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ABSTRACT 

Shortly after their discovery in 1895, x-rays began to be used to treat dermatologic 

ailments and malignant tumors. Superficial brachytherapy is the process of using ionizing 

radiation to kill skin cancer cells and is the oldest form of radiation therapy. Advancements 

in technology and our understanding of how ionizing radiation interacts with matter have 

led to vast improvements in the quality and efficacy of care in cancer treatment. 

Contemporary radiation therapy techniques for the treatment of cutaneous malignancies 

are diverse. The most common radiation therapy modality is external beam radiation 

therapy with standard fractionation. Recently, there has been a resurgence in applying 

superficial brachytherapy techniques with the introduction to the market of high dose 

remote afterloading brachytherapy applicators and electronic brachytherapy units, which 

provide fast, reliable, and effective treatments. However, currently available commercial 

devices are limited in that they are incapable of providing patient-specific dose 

distributions. Addressing those limitations, a conformal superficial brachytherapy (CSBT) 

applicator was manufactured and rigorously tested. The applicator was designed to house 

between one and 19 yttrium-90 (90Y) beta-minus radiation sources. Each source was 

affixed to the distal end of one of 19 translatable rods, which allowed each of the sources 

to be moved in parallel with one another to varied locations. The goal of this work was to 

examine the capability of the CSBT applicator to deliver patient-specific treatments and to 

maximize the conformality of planned dose distributions to uneven surfaces. The work 

presented in this thesis relied heavily on Monte Carlo (MC) simulation and film-based 

measurement methods to determine dose rates. It was necessary to benchmark and validate 

the MC code to know its accuracy in simulating the novel 90Y source's dose rates. The 
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CSBT source was characterized under standard treatment conditions. Next, examples of 

dose rate distributions from multiple sources are presented. Lastly, the clinical results of a 

murine model dose rate escalation study are presented. This work shows that, with the 

CSBT applicator, it is possible to deliver accurate and conformal dose to superficial tissue.  



 

v 

CONTENTS 

Dedication i 

Acknowledgments ii 

Abstract iii 

Contents v 

List of Tables vii 

List of Figures viii 

List of Symbols & Abbreviations xi 

1 Introduction 1 
1.1 Overview ...............................................................................................................1 
1.2 Description of Chapters ........................................................................................3 

2 Background 5 
2.1 Skin .......................................................................................................................5 

2.1.1 Skin Anatomy .............................................................................................5 
2.1.2 Stochastic Effects of Radiation Exposure to Skin ......................................7 
2.1.3 Deterministic Effects of Radiation Exposure to Skin ................................7 
2.1.4 Skin Cancers .............................................................................................10 
2.1.5 Skin Cancer Treatment Modalities ...........................................................13 

2.2 Contemporary Superficial Brachytherapy Applicators .......................................15 

2.2.1 HDR Surface Brachytherapy Applicators ................................................15 
2.2.2 Electronic Source Brachytherapy .............................................................17 
2.2.3 Molds and Radioactive Patches ................................................................19 
2.2.4 Strontium Probe ........................................................................................19 

2.3 Therapeutic Electrons and their Interactions with Matter...................................20 
2.4 Beta-Minus Nuclear Decay .................................................................................22 
2.5 90Y Production ....................................................................................................26 
2.6 Dose Measurement and Calculation ...................................................................27 

2.6.1 Radiochromic Film Dosimetry .................................................................27 
2.6.2 Monte Carlo Radiation Transport Simulation ..........................................29 
2.6.3 Analytical Methods for Determination of β- Source Dose Rates .............32 



 

vi 

3 Methodology 36 
3.1 The Conformal Superficial Brachytherapy Applicator .......................................36 

3.1.1 90Y Source Description .............................................................................39 
3.1.2 90Y Source Placement Procedure .............................................................39 

3.2 Dose Rate Determination ....................................................................................40 

3.2.1 Film Calibration .......................................................................................40 
3.2.2 Experimental Measurements ....................................................................41 
3.2.3 Monte Carlo Transport Simulations .........................................................42 
3.2.4 Gamma Analysis ......................................................................................45 

4 90Y Source Characterization 50 
4.1 Benchmark Simulation........................................................................................51 
4.2 Simulation Validation .........................................................................................53 
4.3 Dose Rate Uncertainties ......................................................................................59 
4.4 Discussion ...........................................................................................................61 

5 Conformal Superficial Brachytherapy Applicator Characterization 63 
5.1 Effect of increasing the Tip-to-Surface Distance ................................................64 
5.2 Effect of the Tip on Dose Distribution ...............................................................65 
5.3 Source Position and Activity Optimization ........................................................67 
5.4 Superposition of Two Sources ............................................................................70 
5.5 Discussion ...........................................................................................................72 

6 Murine Model Dose Escalation Study 74 
6.1 Introduction .........................................................................................................74 
6.2 Materials and Methods ........................................................................................75 

6.2.1 CSBT Device ............................................................................................75 
6.2.2 Pre-Experiment Quality Assurance ..........................................................76 
6.2.3 Animal Preparation ...................................................................................77 
6.2.4 Monitoring of Mice and Collection of Skin Samples ...............................77 

6.3 Results .................................................................................................................78 
6.4 Discussion ...........................................................................................................82 

7 Summary and Recommendations for Future Work 84 
7.1 Summary .............................................................................................................84 

Bibliography 87 

Appendix A 97 

Appendix B 99 
 



 

vii 

LIST OF TABLES 

2.1. Basic terminology of radiation-induced skin injury. (From ICRP-59) .......................8 

2.2. Special case terminology of radiation-induced skin injury. (From ICRP-59) ............9 

2.3. RTOG/EORTC radiation morbidity scoring criteria for human skin. ........................9 

2.4. Simplified AJCC (7th Ed.) TNM scale of non-melanoma and non-Merkel cell 
carcinoma staging. ....................................................................................................10 

2.5. Karnofsky performance status ..................................................................................15 

2.6. ECOG performance status ........................................................................................15 

2.7. Properties of five neutron activated beta emitters. Some of the nuclides may be 
obtained by means other than by neutron activation. ...............................................24 

3.1. Gamma analysis results showing the differences between the Matlab (ML) 
script and the MapCheck (MC) software. .................................................................48 

4.1. Estimated uncertainty in dose rate to water from a tipped 90Y source. ....................59 

5.1. Widths of surface dose profiles at different percentages of maximum dose for 
TSDs: 0.0, 0.01, 0.02, 0.03, 0.04, & 0.05 cm. ..........................................................64 

6.1. Modified VRTOG acute skin toxicity scoring criteria .............................................78 

6.2. Mouse irradiation schedule  ......................................................................................79 

 



 

viii 

LIST OF FIGURES 

2.1. A simplified depiction of human skin. Ten days following a single dose of 
radiation, damage to the epidermis may be observed as an early (or acute) 
reaction.  Damage to the dermis, primarily to the vasculature, may appear as a 
late reaction months after exposure. (Figure from Hall and Giaccia, 2012 [20]) .......6 

2.2. Decay diagram for 90Y. (Figure from iaea.org) ........................................................25 

2.3. Radiochromic EBT3 film layer structure..................................................................27 

2.4. (a) Probability density function. (b) Continuous probability distribution. ...............32 

3.1. Drawing of the Conformal Superficial Brachytherapy Device (CSBT). 
(a) CSBT in its initial position. The patient-specific 3D printed insert is placed 
in the proximal end of the carriage tray. (b) CSBT in its treatment position. The 
upper actuator is in its forward position, bringing the 3D printed insert into the 
rod channels and moving the rods to their treatment positions ................................37 

3.2. The transverse cross-sectional view of the rod holder. The rods, and therefore 
the tips and sources, are arranged in a hexagonal arrangement and have a center-
to-center distance (C2C) of 0.45 cm. ........................................................................37 

3.3. A picture of a 3D printed insert. ...............................................................................38 

3.4. Drawing of the 3D printed rod tip. Each tip is placed on a rod and is held in 
place via interference. The source is located within a tapered cavity at the distal 
end of the tip. ............................................................................................................38 

3.5. A picture of a 3D printed insert. ...............................................................................38 

3.6. 90Y CSBT device source loading procedure. ............................................................41 

3.7. The beta particle energy spectrum of 90Y. The data was extracted from ICRU56.
 ..................................................................................................................................42 

3.8. Typical geometry of an MCNP5 single tipped source dose rate simulation. ...........44 

3.9. Eight comparisons of the Matlab script and MapCheck planar dose distributions 
displaying the failed gamma analysis points for each. .............................................49 

4.1. (a) MC simulation scoring geometry for the benchmarking dose point kernel 
simulations. (b) Relative error of the benchmarking simulation. .............................52 

4.2. MCNP5 benchmarking simulation dose rate and total energy deposited as a 
function of distance (r). .............................................................................................53 



 

ix 

4.3. MC simulated and measured depth dose rates for a bare and a tipped 90Y source 
placed on the surface of a water-equivalent phantom. The thickness of the EBT3 
film was radiologically scaled to make the depth of measurement water 
equivalent. The error bars represent the total combined uncertainty (k = 1) of 
each measurement. ....................................................................................................54 

4.5. Dose distribution in water for 90Y superficial brachytherapy source within the 
source holder tip of the CSBT applicator. ................................................................56 

4.4. Film-based measured and MC simulated dose rate profiles in water at 
d = 0.0171 cm and 0.1171 cm or 0.1513 cm. (a) Profiles for a bare source 
placed on the surface of a water-equivalent phantom. (b) Profiles for a tipped 
source with the distal end of the tip placed. ..............................................................56 

4.6. Planar dose rate distributions at d = 0.0171 cm for six tipped sources located 
directly on the water equivalent phantom surface. (a) Relative measured and 
MC simulated planar distributions. (b) MC simulated planar dose rate 
distribution. The red crosses indicate the calculation points of the measured 
dose rate distribution where gamma analysis criteria were not met. The passing 
rate for this analysis was 91.58%..............................................................................57 

