concentre sur l'analyse dosimétrique de la CS à base de
188Re en utilisant des simulations Monte Carlo tridimensionnelles GATE pour modéliser avec
précision la distribution de la dose de radiation au sein des tissus traités. Les principaux objectifs
sont d'évaluer la sécurité, l'efficacité et les bénéfices cliniques potentiels de la CS 188Re dans le
traitement du CBC et du CE. La recherche démontre que la CS 188Re atteint une grande efficacité
de traitement tout en minimisant l'impact sur les tissus sains environnants, soutenant ainsi son
adoption comme thérapie standard pour le CPNM et améliorant potentiellement les résultats et la
qualité de vie des patients.
Mots-clés : Traitement du cancer de la peau, Curiethérapie superficielle (CS), Rhénium-188
(188Re), GATE, Dosimétrie.
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GENERAL INTRODUCTION

Skin cancer, particularly non-melanoma skin cancer (NMSC), is one of the most prevalent forms of

cancer worldwide, with its incidence steadily rising each year. NMSC primarily includes basal cell

carcinoma (BCC) and squamous cell carcinoma (SCC), both of which originate from epidermal

keratinocytes. While BCC is the most common and least aggressive type of skin cancer, SCC,

though less common, has a higher potential for metastasis and mortality.

Traditional treatments for NMSC include surgical excision, cryosurgery, photodynamic therapy

(PDT), and radiotherapy. However, these methods come with certain limitations such as potential

for incomplete excision, cosmetic concerns, and in some cases, the need for highly specialized

equipment and expertise. Among the various treatment modalities, superficial brachytherapy (SBT)

with beta emissions, particularly utilizing rhenium-188 (188Re), has emerged as a promising

alternative.

188Re is a radioisotope that emits beta particles with a relatively short half-life, making it suitable

for targeting superficial lesions while minimizing exposure to deeper tissues and surrounding

healthy structures. The application of 188Re in SBT involves the placement of the radioisotope

close to or directly on the skin lesion, allowing for a highly localized dose of radiation that

conforms to the shape of the tumor.

This thesis focuses on the dosimetric analysis of 188Re-based SBT, utilizing three-dimensional

Monte Carlo GATE simulations to accurately model the radiation dose distribution within the

treated tissues. The primary objectives are to assess the safety, effectiveness, and potential clinical

benefits of 188Re SBT in the treatment of BCC and SCC. By providing a comprehensive evaluation

of this novel treatment approach, this research aims to support its adoption as a standard therapy for

NMSC, potentially improving patient outcomes and quality of life.
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CHAPTER I: INTRODUCTION

I.1.SKIN CANCER

Skin cancer (SC) is one of the most common forms of cancer globally, especially among Caucasians

and its cases continue to increase each passing year. The progression of skin cancer can happen due

to many factors including direct exposure to UV radiation, skin colour, age, DNA damage, and

many more. There are two main types of skin cancer which are Non-melanoma skin cancer (NMSC)

or Keratinocyte skin cancer (KSC) and Melanoma skin cancer. Non-melanoma skin cancer is the

most common type of Skin cancer and is further divided into basal cell carcinoma (BCC) and

squamous cell carcinoma (SCC) [Leiter et al.2020;Hasan et al., 2023;Yélamos et al., 2023].

I.1.1. TYPES OF SKIN CANCER

I.1.1.A. MELANOMA SKIN CANCER

Melanoma skin cancer or cutaneous malignant carcinoma (CM) is a tumour that arises from

epidermal melanocytes. CM, although less common than NMSC is the most deadly form of skin

cancer and is prone to metastasis [Simões et al., 2015]. CM have a mortality rate of around 75%.

However, CM is curable if detected early, with a cure rate of around 90% but it is difficult to treat

once it has spread outside its original site. Although it can occur anywhere on the skin’s surface,

CM is often detected on the back for men and the lower legs for women [Simões et al., 2015;Naik

et al., 2021;Orzan et al., 2015].

I.1.1.1.B. NON-MELANOMASKIN CANCER

Non-melanoma skin cancers are the much more common than melanomas, but fortunately they are

are less lethal than melanomas and are easier to treat and have better long-term prognosis.

According to Globonan’s estimations, there were 1,042,056 new cases of NMSC in 2018, and 65,155

deaths were attributed to NMSC(mostly SCC) [Hasan et al., 2023;Berwick et al., 2020]. NMSC is

any other type of skin cancer that does not affect melanoma cells, with the most two most common

forms being BCC and SCC of which both affect the epidermal keratinocytes, giving them the name

Keratinocyte skin cancer(KSC) . Reports from the USA and Europe show that the rate of occurrence

of NMSC is increasing each year [Leiter et al.2020;Hasan et al., 2023]. The assessment of the

impact of BCC and SCC is difficult because most national tumour registries do not trackthem

due to their large numbers [Berwick et al., 2020]. The major cause KSC is Ultraviolet (UV)
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rays which is why they mostly progress in areas that are mostly such as the face and arms, making

them one of the causes of disfigurement [Simões et al., 2015].

Basal cell carcinoma (BCC) is the most common type form of skin cancer in the world. Due to its

low mortality rate, most cancer registries do not include data on BCC, however, BCC incidence is

estimated to reach 4,3 million cases annually after analysing data from insurance registries and

official statistics in the United States (US) [Dika et al., 2020]. BCC is slow-growing cancer that

originates from the basal layer of the epidermis. BCC hardly ever metastasises to other parts of the

body but it can expand to bones and nerves [Hasan et al., 2023;Linares et al., 2015]. BCC is mostly

caused by exposure to UV rays hence it mostly affects areas that are directly exposed to sunlight

such as the skin.

Squamous cell carcinoma (SCC) is the second most common form of SC and it a form of skin

cancer with the second highest mortality. Over the last three decades, the number of SCCs has

climbed from 50% to 300%, and by 2030, its frequency in European countries will have doubled

[Corchado-Cobos et al., 2020]. SCC arises from the uncontrolled proliferation of epidermal

keratinocytes. Although it usually exhibits benign clinical behaviour, it can spread locally and

metastasise. Survival ten years after surgery is more than 90%, but it decreases significantly when

metastases occur. The rate of lymph node metastases is about 4%, and the mortality is about 2%

[Corchado-Cobos et al., 2020].

Figure I.1 show a representation different types skin cancer.

Figure I.1: Representation of basal cell carcinoma, squamous cell carcinoma and melanomas.
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I.1.2. TREATMENT OF BASAL AND SQUAMOUS CELL CARCINOMA

Surgery is currently the main treatment for NMSC. In cases where surgery is impossible or not

preferred, nonsurgical treatments including cryosurgery, curettage and electrodesiccation (or cautery),

topical therapy, photodynamic therapy or radiotherapy can be used [Badash et al., 2019]

I.1.2.A. SURGERY

Surgery is a treatment in which the cancer cells are treated with a combination of chemotherapeutics and a

partial removal of tissues with a use of surgical instruments. The aim of surgery is to remove the lesion along with

a margin of healthy cells [Hasan et al., 2023;Badash et al.,2019]. There are different methods of surgery and they

are as follows:

LOCAL EXCISION

In local surgical excision, the lesion is totally cut out along with some of the surrounding normal

cells. The accepted surgical margins differ depending on the pathology, size of the tumour, location,

and whether or not it is a primary or a recurring tumour. A major problem with local excision is that

it can result an incomplete removal of the lesion because the definition of the tumour borders is often

left to the surgeon’s discretion [Anthony,2000].