4.7. MC simulated relative dose profiles for a single tipped source and a matrix of 
seven sources. The seven-source profile at y = 0 in Figure 4.6. (a) Depths in 
water of 0.0171 cm and 0.1171 cm. (b) Depths in water of 0.2171cm and 0.3171 
cm..............................................................................................................................58 

4.8. Type A simulation error for tipped single and seven-source MC simulations at 
depths: 0.0171 cm, 0.1171 cm, 0.2171 cm, and 0.3171 cm......................................60 

5.1. Relative profile dose distributions for TSDs: 0.0, 0.1, 0.2, 0.3, 0.4, & 0.5 cm. .......65 

5.2. Central axis depth dose rates for tipped CSBT sources with increasing TSDs. 
(a) Absolute dose rates in cGy s-1 Bq-1. (b) Percentage depth dose rates 
normalized to the maximum dose rates for each TSD. .............................................66 

5.3. (a) MC simulated profile depth dose distributions showing the effect of the 3D 
printed source tip when TSD = 0 cm. The dotted line shows the dose distribution 
of the standard tip-on-surface setup. The dotted line represents the distribution 
for the exact same setup except that the tip is removed. (b) Percent profile dose 
at d = 0.0171 cm (surface) and d = 0.1171 cm for the tipped and “not tipped” 
CSBT source. ............................................................................................................67 

5.4. Positions and relative activities of the tip-source-rod assemblies for the four 
MC simulated dose distributions (shown in Figure 5.5). The grey circles 
represent the sources that were included in the simulations and the white circles 
represent possible positions of sources that were not included in the 
simulations. (a) Source numbers. (b) Source TSDs in mm. (c) Relative source 



 

x 

activities in percent. (d) Source TSDs in mm (top) and relative source activities 
in percent (bottom)....................................................................................................68 

5.5. MC simulated dose distributions at d = 0.1 cm for the exposure of a hypothetical 
“C” shaped target. (a) Each source had a TSD of 0.1 cm and equal activity. (b) 
Each source had an equal relative activity. The TSDs of each source was 
adjusted to redistribute the dose distribution. (c) Each source had an equal TSD 
of 0.1 cm and the relative source activities were adjusted. (d) The TSD and 
relative activity of each source was adjusted. ...........................................................69 

5.6. Normalized MC simulated planar dose rates for two CSBT sources with a TSD 
of 0.0 cm. The dashed lines represent the single simulation of two sources. The 
solid lines represent the superimposed dose rate distribution from a single 
source. .......................................................................................................................70 

5.7. Percent surface profile dose of two CSBT sources for TSDs: 0.0 cm, 0.1 cm, 
0.2 cm, and 0.3 cm. Each source was positioned on the x-axis. Profiles are 
shown for y = 0.0 cm, 0.1 cm, and 0.2 cm. ...............................................................71 

6.1. Picture of the distal (treatment) end of the CSBT device with 10 90Y sources 
and the modified tips (Tip-surface). .........................................................................75 

6.2. MC simulated relative surface dose profiles for Tip-0.5mm and Tip-surface. 
(a) Surface profiles from a single source. (b) Source profiles from two sources 
with a center-to-center spacing of 0.45 cm. ..............................................................80 

6.3. Pretreatment quality assurance CSBT film-based surface dose distributions: (a) 
standard tips (Tip-0.5mm) and (b) modified tips (Tip-surface). ...............................81 

6.4. Time course of radiation-induced skin dermatitis following exposure from the 
90Y-based CSBT device. ...........................................................................................82 

6.5. Mean skin toxicity scores (Modified VRTOG scheme) following exposure 
from the CSBT device. .............................................................................................83 

 



 

xi 

LIST OF SYMBOLS & ABBREVIATIONS 

166Ho holmium-166 
188Re rhenium-188 
192Ir iridium-192 
32P phosphorous-32 
89Y yttrium-89 
90Sr strontium-90 
90Y yttrium-90 
90Zr zirconium-90 
β- beta-minus particle, electron 
β+ beta-plus particle, positron 
γ gamma particle 
λ radioactive decay constant 
µ linear attenuation coefficient 
ν neutrino 
σ nuclear cross-section 
φ particle fluence 
3D three-dimensional 
A radioactive activity or mass number 
ADCL Accredited Dosimetry Calibration Laboratory 
AJCC American Joint Committee on Cancer 
Au gold 
BCC basal cell carcinoma 
BT brachytherapy 
C & E curettage and electrodesiccation 
CSBT conformal superficial brachytherapy 
DD dose difference 
dmax depth of maximum dose 
DNA deoxyribonucleic acid 
DTA distance to agreement 
eBT electronic brachytherapy 
electron EBRT electron external beam radiation therapy 
EORTC European Organization for Research and Treatment of Cancer 
ESTRO European Society for Therapeutic Radiology and Oncology 



 

xii 

EWT electroweak theory 
FWHM full-width half-maximum 
GEC Groupe Européen de Curiethérapie 
HDR high dose rate 
ICRP International Commission on Radiological Protection 
ICRU International Commission on Radiation Units and Measurements 
IMRT intensity-modulated radiation therapy 
IVBT intravascular brachytherapy 
Li lithium 
LNT linear non-threshold 
MC Monte Carlo 
MCNP5 Monte Carlo n-particle code – version 5 
MURR University of Missouri Research Reactor Center 
n neutron 
NCCN National Comprehensive Cancer Network 
netOD net optical density 
NIST National Institute of Standards and Technology 
NMSC non-melanoma skin cancer 
p proton 
PCDA pentacosa‐10,12‐diynoate 
photon EBRT photon external beam radiation therapy 
PMMA poly(methyl methacrylate) 
QA quality assurance 
ROI region of interest 
rrad radiological distance 
RT radiation therapy 
RTOG Radiation Therapy Oncology Group 
SCC squamous cell carcinoma 
SW solid water 
TLD thermoluminescent dosimeter  
TNM tumor, node, metastasis 
TSD tip-to-surface distance 
VROTG Veterinary Radiation Therapy Oncology Group 
Z atomic number 

 



 

1 

  

INTRODUCTION 

1.1 Overview 

Each year, more people are diagnosed with skin cancer than all other cancers 

combined [1]. Non-melanoma skin cancer (NMSC) is the most common. In 2012, the 

United States incidence was near 4.0 million, with 2.5 million people treated [2]. Basal cell 

carcinoma and squamous cell carcinoma comprised approximately 99% of those tumors, 

with the remaining 1% being Merkel cell carcinoma, Kaposi sarcoma, 

dermatofibrosarcoma, or others [3–5]. Actinic keratoses are the most common 

keratinocyte-derived precancerous lesion in humans, and the incidence of these lesions is 

rising in the aging population [6], stressing the need for early intervention and effective, 

well-tolerated therapies. 

The standard of care treatment for NMSC is surgery; however, radiation therapy 

(RT) is commonly recommended for patients with incompletely removed tumors, 

unresectable tumors, and for those who decline surgery or have poor performance scores 

and are not good surgical candidates [7–11]. For these patients, RT provides effective 

tumor control with recurrence-free rates exceeding 90% [12–15]. While external electron 
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beam radiation therapy (electron EBRT), external photon beam radiation therapy 

(photon EBRT), brachytherapy (BT), and electronic BT (eBT) have been well described, 

many skin tumors on curved and irregular surfaces (e.g., on the face, head, and neck) are 

inherently challenging to treat with all of these approaches. The efficacy of RT is dependent 

on precisely targeting neoplastic cells while minimizing dose to normal tissue. For well-

defined and superficial NMSC treated with radiation, it is ideal to limit radiation 

penetration to ensure that the dose extends minimally beyond the target lesion's thickness. 

Electron EBRT provides an advantage over photon EBRT since electrons have lower 

penetrating power because they interact via Coulombic forces. However, electron EBRT 

may fail to deliver conformal dose distributions for small and irregular fields, 

compromising tumor control [16].  

In recent years, iridium-192 (192Ir) based high dose rate (HDR) surface 

brachytherapy applicators have gained popularity for the treatment of NMSC. These 

applicators are available in various fixed sizes and place the 192Ir source above the target 

such that a circular or oval-shaped dose distribution occurs at the target surface. These 

applicators are limited by the size and shape of the shielding cup intrinsic to the devices. 

Being a gamma particle emitter, 192Ir penetrates to depths beyond the thickness of many 

NMCS lesions. The result is that HDR surface brachytherapy applicators are incapable of 

providing conforming doses to complex and shallow target lesions. 

To address the need for improved dose conformity for superficial brachytherapy, a 

conformal superficial brachytherapy device (CSBT) has been designed and built [17–19]. 

The CSBT device places up to 19 hexagonally arranged sources on a target. Each source 

is independently translatable along the direction normal to the target surface, which, 

compared to HDR surface brachytherapy applicators, significantly improves the control of 

the dose distributions by selecting the position and involvement of each of the 19 sources. 

The current version CSBT device radiation source is yttrium-90 (90Y), which, being a beta-
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minus particle emitter, is approximately 10-fold less penetrating than 192Ir. In the treatment 

of superficial NMSC with radiation, the ideal dose penetration is low and does not extend 

beyond the thickness of human skin (0.4 mm to 0.5 mm). Thus, this elegant, user-friendly 

CSBT device improves dose-target conformity, which is expected to result in improved 

cosmesis and fewer complications.  