MOHS MICROGRAPHIC SURGERY

Mohs microscopic surgery is the treatment choice for high risk NMSC and it offers high cure rates

for NMSC. The surgery often used for recurrent type tumours and when tissue-sparring is needed.

The surgery involves removing the tumour tissue. Once removed, the tumour tissue is then divided

into sections and then it is marked with coloured dyes to facilitate the mapping of the surgical site.

The tissue is then prepared and processed in the laboratory. The edges and undersurfaces of the

sections are then analysed under a microscope. If cancer cells are detected, they are marked on the

map and the corresponding tissue is removed from the patient. The process is repeated until cancer

cell can longer be detected [Anthony,2000;Prickett et al., 2023].

The advantage of Mohs surgery is that it provides the patient with a high cure rate while it maximises

the preservation of healthy tissue. The disadvantage are that the surgery takes a longtime because

it is performed in many stages, and it needs a special laboratory and a specially trained surgeon

[Anthony,2000]. Mohs surgery has 5-year cure rates especially for basal and squamous cell
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carcinoma. This cure rates are: (99%) for primary BCC, (92-99%) for primary SCC, (94.4%) and

(90%) for recurrent BCC and SCC respectively [Prickett et al., 2023].

Figure I.2: Stages of Mohs micrographic surgery.

CURETTAGE AND ELECTRODESICCATION

Curettage and electrodesiccation (ED&C) is a technique that is used to treat small lesion that are on

the upper part of the epidermis. The area to be removed is anaesthetised and the upper upper layer

of lesion is removed used sharp spoon-shaped instrument called is a curette. After this, the wound is

treated using mono-terminal electrode which destroys the remaining unhealthy cell and stops the

bleeding. The process is repeated several time to achieve a complete removal of the tumour [Hasan et

al., 2023;Anthony, 2000]. A study showed that a cure rate of (97-98%) after 5 year can be achieved

for BCC. A study reported cure rates of 98.9% after 4 years for SCCs treated using ED&C [Fournier

et al., 2020]. The advantages of this technique include a minute loss of blood, low cost, ease and

convenience for patients. The disadvantages are that its success highly depends on the skill of the

surgeon, if the surgeon is unskilled the is an increased risk of recurrence and that the treatment may

leave a scar [Hasan et al., 2023;Anthony,2000].
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I.1.2.B. PHOTODYNAMIC THERAPY

Photodynamic therapy (PDT) is a minimally invasive therapy that is based on activation of a

photosensitive agent that is followed by a release of reactive oxygen species and tissue destruction.

PDT treatment involves administrating of a photosensitiser molecule (PS) (topically and intravenous).

The PS selectively accumulates in the tumour over a period of time. Tumour is subsequently exposed

to light with an appropriated wavelength (generally in the red spectral region, ( λ ≥ 600 nm).This

illumination and the presence of molecular oxygen causes a photodynamic reaction which begins

with the absorption of light by the PS in the tumour which causes a series of photochemical reactions

that lead to the generation of reactive oxygen species (ROS) such as singletoxygen (1O2), superoxide

radical (O2─●), hydroxyl radical (HO●) and hydrogen peroxide (H2O2). These radicals cause oxidative

damage that can lead to cell death in the target tissue [Castellucci et al., 2021;Correia et al., 2021).

Photodynamic therapy has some advantages over conventional approaches to cancer treatment.

Although some photosensitisers cause an increase in skin photosensitivity, it has no long-term side

effects when used properly. It is less invasive than surgery and can be used for outpatients. PDT can

be applied on the tumour accurately. There is little to no scarring after healing which leads good

cosmetic outcomes. It can be applied on the same location several times. Some of its disadvantages

are that it difficult to use for metastatic cancers. If not used correctly, it can lead to photosensitivity

after treatment. The effectiveness of the treatment is dependent of on the amount of oxygen in the

target tissue [Castellucci et al., 2021].

I.1.2.C. CRYOSURGERY

Cryosurgery (also known as cryotherapy or cryoablation) is a minimally invasive surgery treatment

technique that is in alternative to surgical excision in older patients with multiple conditions that

make them ineligible for surgery [Pustinsky et al., 2023]. Cryosurgery destroys tumours by using

liquid nitrogen to reduce the tissue temperature to (-50 to 60° C) (freezing it). Multiple freeze-thaw

cycles are recommended to increase the efficiency of the treatment [Linares et al.,

2015].Contraindications to cryosurgery include tumours with indistinct margins, peri-neural or

muscle invasion, involvement of bony structures, orbital tissues, and infiltrative advanced recurrent

lesions, including relapses after radiotherapy [Pustinsky et al., 2023]. Cryosurgery is a simple, time-

sparing, inexpensive and effective treatment for skin cancer. It offers optimal recovery for

anatomical features and functions,as well as almost invisible and soft scars, resulting in good
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cosmetic results. However, it can result in hypopigmentation, making it not preferable for darker

skinned patients. Cryosurgery is only recommended when other treatment options are

contraindicated or unfeasible since it does not get histological margin conformation [Pustinsky et al.,

2023;Linares et al., 2015].

I.1.2.D. RADIOTHERAPY

Radiotherapy in an effective, adaptable, and easily accessible non-surgical treatment option for skin cancer. It

is a tissue sparring technique that can, depending on the tumour and/or patient factors, be applied as external

beam radiation therapy (EBRT) or as brachytherapy (BT). RT can be used as an alternative to surgery in cases

where surgery may not be possible (Definitive radiotherapy) or as additional (adjuvant) treatment to kill the

remaining unhealthy cells after surgery [Garbutcheon-Singh et al., 2019]. EBRT can be delivered with low

energy photons (superficial radiation therapy), electrons (electron beam radiation therapy), or in rare cases

with mega-voltage (MV) photons [Locke et al., 2001].

Superficial radiation therapy (SRT) uses low energy photons ar X-rays (in the the range of 50-150

kVp) to destroy the lesion by stopping mitosis, thereby stopping further cell division. A dose of 45

Gy is normally delivered in 3 Gy fractions. However, the dose to be delivered in SRT varies

depending on the sizes of the tumour, patient, and/or whether or not they have any comorbidities

[McGregor et al., 2015]. Electron Beam radiation therapy (EBT) is a treatment that targets

superficial tumours by delivering a dose with 6-20 MeV electrons using a LINAC. EBT is used for

tumours with depths of up to 5 cm. MV photons are used for advanced lesions, tumours with a deep-

set component, or close to critical structures. Due to their high energies, MV photons donot deposit

most of their energy on the skin therefore there is a need for a compensator (bolus) to beplaced on

the tumour [Yosefof et al., 2023]

Brachytherapy is an alternative that uses radiation from decaying radioisotopes. The radioisotopes

can be placed inside the tumour (interstitial brachytherapy) or close to the tumour (superficial

brachytherapy). Brachytherapy enables treatment of lesions on the curvy parts of the body and near

critical organs. It also permits treatment of large tumours while using the least amount of harm to

healthy cells and has good cosmetic results [Skowronek,2015].