The primary goal of this project was to examine the potential of the CSBT device 

as a clinically viable mode of treatment of NMSC. Three specific aims were defined to 

achieve this goal. The first aim was to fully characterize the 90Y source. The second aim 

was to describe the variability and control of the CSBT dose distribution using varying 

source numbers and positions. The final aim was to determine the appropriate dose to 

administer with the CSBT device and determine the temporal association between radiation 

and radiation-induced dermatitis. The characterizations of the 90Y source and the CSBT 

produced dose distributions were performed by film-based measurement and by Monte 

Carlo (MC) simulation. The final aim was achieved by performing a dose-escalation study 

in a non-tumor murine model, monitoring the clinical grade of radiation-induced tissue 

damage following exposure. Following euthanasia of the animal subjects, skin samples 

were collected, stabilized, and stored for future histologic examination. 

1.2 Description of Chapters 

Chapter 2 presents the background information relevant to this work. Basal cell and 

squamous cell carcinomas are introduced. Human skin anatomy, skin cancer, and the 

detrimental and therapeutic effects that radiation has on skin are discussed. The theory and 

physics of the methods used in this work to determine dose deposition are also discussed.  

Chapter 3 presents the general methodology of this work. The CSBT device is 

presented. The methods of film-based measurements and MC simulation for determining 

dose rates under various conditions is presented. A gamma analysis program was 
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developed and tested to compare dose distributions empirically and through MC 

simulation.  

Chapter 4 discusses the measurements performed to characterize the 90Y CSBT 

source. To ensure the simulated data's reliability, benchmarking and validation of the MC 

software and input files were performed. Film-based measurements and the three-

dimensional 90Y dose distributions were obtained.  

In Chapter 5, the CSBT device is fully characterized, focusing on the dose 

distributions from multiple 90Y sources and source positions. An examination of the effect 

of the source mounting components was performed. Simulations were performed to 

demonstrate possible dose distribution optimization methods.  

Chapter 6 demonstrates the clinical capability of the CSBT device. A 

dose-escalation study was performed in a non-tumor murine model. Following exposure, 

skin toxicity was monitored and graded daily.  

Chapter 7 summarizes this work. Discussion and conclusions are presented as well 

as recommendations for the future development of the CSBT.  
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BACKGROUND 

2.1 Skin 

Skin is the largest organ in humans and makes up roughly 7% of a typical human 

body mass. Exposure to ionizing radiation may cause the skin to exhibit various 

deterministic and/or stochastic effects. When exposed to beta particles or low energy 

X-rays (<5-10 keV), the biological response of the skin shows a strong dependence on the 

energy of the incident particles. It is, therefore, necessary to keep in mind the anatomical 

structure of exposed skin.  

2.1.1 Skin Anatomy 

As depicted in Figure 2.1, human skin consists of three distinct layers; the stratified, 

cellular epidermis; the dermis of connective tissue; and the subcutaneous layer. Depending 

on the body site, the epidermis may be as thin as 20 µm or as thick as 500 µm [20]. 

International Commission on Radiological Protection (ICRP) Publication 59 proposed a 

standardized epidermis thickness of 20 to 100 µm [21], which has been adopted by the 

International Commission on Radiation Units and Measurements (ICRU) [22]. The 
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epidermis consists of five layers. From most shallow to most deep, those layers are the 

stratum corneum, the stratum lucidum, the stratum granulosum, the stratum spinosum, and 

the stratum basale. Ninety percent of the epidermis is made up of keratinocytes, which 

originate in the stratum basale. As keratinocytes differentiate, they are pushed up through 

the layers of the epidermis. The most superficial layer, the stratum corneum, is made up of 

dead keratinocytes.  

Melanocytes are pigment-producing cells and are located near the epidermis 

stratum basale and in the inner ear, the choroid and iris of the eye, the vaginal epithelium, 

and the meninges. These cells produce melanin, which, upon production, is transferred to 

neighboring keratinocytes in the epidermis and the growing shaft of hair follicles. Melanin 

production protects the skin from harmful ultraviolet radiation.  

The dermis is sandwiched between the epidermis and the subcutaneous 

hypodermis. It consists of mostly collagen and elastic fibers and provides protection and 

Figure 2.1. A simplified depiction of human skin. Ten days following a single dose of 
radiation, damage to the epidermis may be observed as an early (or acute) reaction.  
Damage to the dermis, primarily to the vasculature, may appear as a late reaction months 
after exposure. (Figure from Hall and Giaccia, 2012 [20]) 
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support for various other structures, such as the cutaneous lymph system, sebaceous glands, 

sweat glands, and hair follicles. It is divided into two layers: the papillary dermis and the 

reticular dermis. The more superficial papillary layer is composed of highly vascular and 

loose connective tissue. The deeper reticular layer constitutes most of the dermal layer and 

is composed of dense connective tissue.  

2.1.2 Stochastic Effects of Radiation Exposure to Skin 

The ICRP supports that, for purposes of radiation protection, for doses as low as 

100 mSv, it is plausible to assume that an increase in the equivalent dose to tissue will 

result in a directly proportional increase in the probability of developing cancer in that 

tissue [23]. Although various dose-response models have been hypothesized, the ICRP 

radiation protection recommendations are based on the “linear no-threshold” model (LNT) 

of stochastic risk.  

According to the LNT model, the probability of skin cancer induction is directly 

proportional to the absorbed dose, the area of exposed skin, and is higher for areas of skin 

routinely exposed to sunlight. However, the component of risk related to skin exposed to 

sunlight is also dependent on the degree of pigmentation of the exposed skin. For skin 

routinely exposed to sunlight, the risk estimate is 6.7 × 10-4/Gy per person-year for a skin 

area of about 3000 cm2. For skin not routinely exposed to sunlight, the risk estimate is 

2.0 × 10-4/Gy per person-year for a skin area of about 15,000 cm2. When all of the skin is 

exposed to ionizing radiation, the total risk estimate is 8.7 × 10-4/Gy per person-year [24]. 

2.1.3 Deterministic Effects of Radiation Exposure to Skin 

In the treatment of NMSC’s, radiation-induced deterministic effects, also known as 

harmful tissue reactions, are of more concern than stochastic effects. The existence of a 

threshold dose characterizes radiation-induced deterministic effects. The threshold dose 

exists because a critical percentage of the cell population must sustain severe damage 
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before macroscopic tissue injury is observed. At doses greater than the threshold dose, the 

severity of harmful tissue reaction increases with increasing dose.  

The terminology of the harmful tissue reactions due to radiation exposure was 

outlined by J. W. Hopewell [25] and was again presented in ICRP Publication 59 [21]. 

Here, the terminology of radiation-induced skin injury is presented in Table 2.1 and 

Table 2.2. 

Table 2.1. Basic terminology of radiation-induced skin injury. (From ICRP-59) 

Effect Time of 
Onset Description 

Dry 
desquamation 3-6 weeks 

Atypical keratinization of the skin is due to the 
reduction in the number of clonogenic cells within the 
epidermis' basal layer. 

Moist 
desquamation 4-6 weeks Tissue loss due to the sterilization of a high proportion 

of clonogenic cells within the epidermis' basal layer. 

Secondary 
ulceration >6 weeks 

Secondary damage to the dermis as a consequence of 
dehydration and infection when moist desquamation is 
severe and protracted due to the reproductive 
sterilization of the vast majority of the clonogenic cells 
in the irradiated area. 

Dermal 
necrosis >10 weeks Necrosis of dermal tissues as a consequence of 

vascular insufficiency. 
Dermal 
atrophy >26 weeks A thinning of the dermal tissue that is associated with 

the contraction of the previously irradiated area. 

Telangiectasia >52 weeks An atypical dilatation of the superficial dermal 
capillaries. 

Invasive 
fibrosis -- 

The method of healing associated with acute 
ulceration, secondary ulceration, and dermal necrosis 
that leads to scar tissue formation. 
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In 1985, the Radiation Therapy Oncology Group (RTOG) developed the Acute 

Radiation Morbidity Scoring Criteria. In 1992, the RTOG, in conjunction with the 

European Organization for Research and Treatment of Cancer (EORTC), published the 

Late Radiation Morbidity Scoring Scheme. In 1995, the current RTOG Acute Radiation 

Morbidity Scoring Criteria and the RTOG/EORTC Late Radiation Morbidity Scoring 

Scheme were published [26] and are shown in Table 2.3 for human skin. Acute (or early, 

reversible) radiation toxicity typically presents within days or weeks of radiation exposure. 

Late, irreversible radiation toxicity typically presents after months or years of exposures.  

Table 2.2. Special case terminology of radiation-induced skin injury. (From ICRP-59) 

Effect Time of 
Onset Description 

Acute 
ulceration <14 days 

An early loss of the epidermis and, to a varying degree, 
dermal tissue that results from the death of fibroblasts 
and endothelial cells in interphase. 

Acute 
epidermal 
necrosis 

<10 days 

Interphase death of post-mitotic keratinocytes in the 
viable upper layers of the epidermis. This type of 
lesion may occur with high-dose, low-energy β 
irradiation.  

Table 2.3. RTOG/EORTC radiation morbidity scoring criteria for human skin. 

Grade RTOG Acute Toxicity 
Description 

RTOG/EORTC Late Toxicity 
Description 

0 no change over baseline no change over baseline 

1 

follicular, faint or dull erythema slight atrophy 
epilation pigmentation change 

dry desquamation some hair loss 
decreased sweating  

2 
tender or bright erythema patchy atrophy 

patchy moist desquamation moderate telangiectasia 
moderate edema total hair loss 

3 confluent, moist desquamation marked atrophy 
pitting edema gross telangiectasia 

4 
ulceration  

hemorrhage ulceration 
necrosis  

5 - death 
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2.1.4 Skin Cancers 

2.1.4.1 Staging 

Staging is a quantification of cancer risk by determining the extent that cancer has 

developed. According to the American Joint Committee on Cancer (AJCC), there are five 

stages of cutaneous malignancies and are dependent on the Tumor, Node, and Metastasis 

(TNM) classification grouping criteria. The T-criterion is dependent on the primary tumor 

thickness and level of ulceration. The N-criterion is dependent on the level of regional 

lymph node involvement. The M-criterion is dependent on the level of distant metastases 

[27,28]. Table 2.4 presents simplified descriptions of the clinical stages of NMSC  

2.1.4.2 Basal Cell Skin Cancer 

Basal cell carcinoma (BCC) originates in the stratum basal layer of the epidermis. 