There exists multiple fractionation options for different types of tumour within RT, ranging from

conventional fractionation (2 Gy per day) to extreme hypo-fractionation of up to 20 Gy per fraction

[Zaorsky et al., 2017].
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Hypo-fractionation can be beneficial for the elderly, poor performance patient where conventional

fractionation may be difficult or inappropriate to deliver [Garbutcheon-Singh et al., 2019]. Results

from 344 articles published between 1985-2016 showed that more than 80% of BCC/SCC patients

had positive cosmetic results from hypo-fractionated RT [Hasan et al., 2023].

Figure I.3: a) above shows the lesion to be treated and below shows the treatment using

superficial brachytherapy. b) LINAC with applicator for external beam radiation therapy

usingelectrons.

I.1.2.E. TOPICAL TREATMENT

Topical treatments can be used in cases where surgery is rejected or not possible. Topical treatment

may allow high doses to the tumour with lower toxicity to the patient [Kopera,2021]. Imiquimod

(IMD) and 5-fluorouracil (5-FU) the two commonly used topical treatments.

IMIQUIMOD

Topical imiquimod through the use of the Food and Drug Administration (FDA) and European

Medicines Agency (EMA) approved 5% IMQ cream has shown to be useful in treating NMSC

while having insignificant effect to the skin [Gracia-Cazañaet al., 2016]. Imiquimod is a synthetic

compound that belongs to the imidazoquinoline family. IMQ blocks the toll-like receptor7 (TLR7)

and TLR8, triggering the body’s innate and acquired immunity through the production and

release of cytokines [Gross et al., 2007].

A publication analysing data from 100 diagnosed superficial BCC showed that 83.5% were disease-

free one year after therapy and 5 years after therapy 85.5% of the patients showed no signs of

recurrence [Kopera,2021]. IMD may cause local and systemic effects like redness, erosion, crusting,
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blistering, pruritus, fatigue, flu-like symptoms, myalgia and headaches, which may, depending on

the severity and medical intervention [Cullen et al., 2020].

5-FU

The FDA approved 5% cream or solution of 5-FU is a common agent used in the treatment of

superficial BCC. The cream is applied twice a day for a duration of 2-4 weeks. 5-FU is an

antineoplastic pyrimidine analog [Hasan et al., 2023]. It works by interfering with DNA synthesis

by inhibiting thymidylate synthase and as a result inhibiting cell proliferation [Gross et al., 2007]. A

clinical study evaluated 29 patients (with 31 superficial BCC lesions) showed 90% histologic cure

rate which is comparable with other treatment options. The study also showed that the treatment has

good cosmetic results and a high patient satisfaction [Gross et al., 2007]. The noticeable side effects

of %-FU are lysis of blood, hair loss, erythema, oedema and sever local skin eruptions [Sahu et al.,

2019].

I.3. THE NEED FOR NON-INVASIVE TREATMENT

These are some of the reason we need non-invasive cancer treatment modalities.

 Preservation of healthy tissue: Non-invasive treatments such as brachytherapy allow

treatment of tumours while causing little to no harm to healthy cells [Skowronek,

2015].

 Accessibility: Non-invasive treatments such as cryosurgery provide an alternative

treatment to patients who are not eligible for surgical treatment due to multiple

health reasons for those who refuse to have surgery [Pustinsky et al., 2023].

 Allows combination of therapies: Non-invasive treatments can be used together with

surgery or each other in order to improve results [Fournier et al., 2020;Garbutcheon.

S et al., 2019].

 Improved outcomes: Non-invasive are tissue-sparring allowing for better cosmetic

outcomes and some have high cure rates [Pustinsky et al., 2023].

 Convenience: Many non-invasive treatments are done on outpatient basis, meaning

patients can return home right away after treatment without needing to be

hospitalised[Castellucci et al., 2021]
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I.4. RHENIUM-188

Rhenium-188 is high energy beta emitting radioisotope, with a 85% 2.1 MeV Beta radiation

emission and 15% 155 keV gamma radiation emission. It has a physical half-life of 16.9 hours

(T½=16.9 h) and a maximum penetration of 11 mm. It deposits 92% of its energy within 2 mm depth

in the skin. Its Therapeutic effect is up to 3 mm in depth making it most suitable for treating

tumours that are less than 3 mm deep. 188Re has flat dose distribution in depth hence it provides a

homogeneous dose to the tumour [Castellucci et al., 2021;Cipriani et al., 2020;Lepareur et al.,

2019]. 188Re undergoes a beta decay and the product is Osmium (Os) as shown in figure I.4 [Pillai

et al., 2012].

1.4.1. RHENIUM PRODUCTION

Rhenium-188 can be produced through the irradiation of natural rhenium in a reactor or in a
188W/188Re generator. The former yields a mixture of 186Re and 188Re, the proportion of each

radioisotope depends on the irradiation time and post irradiation decay. Table 1 summarises the

characteristics of 186Re and 188Re [Pillai et al., 2012]. This section section discusses the production of

rhenium using the 188 W/188Re generators. The 188W/188Re generator has a relatively rapid 188Re

daughter in-growth (~60% in 24 h) following bolus elution, allowing elution everyday, which makes

itattractive for clinical use [Lepareur et al., 2019].

Table I: Decay characteristics and ProductionMethods of 186Re and 188Re.

Decay Product Half-life β─ Emax(MeV) γ-energy (keV) Production

186Re 186W (EC, 90 h 1.069 (71.0%) 137 (9.42%) 185Re(n,) 186Re

7.47%) 0.932 (21.54%)

0.581 (5.78%)
186Os(β─, 0.459 (1.69%)

92.43%)

188Re 188Os (β─, 17 h 2.120 (71.1%) 155 (15.1%) 188W/188Re

100%) 1.965 (25.6%) generator or

1.487 (1.65%) 187Re(n,) 188Re
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188W PRODUCTION

Tungsten-188 (166W) is produced in reactor by double neutron capture of enriched tungsten-186

targets. Figure I.4 illustrates the schema of this reaction along with the decay schema of the reaction.
188W has a half-life of 69 days making it suitable for uses in generator [Lepareur et al., 2019;Pillai et

al., 2012]. Isotopically enriched 188W (>90%) is used in the production of 188W because neutron

capture produces a variety of unwanted radioisotope products. High thermal neutron flux reactors

with a thermal neutron flux of at least 1010 neutrons/cm3 are required for the production of 188W

with a sufficient specific activity for generator use. A two-fold increase in the thermal neutron flux

leads to double the 188W product yield for the double neutron capture process [Lepareur et al., 2019].

The 188W targets are processed, this processing involves high temperature conversion of the

irradiated metallic 188W/186W with atmospheric oxygen using a quartz glass reaction apparatus. The

resulting [188W]WO2 is subsequently dissolved by using caustic and provides 188W-tungstate

([188W]Na2WO4) stock solution which is then acidified with HCl into tungstic acid ([188W]HWO4)

with pH 2-3. Only a small percentage of the 188W is activated during irradiation, due to this, once

the activity level of the eluted 188Re-perrhenate equilibrium from the generator are to low for

pharmaceutical preparation the remaining non activated 188W on the generator matrix can be

removed by elution and then reprocessed for activation [Lepareur et al., 2019].

188W/188Re GENERATOR

The 188W/188Re generator is similar to the 99Mo/99Tc generator. The generator comprises of a

column containing 188W which later decays into 188Re as shown in Figure I.4 [Lepareur et al., 2019].

Different methods of separating 188Re from 188W have been developed but this paper discusses

alumina-based generator [Pillai et al., 2012]. In an alumina-based generator the tungstic acid is

slowly percolated through a saline-washed alumina column which then thoroughly washed with

additional saline solution. The generator is slowly eluted saline to ensure the removal of the 188Re

bolus. The volume of saline depends on the generator size but is typically 1-2 ml/min. The

automation or semi-automation of this process has helped move forward the use of the generator

and allows result reproducibility and lesser radiation on personnel. The elution can be automated to

only happen at peak in order to optimise the bolus 188Re volume [Lepareur et al., 2019].

Due to low specific volume (Ci/ml) of 188W, higher volumes of saline are required for elution of
188Re eluents, resulting in low specific volumes. With high activity generators this not required.

However, the use of of bolus concentration can help increase of the generator’s shelf-life. Post-
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elution concentration of the 188Re bolus solution, which is based on a strategy which focuses on the

separation of the eluent anions and subsequent trapping of the eluted 188Re-perrhenate, is a

convenient and useful way to extend the 188W/188Re generator half-life. The most commonly used

method to do this involves a simple two tandem flow-through system based on the separation of the

chloride anions (Cl─) from the saline solution from the microscopiclevels of the eluted perrhenate

anions ([188Re]ReO4─).This done by passing the saline solution through silver-nitrate-based anion

trapping column which traps the Cl─ while letting the perrhenate anions flow through and are in turn

trapped in the second anions trapping column. The perrhenate is obtained from the second column by

low level volume elution and a high Re specific volume solution is obtained. The 188Re-perrhenate is

then used to make pharmaceuticals [Lepareur et al., 2019].

Figure I.4: Schema of tungsten-188 reactor production and decay.

1.4.2. TOPICAL TREATMENT USING RHENIUM-188

Among the many treatments for skin cancer, there exists topical treatment by means of

radionuclides, also called Superficial Brachytherapy though Radionuclides (BSR). BSR is a

treatment based on the application of radionuclides on the skin surface. (W. Rodrı́guez-Herklotz).

There have been several cases of treating cancer with topical application of radionuclides that have

been reported e.g using 125I seeds on a gold plaque and using 166Ho patch [Jeong et al.,

2003] .Recently, a high dose brachytherapy technique using a non sealed rhenium-188 resin, known

as Rhenium SCT® (Skin Cancer Therapy)(figure I.6) has emerged. In this treatment rhenium-188 is

homogenously mixed in a cream and distributed on top of a plastic sheet to avoid the contamination

of the skin (W. Rodrı́guez-Herklotz).Rhenium has become an important radionuclide for therapy
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due to its physiochemical properties and ability to install generators (188W/!88Re-generators) in

general hospitals [Jeong et al., 2003;Castellucci et al., 2021].

Brachytherapy with 188Re may be used in cases where (a) other treatment approaches would not be

inadequate with regard to location, the extend of the tumour or resultant cosmetic outcomes from

surgery; (b) the patients have health conditions or comorbidities that can make them ineligible for

surgery; and (c) patients who refusesurgery[Castellucci et al., 2021].188Re’s steep dose drop off

after 3 mm allows to spare underlying tissue [Cipriani et al., 2020]. Brachytherapy with 188Re

(Rhenium SCT®) offers the possibility to treat several lesions at one and the possibility to treat

almost every anatomical location. The technique has also proven to have good cosmetic results

although some of the treated areas may show slight depigmentation of the skin and hair

loss.[Rodriguez-Herklotz et al., 2022;Castellucci et al., 2021].

A study was conducted between October 2017 and January 2020, where patients affected by

NMSC (including both new diagnosis and relapses) were selected by the Dermatologist Unit of the

Azienda Ospedaliero-Universiteria of Bologna, S Orsola-Malphigi Hospital undergo treatment with

Rhenium SCT®. The inclusion criteria for the study were (1) proven to have cutaneous BCC or SCC;

(2) lesion thickness not deeper than 2.5 mm; (3) lesions located on the scalp, face, ears, or fingers or

other areas in which other treatments modalities would have been to perform; (4) contraindications

or the patient’s refusal to surgery. 50 patients (15 female,35 male age range 56-93, mean age 81)

diagnosed with 60 NMSC lesions(41 BCC, !8 SCC, 1 BCC&SCC) were enrolled for treatment. Of

the 60 lesions, 18 had already been treated using other therapies and had relapsed, while 42 were

newly diagnosed [Castellucci et al., 2021].

The mean time for the treatment was 79 minutes (range 21 to 285 minutes). The patients were

examined by a dermatologist on days 14,30,60,90,180 after treatment and then every 90 to 180 days.

The study concluded that high dose brachytherapy using a non sealed 188Re resin is a non-invasive

and easy to perform treatment. The trials showed that the therapy was effective in 98% of the

treated population. The results from this trial show Rhenium SCT® has a potential to become a

viable alternative to surgery [Castellucci et al., 2021].
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Figure I.5: (a) Rhenium-SCT compound being applied on the area to be treated. (B) Schematic

representation of Rhenium-SCT.

I.5. LIMITATIONS TO THE 2D DESCRIPTION OF THE ABSORBED DOSE DISTRIBUTION

Before discussing the limitations we first have to define what the absorbed dose (D) is. According

to the National Research Council (U.S) Committee on Evaluation of EPA Guidelines for Exposure

to Naturally Occurring Radioactive Materials, the absorbed dose (D) refers to the energy imparted

by radiation per unit mass of irradiated material. Absorbed dose is expressed in rad or in Gray (Gy)

[NRC] .