Approximately 80% of all NMSC’s are BCCs. For this type of cancer, there are no 

precancerous lesions. Left untreated, they may extend into deeper tissue and possibly 

infiltrate vital tissues, causing cosmetic deformities or loss of function. Fortunately, BCCs 

are very rarely life-threatening. Compared with other skin cancer types, BCCs are very low 

risk for metastasis with a reported metastatic rate of less than 0.1% [29–31]. Those most at 

risk of developing BCCs are people with a fair complexion and a history of chronic sun 

exposure.  

Table 2.4. Simplified AJCC (7th Ed.) TNM scale of non-melanoma and non-Merkel 
cell carcinoma staging.  

Stage Description 
0 Carcinoma in situ, i.e., confined to the epidermis. 

1 No more than 2 cm in diameter, has not metastasized, and has fewer than 
two high-risk features. 

2 Greater than 2 cm in diameter and has not metastasized. 

3 The disease has spread to nearby bone or one lymph node less than 3 cm in 
diameter but has spread to no other organ.  

4 The disease has spread to one or more lymph nodes and has spread to bone 
or other organs. 
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The National Comprehensive Cancer Network (NCCN®) provides practice 

guidelines for the workup and treatment of BCCs [32]. The risk of BCC recurrence is 

categorized as low risk or high risk. After initial treatment, the risk of recurrence depends 

on various factors such as tumor location, size, depth of infiltration, and histologic subtype 

[33,34]. If BCCs recur, they typically do so within three years of the initial treatment.  

Following the recommendations of the NCCN, the recommended primary 

treatment of low-risk BCC is curettage and electrodesiccation (C&E), standard surgical 

excision with 4 mm clinical margins and postoperative margin assessment, or RT for non-

surgical candidates. Adjuvant treatment is recommended in cases of positive margin 

assessment following surgical excision. The recommended adjuvant treatments are Mohs 

micrographic surgery, re-excision, or RT. 

The NCCN recommended primary treatment of high-risk BCC is RT, Mohs 

micrographic surgery with margin assessment, or standard surgical excision with wide 

surgical margins and with postoperative margin assessment, with RT reserved only for 

non-surgical candidates. RT may also be considered for adjuvant treatment if margin 

assessment is positive, or if margin assessment is negative and there is extensive perineural 

or large-nerve involvement. For a positive margin assessment following standard surgical 

excision, Mohs micrographic surgery or re-excision are also possible adjuvant treatments.  

2.1.4.3 Squamous Cell Skin Cancer 

Cutaneous squamous cell carcinomas (SCC) are skin tumors arising from 

keratinized epidermal cells that have breached into the skin's dermal layers. Premalignant 

lesions, such as actinic keratoses, precede the development of SCCs. They most often occur 

in sun-exposed areas of the body, such as the head, neck, and arms; but may also appear in 

areas of chronic radiation dermatitis, burn scars, or areas of chronic inflammation. They 

may involve soft tissue, cartilage, and bone. SCC can cause considerable local destruction 
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but is rarely metastatic. The risk of lymph node metastasis for patients with one primary 

SCC is 3.7% and the risk of distant metastatic disease is 0.4% [35]. 

Generally, SCCs have good prognoses. The 5-year survival rate is ≥90% [36–38]. 

The reported rate of SCC recurrence in patients who received surgical excision of non-

metastatic SCCs was ≤6% with a range of 0% to 16% [39]. A large meta-analysis reported 

that, following RT, the 5-year recurrence rates were 6.7% for the treatment of primary 

SCCs and 10% for recurrent SCCs [40]. Other large studies (n>50) reported 5-year cure 

rates between 90% and 93% and 5-year recurrence rates between 4% and 7% following 

RT for primary lesions [40-43]. 

Like BCC, the SCC risk of recurrence and metastasis is categorized as low risk and 

high risk. The quantities to consider when establishing the risk of SCC include tumor 

location and size, whether the tumor has a well-defined border, tumor growth rate, degree 

of differentiation, and tumor depth. Poorly differentiated tumor cells; perineural, 

lymphatic, or vascular involvement; or tumors located on prior RT sites all constitute a 

high risk.  

The recommended primary treatment of local low-risk SCC is C&E, standard 

surgical excision with 4-6 mm clinical margins and postoperative margin assessment, or 

RT. If margin assessment is positive following surgical excision, Mohs micrographic 

surgery, re-excision, or RT is recommended.  

The recommended primary treatment of local high-risk SCC is Mohs micrographic 

surgery with margin assessment or standard surgical excision with large surgical margins 

and postoperative margin assessment. For non-surgical candidates, RT or systemic therapy 

are options. As with BCC, Mohs micrographic surgery, re-excision, and/or RT are standard 

adjuvant treatments for positive margin assessment cases.   
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2.1.5 Skin Cancer Treatment Modalities 

2.1.5.1 Curettage and electrodesiccation 

C&E is a procedure in which a curette is used to scrape away epidermal tumor 

tissue. After scraping, the area is denatured by electrodesiccation. The process of scraping 

and denaturing may be repeated two more times. Therefore, this procedure does not allow 

for histologic margin assessment and is only appropriate for treating non-penetrating 

superficial lesions. The recurrence rate for BCC is between 91% and 97%. For SCC, the 

recurrence rate ranges from 0.4% to 19% [45–48]. 

2.1.5.2 Surgical excision 

Surgical excision with postoperative margin assessment is the process of surgically 

removing the lesion followed by pathologic evaluations of the surgical margin tissues. This 

procedure is recommended for the treatment of BCC, SCC, and melanomas unless 

conflicting circumstances exist. The 5-year cure rate following surgical excision is 98% 

for BCC and 95% for SCC [40,46,49–52].  

2.1.5.3 Superficial therapies 

Superficial therapies for NMSC include topical therapies, cryosurgery, and 

photodynamic therapy. Topical therapies involve applying a therapeutic cream, such as 

imiquimod and 5-fluorouracil cream, directly to the lesion. Cryotherapy involves applying 

freeze/thaw cycling to destroy target cells. Photodynamic therapy is the process of applying 

a photosensitizing agent, such as 5-aminolevulinic acid, to a target lesion and exposing it 

to laser light in the visible light spectrum.  

Superficial therapies have been shown to be effective but with cure rates lower than 

surgery. For example, a randomized controlled trial comparing surgical excision vs. 

imiquimod 5% cream for BCC treatment found that the 3-year disease rates were 84% for 
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imiquimod and 98% for surgery. Cosmetic outcomes, however, were significantly better 

with imiquimod (61%) than with surgery (36%) [53]. 

2.1.5.4 Radiation therapy 

In general, conformal RT is the process of exposing diseased tissue – while 

minimizing exposure to healthy tissue – with ionizing radiation. Treating with external 

high energy photon or electron beam radiation produced by a clinical linear particle 

accelerator (linac) is a mainstay of most radiation therapy clinics. Treating small skin 

cancer lesions with radiation produced by a linac is difficult because of the deep penetration 

of the high energy photons or the dose calculation uncertainties for small electron fields.  

Brachytherapy (BT) – derived from the Greek word “brachys”, meaning “short-

distance” – involves placing a radiation source in, on, or near a target lesion. Intracavitary 

brachytherapy involves placing radiation sources in a natural cavity of the body, such as 

the trachea, vagina, or rectum. Interstitial brachytherapy involves surgically implanting 

radiation sources directly into or near a tumor. Superficial brachytherapy (also called 

surface or contact brachytherapy) involves placing a radioactive source directly on or a 

short distance away from the surface of a target lesion. Historically, superficial 

brachytherapy was performed only with radioisotopes, but with the advent of the miniature 

x-ray source, superficial electronic brachytherapy became possible. Electronic 

brachytherapy sources can also be used for intracavitary and interstitial brachytherapy. 

Many factors may lead to RT being chosen as the primary treatment option, such 

as patient age and performance score. To minimize risks associated with deterministic 

effects of radiation exposure, RT may be reserved for patients older than 60 years. 

Performance scoring is a method of quantitatively assessing a patient’s well-being by 

gauging their ability for self-care and levels of function and ambulation. Table 2.5 and 

Table 2.6 show the Karnofsky and ECOG performance status scales, respectively. RT has 
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been shown to be an effective option for treating SCC and BCC. The cure rates for BT are 

over 90% for most skin lesions [49]. 

2.2 Contemporary Superficial Brachytherapy Applicators 

2.2.1 HDR Surface Brachytherapy Applicators 

HDR surface brachytherapy applicators are small, cone-shaped applicators used in 

tandem with high-dose-rate (HDR) afterloader machines. Commercially available 

Table 2.5. Karnofsky performance status 
Stage Description 
100 Normal 
90 Only minor signs or symptoms of disease 
80 Able to perform normal activities with some effort, some signs of disease 
70 Capable of self-care; incapable of  
60 Capable of most self-care; requires occasional assistance 
50 Requires considerable assistance and frequent medical care 
40 Disabled; requires special assistance and care 
30 Severely disabled; hospitalization is indicated; death not imminent 
20 Very ill; requires hospitalization and active care  
10 Moribund;  
0 Dead 

Table 2.6. ECOG performance status 
Stage Status Description 

0 Fully active; normal 

1 Restricted in physically strenuous activity; able to perform work of a light or 
sedentary nature 

2 Ambulatory but unable to perform any work activities; out of bed more than 
50% of waking hours 

3 Capable of limited self-care; confined to bed more than 50% of waking hours 
4 Completely disabled; confined to bed or chair all hours  
5 Dead 
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applicators are sold as sets in a range of fixed inner diameters and with a source dwell 

position at the vertex of the cone, aligning the HDR seed either perpendicular or parallel 

to the lesion surface. The applicators are made from high Z materials (e.g., tungsten), which 

shields the healthy tissue outside the treatment area. A plastic end cap attaches to the 

applicator's treatment face, which reduces skin surface dose from electron contamination. 