Limitations of two-dimensional dose descriptions are that they only report the average doses at the

maximum lesion depth, averages over the entire volume, and the averages at the surface without

showing information of the homogeneity in the dose distribution. The other limit is that the dose

distribution to healthy cells cannot be calculated [Rodriguez-Herklotz et al, 2022].
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CHAPTER II:THE MONTE CARLO GATE SIMULATION PLATFORM FOR

DOSIMETRICAPPLICATIONS

INTRODUCTION

When an incident particle traverses matter, it passes near electrons or atomic nuclei with which it can

interact. The type of interaction depends on the nature of the particle, its energy, and the surrounding

medium. Simulating the trajectory of this particle involves reproducing its behaviour inthe medium

while accounting for these interactions. The Monte Carlo method is particularly well- suited to this

constraint as it provides a valuable tool for optimizing energy deposits and calculating dose

distributions efficiently and accurately. Several codes have been developed or adapted for medical

applications (see the first chapter). The performance and effectiveness of these codes result from the

implementation of physical processes based on effective cross-section libraries.

To introduce the treatment of ocular melanomas using brachytherapy with ophthalmic applicators in

Algeria, we focused on validating the Monte Carlo GATE (Geant4 Application for Tomographic

Emission) simulation platform for dosimetric applications using electrons. GATE is a simulation

tool dedicated to medical physics applications, based on the Monte Carlo GEANT4 code originally

developed for high-energy physics. One of the objectives of this thesis is to validate the physical

processes of the GATE platform for dosimetric applications using electrons to enable its future use

in ocular treatment planning.

Several studies have been conducted with GATE [Jan et al., 2004; Maigne, 2005; Sarrut et al., 2014]

to make this simulation tool more efficient and user-friendly with acceptable computation times.

The first part will be devoted to the GEANT4 code, explaining the various physical processes

involved in energy deposition and their implementation. We will focus particularly on the

simulation of electron transport in GEANT4. The second part will detail the use of the GATE

platform and its various functionalities, especially for dosimetric applications.
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II.1 ELECTROMAGNETIC PROCESSES IN GEANT4

II.1.1 INTERACTIONS OF ELECTRONS IN MEDICAL PHYSICS

II.1.1.A IONIZATION

When an electron passes through a medium, it undergoes Coulomb interactions (collisions) with electrons in the

medium. These interactions cause an energy loss (Q) ranging from 0 (distant collision) to T (head-on collision).

The incident electron retains the highest kinetic energy after the collision; the energy transfer (Q) to the target

electron has a maximum value of T/2. Distant collisions are more frequent than close collisions: the electron loses

its energy (T) primarily throughnumerous small transfers. Over a short path length Δx, the electron’s energy (T)

exhibits statistical fluctuations around an average value ΔT. The stopping power or linear energy transfer (LET by

collision) of the medium concerning electrons with energy (T) is defined by Equation II.1 [Blanc, 1997].

푇��푐�� =
∆푇
∆� Equation II.1

It is expressed in MeV/cm and characterizes the electron's deceleration (depending on the energy (T)

and the medium). This value can be calculated using the Bethe-Bloch formula [Blanc, 1997]. The

average energy loss per collision (ionizations and excitations) is given by the simplified relativistic

Bethe-Bloch formula for the non-relativistic electron kinetic energies (Equation II.2).

푑�
푑�

= 0.15 �
퐴�2

�� �2 �+2
2ℑ푐2

Equation II.2

with α = E0/mc2 et β = α (α+2)/(α+1)

A is the atomic mass and Z is the atomic number of the medium. I denotes the mean excitation potential of the
medium and is expressed as: I = 18.35Z0.835

II.1.1.B BREMSSTRAHLUNG

The interaction of the incident electron with the target nucleus results in a change in the electron's

direction, i.e., scattering accompanied by the emission of radiation (photon) with energy (E) taken

from the electron's kinetic energy (T). The electron is thus decelerated, and its energy is reduced to

(T-E). This interaction is known as "braking" and the emitted radiation is "bremsstrahlung" or

"braking radiation." Due to the considerable mass difference, the energy transfer (Q) is practically

negligible (Equation II.3)

�푚�� = 4 푚
푚'
푇 Equation II.3

with m' << m.
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The average energy lost by an electron with energy (T) through "braking" over a segment Δx of its

trajectory is ΔTr (sum of the energies of the emitted photons). The stopping power or linear energy

transfer by braking is defined by:

푇��� =
∆푇�
∆� Equation II.4

It is calculated using the simplified relativistic Bethe-Bloch formula for the non-relativistic electron
kinetic energies (Equation II.5).

− 푑�
푑�

= 푁�� �+1 �4
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− 4
3

Equation II.5

The total stopping power is defined by the total energy loss resulting from collisions and braking:

TEL = TELcol + TELf

The bremsstrahlung interaction is significant only for very high-energy electrons (> 10 MeV). The

medium also influences the type of collision. Energy loss due to braking radiation emission is

proportional to Z2, while loss due to collision is proportional to Z. Therefore, heavy elements

produce a much greater loss by braking radiation (see Figure II.1).

For low energies, collision energy loss predominates, and we observe an overlap between the
stopping power by collision and the total stopping power. The ratio of radiative to collision energyloss
is approximated as follows:

푑� 푑� ��푑
푑� 푑� 푐��

≈ ��
700

Equation II.6

Figure II.1: Energy loss by collision or radiation of electrons in liquid water.
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II.1.2 ELECTRON PATHS: PENETRATION DEPTH

An electron with initial energy E0 gradually loses its energy as it traverses a medium, with its

trajectory ending when its energy becomes practically zero. Since the electron can undergo 180°

deflection in the case of backscattering, its trajectory can be very complex. The maximum depth

reached by an electron in the initial incident direction, called the range (or penetration depth), is less

than its trajectory length.

The range (Rp) of an electron in a given medium depends on its energy and can be estimated by

Equation II.7.

�� = �0

0 푑�
�푡�푡�� �

� Equation II.7

With E0 the initial energy of the electron, Stotal (E) is the total stopping power of the electron with

energy E: Stotal = Scol + Srad. Scol and Srad are the stopping power by collision and by radiation,

respectively.

The range of an electron in matter depends on its initial energy and the density of the matter. For an

electron beam, for example, averages that can be defined in various ways must be considered.

The mean range RM (Figure II.2) is the material thickness that reduces the percentage of electrons

to half of its value in the absence of absorbing material, and the extrapolated range RC is the linear

part at the end of the curve, marking an interaction point with the x-axis.

Figure II.2: Range and trajectory of an electron.
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Table II.1: Stopping powers and ranges of electrons in water: values from NIST-ESTAR.

The range provides an estimate of the electron's trajectory length in matter. The heavier the material,

the quicker the electron will be stopped. In the medical field, the density of soft tissues can be

considered equivalent to that of water (ρ = 1). This is why the range of charged particles in water is

important (see Figure II.1). Table II.1 presents the values of electron stopping powers in water for

certain energies calculated according to the method defined by ICRU2 [ICRU-37, 1984].

II.1.3 THE GEANT4 SIMULATION CODE

GEANT4 is a free-to-use code (official site: http://geant4.web.cern.ch/geant4) for the complete and

accurate simulation of particle transport through matter. Its application domains include high-energy

physics, nuclear physics, and accelerator physics. GEANT4 allows users to integrate or modify physical

models transparently and openly without disturbing the core architecture of the code.