The two most common applicators are the Varian (Varian Medical Systems, Palo Alto, CA, 

USA) and Elekta Leipzig-style applicators [54–57] and the Elekta Valencia applicator 

(Elekta AB-Nucletron, Stockholm, Sweden) [55,58–60]. 

The Varian Leipzig-style applicator comes as a single cone-shaped surface 

applicator that receives one of four fixed diameter insets with diameters of 30 mm, 35 mm, 

40 mm, and 45 mm. The source transportation tube is parallel to the treatment surface. 

Varian also provides surface applicators that are equivalent to the parallel source Leipzig-

style applicator except that the distal end source transportation tube is perpendicular to the 

treatment surface rather than parallel. Two cone-shaped surface applicators are available – 

a smaller diameter applicator and a larger diameter applicator. The larger diameter 

applicator receives the same fixed diameter insets as the Leipzig-style applicator as well as 

a 30 mm × 20 mm oval inset, or a 45 mm × 25 mm oval inset. The small diameter applicator 

receives one of three fixed diameter insets with diameters of 15 mm, 20 mm, and 25 mm.  

The Elekta surface brachytherapy applicators are available with fixed diameters of 

10 mm, 20 mm, and 30 mm with parallel (Elekta H-type) and perpendicular (Elekta V-type) 

source orientation configurations. Elekta also provides the Valencia applicator, which has 

a flattening filter built into the treatment cap, improving flatness and homogeneity of the 

isodose distribution compared to Leipzig-style applicators. Treatment planning may be 

performed with Elekta’s Oncertra Brachy treatment planning software; however, dose 

distribution charts are only available for Ir192 HDR seeds. 



17 

 

The strength of HDR brachytherapy sources should be determined by the National 

Institute of Standards and Technology (NIST) or an Accredited Dosimetry Calibration 

Laboratory (ADCL). Source output verification for HDR surface brachytherapy applicators 

may be performed by a combination of Monte Carlo (MC) calculations, thermoluminescent 

dosimeter (TLD) measurements, and film dosimeter measurements [61]. 

Alternatively, Standard Imaging (Deming Way, Middleton, W) supplies a Leipzig-

type applicator holder to be used in conjunction with the HRD 1000 Plus or IVB 1000 well 

chambers [62,63]. Given the inherent size and shape of HDR brachytherapy surface 

applicators, appropriately placing the applicators inside a well chamber is impossible. To 

circumvent the applicator geometry issue, the applicator may be placed at the entrance of 

the well chamber via the aforementioned applicator holder. After accounting for 

atmospheric conditions and the well chamber calibration factor, the correspondence factor 

is calculated by taking the ratio of the corrected reading to the air kerma strength of the 

HDR source. The correspondence factor is then compared to a table of published 

correspondence factors. Standard Imaging recommends that the calculated correspondence 

factor is within ±5% of the corresponding published table value. 

2.2.2 Electronic Source Brachytherapy 

In the early to mid-1990s, a miniaturized x-ray source was developed for use in 

surface and interstitial brachytherapy procedures [64]. An early version of an electronic 

interstitial radiosurgery x-ray source was composed of a miniature electron gun with a 

barium oxide thermionic cathode. Electron intensity was controlled by manipulating the 

cathode filament current. Thermionically emitted electrons were accelerated by the 

positively charged cathode and then focused and further accelerated to their final energy 

by a triad of anodes. A drift tube was attached to the electron gun, through which the 

accelerated electrons traveled before striking a thin gold (Au) target set within a beryllium 
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window. Magnetic shielding and beam deflectors were placed around the drift tube to allow 

the electrons' trajectory to be controlled, albeit minutely. The treatment end of the device 

had an outer diameter of 3 mm. 

Examples of modern electronic brachytherapy (eBT) machines include the Zeiss 

Intrabeam (Carl Zeiss Surgical, Oberkochen, Germany), iCAD Xoft (iCAD Inc., Nashua, 

NH, USA), Ariane Papillon (Ariane Medical Systems, Alfreton, England), Xstrahl 

Photoelectric Therapy (Xstrahl, Surrey, England), Elekta Esteya (Elekta AB-Nucletron, 

Stockholm, Sweden), and Sensus Healthcare SRT 100 (Sensus Healthcare, Boca Raton, 

FL, USA). These machines typically operate between 50 and 100 kVp [65,66]. In general, 

eBT systems' strengths include that they have no radiation leakage when in the off-state 

and have a user-adjustable dose rate. They also have standard non-customizable source 

sizes and applicators, which limits dose conformity.  

The Xoft Axxent eBT system uses a small 23 mm long by 2.25 mm diameter 

proprietary X-ray source with a multi-lumen catheter. Similar to an HDR source, the 

Axxent source may be stepped through the length of a catheter. It may be used to treat 

early-stage breast cancer, gynecological malignancies, and, with the addition of a Xoft 

Axxent surface applicator, skin cancer [67,68]. The Axxent system has a limited lifetime 

of about 3 hours or 10 treatments [69]. The surface applicators are cone-shaped collimators 

ranging from 10 mm to 50 mm in diameter.  

The Zeiss Intrabeam system is a mobile X-ray source system. To produce x-rays, 

electrons are accelerated down a drift tube, striking an Au target at the distal end of a target 

tube. Four applicator types are available: a spherical applicator for intracavitary 

intraoperative eBT, a flat applicator to treat surgically exposed surfaces, a needle applicator 

for interstitial irradiation, and a surface applicator for treatment of superficial lesions. The 

surface applicators range in size from 10 to 60 mm in diameter. The Zeiss flat and surface 

applicators consist of a 0.05 mm lead-equivalent shielding tube and a flattening filter [70]. 
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The Esteya [71], Photoelectric Therapy [72], and SRT 100 [73] systems were 

uniquely designed for the treatment of superficial skin lesions. Each system uses a 

collimated source with applicators ranging from 10 to 50 mm in diameter and accelerating 

potentials ranging from 50 kVp to 80 kVp. Typical treatment times are 1-2 minutes [65,69]. 

2.2.3 Molds and Radioactive Patches 

Another option for radiotherapeutic treatment of skin lesions is to create 3D printed 

HDR molds or radioactive patches. These devices are highly customizable and are made 

specifically for each target lesion. Mold-type applicators are formed directly to the patient's 

surface and, with the aid of an HDR treatment planning system, source catheters are inlaid 

in poly(methyl methacrylate) (PMMA) or another clinically appropriate material [74–76]. 

Radioactive bandages or patches are typically constructed in-house. Some beta-minus 

emitting sources that have been studied are holmium-166 (166Ho), rhenium-188 (188Re), 

strontium-90 (90Sr), yttrium-90 (90Y), and phosphorus-32 (32P) [78-81]. 

2.2.4 Strontium Probe 

Strontium probe therapy involves topically applying a 90Sr source to a target region. 

The 90Sr is located on the distal end of a shielded rod, which the medical professional holds 

in place during the treatment. 90Sr has been used to successfully treat SCC in dogs and cats. 

In one retrospective study, 90Sr was used to treat nasal planum SCC in 15 cats. Excellent 

cosmetic results were achieved, and 13 of the 15 cats achieved complete response with a 

median disease-free interval of 692 days [81]. In a retrospective study of 49 cats with SCC 

of the nasal planum treated with 90Sr plesiotherapy yielded, 88% of the cats had a complete 

response, and 20% of the cats experienced recurring SCC. The researchers found that the 

overall survival time was significantly longer for cats with a complete response to treatment 

than those with a partial response [82]. Berlato et al. [83] aimed to determine the efficacy 

of a fractionated protocol versus a single-dose protocol of 90St plesiotherapy. In their study, 
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74 cats with SCC of the nasal planum were included with 32 treated with a fractionated 

protocol and the remaining 42 were treated with a single-dose protocol. They found that 
90Sr plesiotherapy induced a complete response in 74% of the cats, with 17% of the cats 

experiencing local recurrence. They also found that the disease-free interval for cats treated 

with the fractionated protocol was significantly longer than for the cats treated with the 

single-dose protocol. Response and overall survival were not statistically significant for 

fractionated versus single-dose protocols.  

In a case series of canine third eyelid SCC in which nine dogs were treated with 
90Sr, seven of the dogs were disease-free for 1,239 to 2,555 days [84]. Two dogs required 

surgical treatment for local tumor recurrence within one year [84]. Notably, no occurrence 

of radiation-induced cataracts was reported, illustrating its tolerability even when near 

critical structures. 

Strontium-90 (90Sr) is the parent isotope of yttrium-90 (90Y) and has an average 

decay energy of 196 keV and a half-life of 28.5 years. Secular equilibrium is reached in 

approximately seven 90Y half-lives. 90Y is the therapeutic component of 90Sr.  

2.3 Therapeutic Electrons and their Interactions with Matter 

The most prevalent theory of how ionizing radiation damages living human tissue 

is that, through direct or indirect processes, enough energy is transferred to cellular 

deoxyribonucleic acid (DNA) to cause single- or double-strand breaks of the DNA 

sugar-phosphate backbone. The creation of DNA strand breaks may ultimately lead to 

chromosomal aberrations and mitotic catastrophe, resulting in cell death. 