It is supported by most computer platforms: SUN Solaris, Linux, MacOS with the gcc compiler, and

Windows with a visual C++ compiler.

GEANT4 includes a comprehensive set of physical models describing the behavior of various

particles in matter over a wide range of energies. These models have been compiled from data and

expertise acquired over many years by physicists worldwide and from the experience gained from

developing the earlier GEANT3 version. GEANT4 is also based on a model well-suited for tracking

and interactions of particles in matter. All aspects of the simulation process are integrated into the

code:

http://geant4.web.cern.ch/geant4)
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 System geometry;

 Involved materials;

 Fundamental particles involved;

 Primary event generation;

 Particle tracking through materials and electromagnetic fields;

 Response of sensitive detectors;

 Event storage;

 Visualization of detectors and particle trajectories;

 Analysis of simulation data.

Figure II.3 represents a minimal architecture of GEANT4 where the user implements their classes

from the available base classes. Users can also build standalone applications or applications based

on examples. Thanks to its flexibility and the variety of physical models it employs, GEANT4 is

used in many medical applications today. GEANT4 is also one of the few codes allowing for

microdosimetry, i.e., accurately tracking all particles and photons over distances of a few

nanometers [Polf et al., 2014; Elbast et al., 2012].

Regarding particles and physical processes, several choices exist, but none are defined by default.

Users must therefore target the needs of their simulation. After defining the particles involved in the

simulation, each particle must be assigned the physical processes it may undergo and then choose

the most appropriate physical model(s) for each process if necessary. We will now detail the

electromagnetic processes in GEANT4 [Thiam, 2007].
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Figure II.3: Minimal architecture of a simulation code in GEANT4 [Thiam, 2007].

II.1.4 ELECTROMAGNETIC PROCESSES IN GEANT4

The electromagnetic process packages in GEANT4 (EM) manage the electromagnetic interactions

of leptons, photons, hadrons, and ions. Three electromagnetic physics models using different

libraries or databases of cross-sections are available in GEANT4: "Standard", "Low-energy", and

"Penelope". Except for the fact that the ionization and bremsstrahlung processes for electrons are

coupled, it is possible to choose the physical processes in these different models. The details are

available in the regularly updated GEANT4 reference manual [GEANT4 PRM 2007]

The "Standard" model is applicable for an energy range of 10 keV to 100 TeV. All photon and

electron interaction processes are included, except for Rayleigh scattering and atomic relaxation.

Generally, the Standard model

comprehensive.

uses simple transport algorithms and is the most efficient and

The "Low-energy" model allows simulating particles down to 250 eV, which is especially necessary

for medical applications, and it is defined solely from experimental data [Cullen et al. 1997; Perkins

et al. 1997].
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The "Penelope" model is based on the Monte Carlo PENELOPE code (version 2001). It is

applicable for low or very low energies (ranging from a few eV up to 1 GeV). It simulates atomic

relaxations related to the photoelectric effect, Compton scattering, and electron ionization. However,

GEANT4 does not benefit from all the "sophisticated" particle transport mechanisms of the

PENELOPE code. For example, mixed simulation [Baro et al. 1995] and random hinge algorithms

[Bielajew et al. 1988] in electron transport are not modeled.

II.1.4.A PARTICLE TRACKING IN GEANT4

The tracking of particles through the various regions of the medium takes into account both

geometric boundaries, interactions with matter, and the presence or absence of an electromagnetic

field. In addition to the processes of ionization and Bremsstrahlung, the transport and its different

stages are managed by the multiple scattering processes (MSC) in GEANT4, which we will discuss

in more detail in the next section.

GEANT4 transports particles step by step. Each particle moves in steps, commonly referred to as

"step." A step represents the smallest distance a particle can travel until its next interaction point. The

step length is a random variable, determined based on the particle's energy at that step and the

interaction cross-sections of the processes assigned to the particle. Interaction processes must

therefore be assigned to each category of particle. Secondary particles emitted are generally tracked

until they have deposited all their energy. However, for efficiency reasons, it is possible to discard

secondary particles whose path is shorter than a user-defined value. This value is called a "cut" and

can be expressed in length or energy. It has a direct influence on the energy deposition of the particle.

II.1.4.B THE MULTIPLE SCATTERING PROCESS "MSC-MULTIPLE SCATTERING" IN

GEANT4

The MSC process (algorithm managing the "step" of electrons) in GEANT4 was developed by Urbán

[Urbán, 2003], and it is applicable to all charged particles. This process is based on a correction of

the "step" length at each stage of electron transport, which is then used to determine energy loss. If

the end of the "step" length coincides with volume boundaries, lateral displacement may be partially

ignored. A scattering angle is then used to determine the direction the electron takes in the next step

during its transport. However, this scattering angle is not correlated with the correction of the "step"

length and the lateral displacement of the electron. Unlike the EGSnrc code, the MSC process in

GEANT4 does not account for spin effects and relativistic effects.
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Geometric Boundaries

We have seen that electrons in GEANT4 are tracked "step" by "step." In principle, the "step" is

defined by two points: the "Pre-step point" and the "Post-step point" (see Figure II.4).

Figure II.4: Management of Geometric Boundaries in GEANT4.

The management of the "step" is therefore important as it takes into account several particle

parameters (energy loss during the step, flight time spent per step, etc.). It thus conditions the

distribution of energy within a given volume. When a particle reaches a geometric boundary, it is

automatically stopped, and a portion of its energy is deposited at that point [Urbán, 2003; Thiam,

2007].

II.1.4.C LIMITATION OF STEPLENGTH FOR ELECTRONS

The step sizes of electrons are determined by locating the sites of each interaction while considering

geometric boundaries. All electrons are tracked until their kinetic energies reach zero, unless a

"cuts" threshold is set.
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CHAPTER III: MATERIALSANDMETHODS

III. MATERIALSANDMETHODS

III.1. THREE-DIMENSIONAL DISTRIBUTION

The Monte Carlo simulation was carried out with the geometry described in Figures III.2a) and

III.2b), which show the following system: 188Re homogeneously distributed in a circular layer of

cream with a diameter of 2 cm and a thickness of 1 mm, a protective layer of polystyrene (mylar)

with a thickness of 10 µm.

The skin was simulated with a voxel-type mannequin whose dimensions were 2×2×0.1 cm³, and a

voxel size of 100 µm per side. The information about the chemical composition of the skin, air, and

mylar, as well as the decay of 188Re, was extracted from the National Institute of Standards and

Technology (NIST).

Figure III.1: (a) Sagittal view of the simulation scenario, (b) Isometric view of the simulation

scenario, (c) Positions of the transverse (red and blue) and sagittal (green) cuts, the units are µm.

The geometry of the simulation was visually verified using GATE visualization. To validate the

correct use of the GATE platform, previously reported results in Ec. (6) were replicated. The energy

deposited per disintegration for each voxel in the geometry (MeV/Bq·s) was calculated, where eV =
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electronvolt, Bq = Becquerel = (1 disintegration/second), s = second. A total of 5x108 histories were

simulated, and isodose surfaces and curves were plotted. The transverse and sagittal cuts are shown

in Figure III.2c), which were made only in the voxelized mannequin representing the skin to describe

the shape of the three-dimensional distribution of the absorbed dose through isodose curves. The

origin (0,0,0) of the cuts made can be seen in the upper right corner of Figure III.2a).

III.2. THERAPEUTIC PROCEDURE

In clinical practice, the prescribed dose is an average of 50 Gy at a depth of 300-700 µm, based on previously

conducted studies [Lee et al., 1997;Chung et al., 2000;2008;Pashazadeh et al., 2020;Cipriani et al., 2020]. Based

on this, tables were generated with the required activity, depth, and irradiation time to meet this prescription. The

procedure for calculating the treatment time was as follows:

1. The dose absorption kernel for each voxel was calculated using the following expression:

KD (μBq⋅Gy⋅s−1) = EV (Bq⋅MeV⋅s−1) / 6.242×1012 (J⋅MeV−1) Equation III.1

Where KD is the dose kernel per voxel and EV is the energy deposited in each voxel.

2. The average dose kernel was calculated by considering all the voxels within the irradiated

area at the prescribed depth.

3. The accumulated activity Ȃ necessary to achieve the prescribed dose was calculated using

the following equation:

퐴 � = 50퐺�
퐾�

Equation III.2

4. The treatment time was determined based on the initial activity in the cream and the accu-

mulated activity required to reach the prescribed dose using Equation (III.3):

푡푡���푡 =−
ln (1−�.퐴

�

퐴0
���

Equation III.3

Where A0is the initial activity and λRe is the physical decay constant of 188Re.

Additionally, the homogeneity index (HI) was calculated, defined as follows:

HI =
푃��푚��
푃��푚��

Equation III.4

Where PDDmin and PDDmax are the minimum and maximum percentages of dose in depth within the

irradiated area.
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CHAPTER IV: RESULTSAND DISCUSSION

IV.1. THREE-DIMENSIONAL DISTRIBUTION

The results in Fig. VI.3 show that the isodose surfaces approximately take the shape of a paraboloid.

It is important to note that the radioactive source for the simulation is located at the top of the

geometry, starting at z=1010 μm, as described in Fig. III.1.

Figure IV.3: Isodose surfaces: a) 10%, b) 50%, and c) 90% of the maximum dose.

IV.1.1. TRANSVERSE CUTS

The distribution of the absorbed dose on the skin surface is described in Fig. VI.4a), where the

shaded area represents the region receiving radiotherapy. It was found that the entire area on the

surface is enclosed by the 40% isodose curve of the maximum dose, and the surrounding healthy

region receives a maximum of 30%, while at a depth of 1.5 mm in healthy tissue, only 10% of the

maximum dose is received. Figs. VI.4b) and VI.4c) present two axial cuts at 250 and 750 µm, which

are the depths of interest in the BSR prescription. At a depth of 250 µm, the curve of the highest

absorbed dose is 70% of the maximum dose, while at the edge of the area of interest, the isodose is

30%. In contrast to the absorbed dose on the surface and consistent with Fig.IV.3, which shows the

spatial distribution of the absorbed dose, the 10% isodose at a transverse cut of 250 µm depth

penetrates only 110 µm into healthy tissue. On the other hand, in the cut at 750 µm, the curve of the

highest absorbed dose is 40% of the maximum dose, while at the edge of the area of interest, the

isodose is 20%, and the 10% isodose penetrates only 63 µm into healthy tissue.
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IV.1.2. SAGITTAL CUTS

From the sagittal cuts shown in Fig. III.1c), it is qualitatively demonstrated that the cuts at 50 µm and

450 µm from the longitudinal axis do not show a marked difference in the area covered by the

isodose curves, as observed in Figs. IV.5a) and IV.5b), unlike the cut at 950 µm. In the sagittal cut

at 50 µm, for a depth of 250 µm, the 70% curve covers the greatest length (Fig. IV.5a), similar to

the sagittal cut at 450 µm. In the sagittal cut at 950 µm, only the curves from 40% to 10% are

observed, which close abruptly. This indicates that at the periphery of the mannequin, the

prescribed dose is not reached, so to cover the entire target volume, the radioactive source would

have to be designed larger. Based on Fig. 5b), the source needs to extend 2.5 mm from the periphery

of the target volume to achieve an average of 100% of the prescribed dose.

Figure IV.4: Isodose curves at depths of: a) 50 µm, b) 250 µm, and c) 750 µm.

It is worth mentioning that the study used a cylindrical geometry for the irradiated target volume,

which allows for describing the behavior of the dose distribution at the periphery of the target

volume.

This information is useful as it allows for understanding the amount of deposited energy and its

distribution within the healthy tissue adjacent to the target area.

Based on this information, the shape and size of the radioactive source (cream with 188Re) can be

determined to treat any area of squamous or basal cell cancer, regardless of the shape and size of the

area to be treated, which is generally between 7 cm² and 10 cm² [Chung et al., 2000].
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Based on Figs. IV.4 and IV.5, if the dose of 50 Gy is prescribed at a depth of 250 µm, the maximum

absorbed dose outside the irradiated area in that cut is 22 Gy for the most superficial cut, and the dose

outside the irradiated area is 29 Gy. Meanwhile, if the dose is prescribed for a depth of 750 µm,the

maximum dose at the surface level is 51 Gy. According to the previous results, with the geometry

defined in this work, it is possible to perform treatment with a prescription of 50 Gy for a depth of

250-650 µm, without exceeding the recommended dose limits for the epidermis. However, the

absorbed dose to the epidermis is exceeded for a treatment at 750 µm.

Figure IV.5: Isodose curves for the sagittal cut from the central axis to the periphery at a

distanceof : a) 50 µm, b) 450 µm, and c) 950 µm. The blue and red dashed lines represent

depths of 250 µm and 750 µm, respectively.

Table IV.1: The initial activity, irradiation time depending on the depth, radioactive

concentration, and specific activity per area.
Depth 250

µm

Depth 350

µm

Depth 450

µm

Depth 550

µm

Depth 650

µm

Depth 750

µm

Initial

activity

(MBq)

Irradiation

time (min)

Irradiation

time (min)

Irradiation

time (min)

Irradiation

time (min)

Irradiation

time (min)

Irradiation

time (min)

Radioactive

concentration

(MBq/ml)

Specific

radioactivity

per area

(MBq/cm²)

50 210 236 268 300 340 386 55 18

100 112 115 130 145 165 184 109 35

150 71 77 86 69 109 121 163 51

200 53.1 61 73.3 82.6 87.1 90.3 214.2 68.7

250 42 47 49 55 61 69 261.7 79.58

300 32 36 41 45 51 57 314.1 95.49

350 28 31 35 39 43 49 366.4 111.41

400 24 27 30 34 38 42 418.8 127.32

450 22 24 27 30 34 38 471.1 143.24

500 19 22 24 27 30 34 523.4 159.15
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Most of the literature presents dose limitations for the skin considering conventional fractionation

[Emami et al.,1991;Ginot et al.,2010]. In the case of BSR, the dose limit for the epidermis in a single

session has been taken as a reference, with this limit being 45 Gy [Archambeau et al., 1995].