Therapeutic electrons are directly ionizing particles and interact with atomic matter 

through Coulombic interactions with bound atomic electrons and atomic nuclei. There are 

two manners in which a high-energy charged particle may lose energy as it interacts with 

matter – collisional interactions and radiative interactions. The linear stopping power (𝑆𝑆) 
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is the rate of energy loss per unit distance (-dE/dx) due to these interactions and is expressed 

mathematically as: 

 𝑆𝑆 = −𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
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 (2.1) 

Radiative interactions occur when a charged particle interacts with the nucleus of a 

nearby atom. The pull of an atomic nucleus will cause a charged particle to experience an 

accelerating force and release a bremsstrahlung (braking radiation) photon at any point 

along its track. The specific energy loss through the radiative process is inversely 

proportional to the squared rest mass (m0
2) of the particle and proportional to the squared 

atomic number (Z2). The implication is that the probability bremsstrahlung is very small 

for charged particles more massive than the electron and quickly increases with increasing 

particle energy.  

Collisional interactions occur when a charged particle interacts with an atomic 

electron cloud and result in atomic ionization, excitation, or distortion. A charged particle 

with kinetic energy greater than the binding energy of an atomic electron can ionize an 

atom, liberating a secondary electron – known as a δ-ray or knock-on electron – that 

potentially has enough kinetic energy to cause additional collisional or radiative interaction 

events in the medium. Excitation occurs when the incident charged particle imparts just 

enough energy to promote an atomic electron but not liberate it, making the atom unstable. 

Following excitation, the atom will decay with some half-life (t1/2) and emit a characteristic 

x-ray. Ionization and excitation require that the distance between the path of the incident 

charged particle and the atom be relatively small – approximately equal to one Bohr radius. 

Ionization typically occurs when the incident particle is closer to the atom than the distance 

for atomic excitation.  
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Atomic distortion occurs when the charged particle's path is relatively far from the 

atom and the charged particle distorts the electron clouds of atoms in the medium. When 

the medium is dielectric and the charged particle's velocity is greater than the speed of light 

in the medium through which it is traversing, visible light will be emitted. This visible light 

is known as Cerenkov radiation.  

2.4 Beta-Minus Nuclear Decay 

Ernest Rutherford is credited with first identifying the process of beta-minus (β–) 

decay in 1899. In 1900, after J.J. Thompson discovered the electron, Henri Becquerel 

suggested that the β– particle was simply a fast-moving electron. In 1934, Irène and 

Frédéric Joliot-Curie first observed positron emissions through beta-plus (β+) decay. Also 

in 1934, Gian-Carlo Wick first proposed the process of electron capture, which was further 

discussed by Hideki Yukawa and was observed by Luis Alvarez in 1937. Each process (β– 

decay, β+ decay, and electron capture) is explained by Enrico Fermi’s theory of beta decay, 

which was a precursor to the theory of weak nuclear force interaction – or electroweak 

theory (EWT). The three processes involve neutrons (n), protons (p), electrons (β-), 

positrons (β+), neutrinos (ν), and antineutrinos (�̅�𝜈) – described mathematically as: 

 𝑛𝑛 → 𝑝𝑝 + 𝛽𝛽− + �̅�𝜈 (beta-minus decay) (2.2) 

 p→ 𝑛𝑛 + 𝛽𝛽+ + 𝜈𝜈 (beta-plus decay) (2.3) 

 𝑝𝑝 + 𝛽𝛽− → 𝑛𝑛 + 𝜈𝜈 (electron capture) (2.4) 

A neutron is composed of one up and two down quarks, and a proton is composed 

of two up quarks and one down quark. In neutron-rich atomic nuclei, one of the neutron 

down quarks can transmute to an up quark, releasing an intermediate W- boson which 

immediately decays into a β– and �̅�𝜈. When this occurs, the nuclear conservation laws are 
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obeyed, and energy released (Q) is shared as kinetic energy of the β– and the �̅�𝜈. This is the 

beta-minus decay process. 

Nuclear decay events follow Poisson statistics, meaning that each decay event is an 

independent and random event with a constant probability of occurrence for each particular 

decay process. The probability of a decay event occurring per unit time is termed the decay 

constant (λ). For a sample of N unstable atoms, the time rate change in the number of atoms, 

which is the activity (A), is equal to the product of N with a probability of a decay event 

occurring per unit time times the number of unstable atoms: 

 𝐴𝐴 = 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑� = −𝜆𝜆𝑑𝑑 (2.5) 

The solution to this differential equation yields the number of unstable atoms after time t 

where N0 is the number of unstable atoms at t = 0 and is expressed as: 

 𝑑𝑑(𝑑𝑑) = 𝑑𝑑0𝑒𝑒−𝜆𝜆𝜆𝜆 (2.6) 

or, in terms of activity as: 

 𝐴𝐴(𝑑𝑑) = 𝐴𝐴0𝑒𝑒−𝜆𝜆𝜆𝜆 (2.7) 

It is often convenient to express λ in terms of the decay half-life (t1/2), which is the amount 

of time required for N to decrease by half and is given by: 

 𝑑𝑑1/2 = ln (2)
𝜆𝜆�  (2.8) 

From Equations 2.7 and 2.8, activity in terms of half-life is: 

 𝐴𝐴(𝑑𝑑) = 𝐴𝐴0𝑒𝑒
−𝑙𝑙𝑙𝑙(2)𝑡𝑡
𝑡𝑡1/2  (2.9) 

The Radiation Therapy Committee Task Group No. 60 (TG60) of the American 

Association of Physicists in Medicine (AAPM) published a report regarding the physics of 
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intravascular brachytherapy (IVBT) [85]. While TG60 does not focus specifically on beta-

emitting sources used in intravascular brachytherapy, it does provide a list of five 

therapeutic beta-emitting radionuclides, namely: phosphorus-32 (32P), yttrium-90 (90Y), 

strontium-90 (90Sr), rhodium-106 (106Rh), and rhenium-188 (188Re) (Table 2.7). 

Even though each isotope decays by beta minus emission essentially 100% of the 

time, each of them other than 32P occasionally decays to an excited state of the daughter 

atom. The resulting excited atoms then relax, releasing an isomeric transition gamma (more 

probable) or an internal conversion electron (less probable).  

The radionuclide 90Y is the subject of this research and decays purely by beta-minus 

decay, with a Q of 2.2801 MeV, an average β– energy of 0.9267 MeV, a continuous slowing 

down approximation range (RCSDA) of 1.129 g·cm-2, and a half-life of 2.6684 days 

(64.0414 hours). It decays 99.98% of the time to the stable state of zirconium-90 (90Zr). 

The remaining 0.02% of the time it decays by beta-minus decay to the excited 

2+ (1.4 × 10-6 %) or 0+ (0.0115%) state of 90Zr and subsequently decays to the ground state 

by two-photon de-excitation, internal pair-production, or internal conversion. 

Figure 2.2 shows the 90Y beta minus decay scheme. 90Y decays to the ground state 

of 90Zr by three possible paths of decay. By convention, beta minus decay is indicated by 

the arrow pointing down and right. Beta plus decay has an arrow pointing down and left. 

Table 2.7. Properties of five neutron activated beta emitters. Some of the nuclides may 
be obtained by means other than by neutron activation. 

Isotope Half-Life Decay 
Mode 

Maximum 
Beta Energy 

Mean 
Beta 

Energy 

CSDA 
Range in 

Water 

Daughter 
Nucleus 

  (%) (keV) (keV) (cm)  
32P 14.27 d 100 1711 695.03 0.8215 32S 
90Y 64.04 h 100 2280 933.6 1.129 90Zr 

106Rh 30.07 s 100 3541 1410 1.795 106Pd 
142Pr 19.12 h 99.9836 2162 810 1.065 142Nd 
188Re 17.00 h 100 2120 763 1.0424 188Os 
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The vertical blue arrows between the excited states and the ground state represent the 

difference in energy of those states, and therefore the amount of energy (in keV) released 

as the excited nucleus relaxes. 

As discussed in section 2.3, bremsstrahlung photons result from the conservation 

of momentum of charged particles undergoing inelastic collisions with atomic nuclei. For 

an incident β-, the rate of bremsstrahlung production is roughly proportional to the Z2. 

Therefore, the primary shielding of β- particles should be composed of low-Z materials to 

minimize bremsstrahlung photon production. This material does not need to be exceedingly 

thick because of the short-range of β- particles, so long as its thickness is greater than the 

maximum range of β- particles in that material. A high-Z material can then be placed on 

the low-Z material's external surface to shield against any ancillary high-energy photons.  

Figure 2.2. Decay diagram for 90Y. (Figure from iaea.org) 
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2.5 90Y Production 

90Y is produced by fast neutron activation or slow neutron activation. It is also a 

nuclear fission product and can be obtained from a 90Sr/90Y generator. The 90Y used for the 

work presented in this document was produced from yttrium-89 (89Y) by slow neutron 

activation at the Missouri University Research Reactor (MURR) (Columbia, MO, USA).  

For neutron activation, depending on the material being bombarded, several 

neutron interactions may occur (e.g., neutron-gamma, neutron-proton, neutron-alpha, or 

neutron-neutron). The dominant interaction for the activation of β- emitters is the 

neutron-gamma (𝑛𝑛, 𝛾𝛾) reaction, which is expressed as: 

 𝑋𝑋𝑍𝑍𝐴𝐴 (𝑛𝑛, 𝛾𝛾) 𝑋𝑋𝑍𝑍𝐴𝐴+1   (2.10) 

or 

  𝑛𝑛 + 𝑋𝑋𝑍𝑍𝐴𝐴 → 𝑋𝑋∗𝑍𝑍
𝐴𝐴+1 → 𝑋𝑋𝑍𝑍𝐴𝐴+1 + 𝛾𝛾   (2.11) 

When the target atom (X) captures a neutron, its mass number (A) and neutron number 

increase by one, and it is briefly left in an excited state (X*). It quickly relaxes by prompt 

γ-ray emission.  

If a target of N0 atoms is bombarded with a constant neutron fluence (𝜙𝜙) of 

n cm-2 sec-1 and the probability of interaction is 𝜎𝜎, then, accounting for the decay of the 

daughter atoms (-λN), the production rate of daughter atoms (N) is 

 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑� = 𝜙𝜙𝜎𝜎𝑑𝑑0 − 𝜆𝜆𝑑𝑑  (2.12) 

The solution to the differential equation 2.12 is the simplified neutron activation equation: 

 𝑑𝑑(𝑑𝑑) = 𝜙𝜙𝜙𝜙𝑁𝑁0
𝜆𝜆

�1 − 𝑒𝑒−𝜆𝜆𝜆𝜆�  (2.13) 
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In terms of activity, the neutron activation equation is: 

 𝐴𝐴(𝑑𝑑) = 𝜙𝜙𝜎𝜎𝐴𝐴0�1 − 𝑒𝑒−𝜆𝜆𝜆𝜆�  (2.14) 

The maximum possible activity, termed the saturation activity, occurs when t approached 

infinity, and the exponential of Equation 2.13 approaches zero and is expressed as: 

 𝐴𝐴(𝑑𝑑) ≅  𝜙𝜙𝜎𝜎𝑑𝑑0 (for large t)  (2.15) 

2.6 Dose Measurement and Calculation 

2.6.1 Radiochromic Film Dosimetry 

Film-based dosimetry is a convenient and powerful tool often used in RT treatment 

verification and quality assurance (QA). The high resolution offered by film dosimeters is 

particularly useful when the measurement of high dose gradients is needed. 

GAFChromicTM EBT3 radiochromic film (International Specialty Products, Wayne, NJ) is 

highly energy independent and has an ideal dose range of 0.2-10 Gy but is suitable for a 

range of 0.1-20 Gy. Sandwiched between two matte-polyester layers, the active layer 

comprises the lithium salt of pentacosa-10,12-diynoic acid (LiPCDA) monomers (Figure 

2.3). The LiPCDA monomers can absorb energy and polymerize to form linear long-

chained polymer (polyPCDA). The backbone of polyPCDA absorbs light, increasing the 

film's opacity with increasing absorbed dose [86].  

Polyester Substrate – 125 μm 

Active Layer – 28 μm 

Polyester Substrate – 125 μm 

Figure 2.3. Radiochromic EBT3 film layer structure. 
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To read the film, International Specialty Produces recommends that the film be 

scanned with am EPSON Expression 11000XL or 10000XL (Seiko Epson Corporation, 

Suwa, Nagano Prefecture, Japan) 48-bit (16 bit per color channel) high-resolution photo 

scanner yielding digitized images in red-green-blue (RGB) format. Historically, only a 

single color channel was used for analysis. The red channel is most often used because it 

provides the greatest sensitivity in the clinical dose range (<10 Gy). Above 10 Gy, the 

green channel is more sensitive to differences in absorbed dose and is used to increase the 

dynamic range of EBT3 film.  

Challenges in radiochromic film dosimetry include accounting for uncertainties 

caused by dose-independent perturbations that appear in the digitized film image. These 

characteristics include sensitivity to scanner orientation, postirradiation coloration, film 

handling effects, and scanner lateral response artifacts. Fortunately, these characteristics 

have been previously investigated [87–89]. Micke et al. developed a triple-channel 

dosimetry technique that corrects for non-uniformities in the digitized film image [90]. 

This method allows for separation and removal of the film image's dose-independent 

components, resulting in an image that is only dependent on absorbed dose.  

The triple-channel dosimetry method has been shown to be superior to single-

channel dosimetry in that it compensates for film thickness nonuniformities, increases the 

signal to noise levels, mitigates lateral response artifacts, and extends the evaluable dose 

range. However, multi-channel dosimetry can be complex and difficult to implement. 

Further, steps can be taken to lessen uncertainties in single-channel dosimetry. Single-

channel dosimetry was used for this work and is discussed further in section 3.2.1. 

The dose-dependent change in the opacity of EBT3 film may be characterized by 

the net optical density (netOD) and is related to the intensity of light transmitted through 

an unexposed film (I0) and the intensity of light transmitted through the exposed film (I) 

by the Lambert-Beer law: 
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 𝑛𝑛𝑒𝑒𝑑𝑑𝑛𝑛𝐷𝐷 = −𝑙𝑙𝑙𝑙𝑙𝑙 � 𝐼𝐼
𝐼𝐼0
� (2.16) 

To relate 𝑛𝑛𝑒𝑒𝑑𝑑𝑛𝑛𝐷𝐷 to dose (𝐷𝐷), it is recommended that the calibration function has 

the form: 

 𝑛𝑛𝑒𝑒𝑑𝑑𝑛𝑛𝐷𝐷 = 𝑎𝑎 + 𝑏𝑏/(𝐷𝐷 − 𝑐𝑐) (2.17) 

where 𝑎𝑎, 𝑏𝑏, and 𝑐𝑐 are fitting parameters [91]. Unknown film dose as a function of 𝑛𝑛𝑒𝑒𝑑𝑑𝑛𝑛𝐷𝐷 

can be found by inverting Equation 2.17: 

 𝐷𝐷 = 𝑐𝑐 + 𝑏𝑏/(𝑛𝑛𝑒𝑒𝑑𝑑𝑛𝑛𝐷𝐷 − 𝑎𝑎) (2.18) 

2.6.2 Monte Carlo Radiation Transport Simulation 

Monte Carlo (MC) simulation of a variable embedded in a stochastic model – as in 

particle transport – is simply a numerical computation of the expected value of a quantity 

that represents a real event. The MC technique requires a priori information, such as the 

probability distributions that govern particles' interactions with matter, to simulate the 

random trajectories and energy loss of individual particles. Randomly sampling the 

probability distributions and recording the resulting quantities of interest for many 

iterations yields a distribution of values whose mean value represents the true physical 

quantity within some statistical uncertainty range. 

The most fundamental form of MC radiation transport simulation is called analog 

and is the one-to-one simulation of real physics processes [92]. The transport process can 

be broken down into five distinct steps. The first step is to determine the particle's initial 

position and energy by randomly sampling the specified particle decay spectrum and 

source geometry. The second step is to determine the length to the next point of interaction. 

The third step is to ray trace the particle to the next interaction location while accounting 

for the features of the phase space (e.g., the materials compositions, boundaries, mass 

densities, etc.). The fourth step is to determine the type of interaction that occurs at the new 
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location. The final step is to determine the consequences of the interaction based on a 

random sampling of the interaction type's differential cross-sections. The generation of 

secondary particles is possible, depending on the energies and interactions that are 

simulated. Steps 2-5 are repeated until the primary and secondary particles fall below 

specified energy thresholds or exit the phase space. The completion of this five-step 

process is known as a “history”.  

The Monte Carlo process is highly dependent on the generation of random numbers 

to randomly sample the probability distributions – commonly called the cross-sections – to 

determine the series of events that a simulated particle experience. Suppose that there is a 

random number 𝜉𝜉 such that 0 ≤ 𝜉𝜉 < 1 and a probability density function 𝑝𝑝(𝑥𝑥) that governs 

the mutually exclusive outcome of an event 𝐸𝐸𝑛𝑛. The sum of probabilities on the interval 

a≤ 𝑥𝑥 <b for an event 𝐸𝐸𝑛𝑛 is equal to one: 

 ∫ 𝑝𝑝(𝑥𝑥)𝑑𝑑𝑥𝑥𝑏𝑏
𝑟𝑟 = 1 (2.19) 

The variable 𝑥𝑥 can then be uniquely related to 𝜉𝜉 through the probability distribution 

function 𝑃𝑃(𝑥𝑥). 

 𝜉𝜉 = 𝑃𝑃(𝑥𝑥) = ∫ 𝑝𝑝(𝑥𝑥′)𝑑𝑑𝑥𝑥′𝑑𝑑
𝑟𝑟  (2.20) 

Determining the distance between interactions for step number two is relatively 

straight forward. Consider the following example. The linear attenuation coefficient (µ) 

describes the number of interactions a particle experiences per unit length in a medium. 

For a traveling particle, the probability of collision 𝑝𝑝(𝑟𝑟), (Figure 2.4.a), between r and r+dr 

is 

 𝑝𝑝(𝑟𝑟)𝑑𝑑𝑟𝑟 = 𝑒𝑒−𝜇𝜇𝑟𝑟𝜇𝜇𝑑𝑑𝑟𝑟 (2.21) 

From Equation 2.20, the cumulative probability distribution 𝑃𝑃(𝑟𝑟) (Figure 2.4.b) is 
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 𝑃𝑃(𝑟𝑟) = ∫ 𝑒𝑒−𝜇𝜇𝑟𝑟′𝜇𝜇𝑑𝑑𝑟𝑟′𝑟𝑟
0  (2.22) 

It follows that  

 𝜉𝜉 = 𝑃𝑃(𝑟𝑟) = 1 − 𝑒𝑒−𝜇𝜇𝑟𝑟 (2.23) 

By rearranging, we can solve for 𝑟𝑟 in terms of 𝜉𝜉. 

 𝑟𝑟 = − ln(1 − 𝜉𝜉) /𝜇𝜇 (2.24) 

The variable 𝑟𝑟 is the distance from the initial location of a simulated particle to the 

particle’s next point of interaction. Additional similar operations are performed to 

determine the direction the particle travels and what interaction occurs at the next 

interaction point.  