IV.2. THERAPEUTIC PROCEDURE

The obtained results are presented in Table IV.1, which includes the initial activity, irradiation time

depending on the depth, radioactive concentration, and specific activity per area.

The results found are comparable to previous studies [Chung et al., 2000, Sedda et al., 2008. The

irradiation time for clinical BSR ranges from 15 minutes to 2 hours, depending on the initial activity

of 50 to 500 MBq as shown in the tabulated results.

Previous studies have reported the prescribed average dose only in the irradiated area [Lee et al.,

1997;Sedda et al., 2008; De Paiva, 2023]. Some have been more specific, reporting the average dose

on the skin surface above the tumor, throughout the tumor volume, and in the irradiated area [Chung

et al., 2000; Cipriani et al., 2020]. From a more rigorous perspective and based on recommendations

from ICRU reports [Ginot et al., 2010], it is not sufficient to report these parameters because they do

not adequately express the homogeneity of the energy imparted to the target region. Given that the

dose is prescribed over the irradiated area, it is appropriate to report homogeneity through the

Homogeneity Index (HI), which was calculated using Eq. (4). The percentage of dose at maximum

depth (PDD max) and minimum depth (PDD min) over the area defined by a slice at a given depth

corresponds to the center and periphery of the irradiated area, respectively, as shown in Fig. IV.6.

Figure IV.6: Representation of maximum andminimum PDDwithin a transverse cut.

Theshaded part represents the irradiated area.
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Table IV.2: Homogeneity Index (HI) for different depths.

In case the area of interest is uniformly irradiated, HI=1, and as HI moves away from unity, there is

less homogeneity over the irradiated area. Table IV.2 presents the calculated HI for the depths

studied in this research. This aligns with Figures VI.4 and VI.5, but this Index quantitatively

describes how homogeneity decreases as depth increases.

BSR is a treatment modality gradually being adopted as a viable and effective option for basal

celland squamous cell carcinoma. Among its main characteristics are its simplicity of application,

usually requiring only one session, adaptability to any surface, and effectiveness approaching 100%

[Lee et al., 1997;Chung et al., 2000;Sedda et al.;2008;Pashazadeh et al., 2020;Cipriani et al., 2020],

in addition to being completely painless.

A controversial aspect of BSR is the magnitude of the dose, as a single dose of 50 Gy is applied. In

this regard, studies with kilovoltage photon therapies have shown that exceeding the 20 Gy

thresholds is not advisable [Chan et al., 2007;McPartlin et al., 2014]. However, the distribution of

absorbed dose given by kilovoltage photons and beta particles from 188Re is very different due to

the difference in range between photons and betas. Therefore, additional studies are necessary to

evaluate any dose limits for BSR to prevent harm to the treated patient.

The results shown in this work provide a quantitative description of the dose in the target and adjacent

regions (healthy tissue), demonstrating that BSR is not only effective in treating basal and squamous

cell carcinoma but also safe, as high doses are not delivered more than 2 mm into healthy tissue.

Additionally, excellent cosmetic results have been reported in the majority of treated patients,who

have also not reported post-treatment problems [Cipriani et al., 2020].

The three-dimensional Monte Carlo dosimetry of topical treatment for squamous and basal cell

carcinoma with 188Re allowed describing and analyzing the behavior of the energy imparted

throughout the volume of interest. This enabled calculating relevant aspects for BSR application,

such as the maximum dose outside the irradiated area and the homogeneity of absorbed dose within

the irradiation area, confirming that BSR is not only effective but also safe as long as there is no

organ at risk within 2.5 mm of the irradiated area.

Depth (µm) 250 350 450 550 650 750

HI 2.43 2.46 2.48 2.49 2.50 2.62
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IV.4. CONCLUSION

Using the therapeutic configuration described in this work, which is employed in clinical practice, it

is concluded that treatment depths from 250 to 650 µm can be achieved without exceeding the

recommended absorbed dose limit for the epidermis. However, this limit is exceeded if the

prescribed dose is reached at a depth of 750 µm.

This three-dimensional dosimetric analysis demonstrates that superficial brachytherapy with beta

emissions from 188Re is an effective radiotherapy technique against squamous and basal cell

carcinoma, safe for surrounding healthy tissue and overall patient well-being. It proves to be the most

economical, safe, effective, practical, and painless radiotherapy technique, with excellent cosmetic

outcomes post-treatment.
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GENERAL CONCLUSION

In conclusion, the study demonstrates that superficial brachytherapy (SBT) with beta emissions from

rhenium-188 (188Re) is an effective and safe treatment modality for both basal cell carcinoma(BCC)

and squamous cell carcinoma (SCC). Utilizing three-dimensional Monte Carlo dosimetric analysis

through the GATE (Geant4 Application for Tomographic Emission) simulation toolkit, the research

provided detailed insights into the distribution of absorbed doses, confirming that 188Re SBT

achieves high treatment efficacy while minimizing impact on surrounding healthy tissues. The

GATE simulations showed precise dose distributions that conformed well to the target areas, with

absorbed dose values meeting therapeutic requirements and ensuring minimal exposure to adjacent

healthy tissues. These findings underscore the need for careful dose limit considerations, particularly

concerning the proximity to critical organs.

Key advantages of 188Re SBT include its ability to conform to the irregular surfaces of skin lesions,

providing high therapeutic efficacy with minimal cosmetic impact. The short half-life of 188Re

ensures effective treatment with reduced radiation exposure to non-targeted areas, enhancing patient

safety and comfort. The study highlighted the importance of precise dose calculation and delivery to

optimize treatment outcomes and minimize potential side effects. The versatility of 188Re SBT in

treating various sizes and locations of skin cancers further underscores its potential as a practical

and patient-friendly treatment modality. The technique's simplicity, adaptability to various surfaces,

and high cosmetic outcomes reinforce its practicality and patient acceptance.

Future research should aim to refine dose delivery techniques and explore combination therapies

that could further enhance the effectiveness of 188Re SBT. Clinical trials involving larger patient

populations and long-term follow-up are necessary to fully establish the efficacy and safety profile of

this treatment. Additionally, investigating the use of 188Re SBT in other superficial cancers could

broaden its therapeutic applications.

In summary, 188Re-based superficial brachytherapy represents a significant advancement in the

treatment of non-melanoma skin cancers, offering a combination of high efficacy, safety, and

excellent cosmetic outcomes. This novel approach holds great promise for improving the

management of skin cancer and enhancing the overall quality of life for patients. The obtained results

with GATE provide a robust foundation for the clinical implementation of this technique, supporting

its potential to become a standard therapy for superficial skin cancers.
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