Even though many relevant probability distributions are continuous functions, such 

as that of Equation 2.21, many relevant probability distributions are discontinuous. The 

same procedure is performed to relate the target variable to a uniformly distributed random 

variable between zero and one. The discrete summation of continuous probability density 

functions is sometimes advantageous. 

MC techniques in which non-physical assumptions are made, meaning they are not 

strictly equivalent to reality, are called non-analog. The purpose of non-analog MC 

simulation is to reduce computer time and, thus, reduce the length of time needed to 

produce statistically significant results. Consider an isotropic particle source far enough 

from a detector that the particles incident on the detector may be treated as traveling parallel 

to one another. In a simulation, we may define the source to emit particles in only the 
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detector's direction and omit particles that would not have interacted with the detector. This 

action would significantly reduce the number of calculations because it avoids unnecessary 

transport calculation. The quantity of interest could then be related to the realistic activity 

of the source by scaling the calculated quantity by the ratio of the solid angle between the 

exposed area of the detector and the source over 4π steradians; which can be approximated 

by the ratio of the area of the detector exposed to the source and the area of a sphere with 

a radius equal to the distance between the source and the detector.  

2.6.3 Analytical Methods for Determination of β- Source Dose Rates 

Beta ray dosimetry calculation methods based on RCSDA provide a quick and 

accurate means of approximating dose from β-
 particles to various materials. The 

methodology presented in this section is based on the work of Cross et al. [22,93] and 

Deufel et al. [94], which are both extensions of work by Loevinger et al. [95].  

0

1

P(r)

r
(b)

𝜉𝜉

r(𝜉𝜉)0

p(r)

r
(a)

Figure 2.4. (a) Probability density function. (b) Continuous probability distribution. 
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Deufel et al. provide a useful and descriptive derivation of the absorbed dose rate 

(�̇�𝐷) to water as a function of the distance (r) in a heterogeneous medium by β- particles, for 

a point source yielding: 

 �̇�𝐷𝑖𝑖𝑛𝑛 𝑚𝑚𝑚𝑚𝑑𝑑𝑖𝑖𝑚𝑚𝑚𝑚
𝜆𝜆𝑐𝑐 𝑤𝑤𝑟𝑟𝜆𝜆𝑚𝑚𝑟𝑟 (𝑟𝑟) = 𝐴𝐴𝑐𝑐𝑑𝑑𝐴𝐴𝐴𝐴𝐴𝐴𝑑𝑑𝐴𝐴 ∗ 𝑓𝑓�𝑍𝑍𝑚𝑚𝑒𝑒𝑒𝑒, 𝑟𝑟� 𝐾𝐾𝑤𝑤𝑤𝑤𝑡𝑡𝑤𝑤𝑤𝑤(𝑟𝑟𝑤𝑤𝑤𝑤𝑟𝑟)

𝑟𝑟2
  (2.25) 

and for a finite source: 

 �̇�𝐷𝑖𝑖𝑛𝑛 𝑚𝑚𝑚𝑚𝑑𝑑𝑖𝑖𝑚𝑚𝑚𝑚
𝜆𝜆𝑐𝑐 𝑤𝑤𝑟𝑟𝜆𝜆𝑚𝑚𝑟𝑟 (𝑟𝑟) = 𝐴𝐴𝑐𝑐𝑑𝑑𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 ∗ 𝑓𝑓�𝑍𝑍𝑚𝑚𝑒𝑒𝑒𝑒 , 𝑟𝑟�∑ 𝐾𝐾𝑤𝑤𝑤𝑤𝑡𝑡𝑤𝑤𝑤𝑤�𝑟𝑟𝑤𝑤𝑤𝑤𝑟𝑟,𝑖𝑖�

𝑟𝑟2
𝑁𝑁
𝑠𝑠𝑐𝑐𝑚𝑚𝑟𝑟𝑐𝑐𝑚𝑚𝑠𝑠,𝑖𝑖   (2.26) 

The function 𝑓𝑓�𝑍𝑍𝑚𝑚𝑒𝑒𝑒𝑒, 𝑟𝑟� is a medium-specific scaling factor. The factor 𝐾𝐾𝑤𝑤𝑟𝑟𝜆𝜆𝑚𝑚𝑟𝑟 is an 

expression presented by Cross, which used MC simulated results to incorporate empirical 

parameters in the calculations. 

 𝐾𝐾𝑤𝑤𝑟𝑟𝜆𝜆𝑚𝑚𝑟𝑟 = 𝑘𝑘
𝜈𝜈2
�
𝑈𝑈 + 𝑉𝑉        
𝑉𝑉        
0        

𝑟𝑟𝑟𝑟𝑟𝑟𝑑𝑑 ≤ C 𝜈𝜈,⁄
C 𝜈𝜈⁄ < 𝑟𝑟𝑟𝑟𝑟𝑟𝑑𝑑 < 𝑅𝑅,

𝑟𝑟 ≥ 𝑅𝑅
        (2.27) 

where 

 𝑈𝑈 = 𝐶𝐶 − 𝜈𝜈𝑟𝑟𝑟𝑟𝑟𝑟𝑑𝑑𝑒𝑒
�1−

𝜈𝜈𝑤𝑤𝑤𝑤𝑤𝑤𝑟𝑟
𝐶𝐶 � (2.28) 

 𝑉𝑉 = 𝜈𝜈𝑟𝑟𝑟𝑟𝑟𝑟𝑑𝑑𝑒𝑒(1−𝜈𝜈𝑟𝑟𝑤𝑤𝑤𝑤𝑟𝑟) − 𝐴𝐴  (2.29) 

 𝐴𝐴 = 𝜈𝜈𝑅𝑅𝑒𝑒(1−𝜈𝜈𝜈𝜈)  (2.30) 

The source-specific DPK parameters R, ν, C, and k were obtained by Cross and are based 

on data from ICRU-56 [22]. The parameter R is a function of RCSDA, which closely 

approximates the average path length of charged particles emitted from sources that emit a 

range of particle energies. In this case, R is the point at which the function goes to zero and 

is approximately 0.74Rmax for each radionuclide. Conservation of energy requires that the 

total energy per disintegration absorbed in an infinite medium is equal to the average 
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energy released by a radioactive source. Parameter k acts as a normalization factor that 

holds the function to the energy conservation requirement.  

The effective atomic number (Zeff) of the medium in which the dose rate is being 

calculated determines the probability of electron scattering versus energy loss. For a 

2-dimensional source with an infinite area, the absorbed dose at depth d is proportional to 

the absorbed dose to water at depth η × d where η is a correction factor. This scaling factor 

is proportional to f(Zeff) × dE/dz. For various materials, f(Zeff) is found by comparing dose 

distributions in various media and comparing those to dose distributions in water and 

dividing them by mass stopping powers relative to water and then plotting versus Zeff. 

ICRU-56 provides a formula to calculate f(Zeff) and Cross et al. have provided values for 

various materials.  

The radiological distance, (rrad,) is the water equivalent depth in a non-water 

material and is given by:  

 𝑟𝑟𝑟𝑟𝑟𝑟𝑑𝑑 = ∑ 𝜂𝜂𝑗𝑗 �
𝜌𝜌𝑚𝑚
𝜌𝜌𝑤𝑤
�𝑚𝑚𝑟𝑟𝜆𝜆𝑚𝑚𝑟𝑟𝑖𝑖𝑟𝑟𝑐𝑐𝑠𝑠,𝑗𝑗 𝛥𝛥𝑟𝑟𝑗𝑗  (2.31) 

where 𝜂𝜂𝑗𝑗 is the radiological scaling factor for material j, and 𝛥𝛥𝑟𝑟𝑗𝑗 is the length of a straight 

line (r) that joins the source point and the field point that passes through material j. 

Following the work of Deufel et al., for a point source located at S = (xs, ys, zs) and a 

reference point located at P = (xp, yp, zp) and a point at (xi, yi, zi) that lays on line 𝑟𝑟 at the 

intersection of materials j and j+1: 

 𝛥𝛥𝑟𝑟𝑗𝑗 = �(𝑥𝑥𝑖𝑖 − 𝑥𝑥𝑠𝑠)2 + (𝐴𝐴𝑖𝑖 − 𝐴𝐴𝑠𝑠)2 + (𝑧𝑧𝑖𝑖 − 𝑧𝑧𝑠𝑠)2  (2.32) 

and 

 𝑥𝑥𝑖𝑖 = 𝑥𝑥𝑠𝑠 + �𝑥𝑥𝑝𝑝 − 𝑥𝑥𝑠𝑠�
�𝑧𝑧𝑗𝑗−𝑧𝑧𝑠𝑠�
�𝑧𝑧𝑝𝑝−𝑧𝑧𝑠𝑠�

  (2.33) 
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 𝐴𝐴𝑖𝑖 = 𝐴𝐴𝑠𝑠 + (𝐴𝐴𝑝𝑝 − 𝐴𝐴𝑠𝑠)
�𝑧𝑧𝑗𝑗−𝑧𝑧𝑠𝑠�
�𝑧𝑧𝑝𝑝−𝑧𝑧𝑠𝑠�

  (2.34) 

 𝑧𝑧𝑖𝑖 = 𝑧𝑧𝑗𝑗  (2.35) 
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METHODOLOGY 

3.1 The Conformal Superficial Brachytherapy Applicator  

The CSBT prototype (Figure 3.1) was designed in SolidWorks 2017 (Dassault 

Systèmes, Vélizy-Villacoublay, France) and was 3D printed with a desktop 3D printer 

(CR-10, Creality, Shenzhen, China) using PLA filament as previously described in the 

literature [17]. The device holds up to 19 sources in a hexagonal arrangement (Figure 3.2) 

with each source affixed to the distal end of a tungsten carbide rod housed within a 3D 

printed aperture.  

Because of its relatively high energy, short half-life, and accessibility, 90Y was 

selected to be the radiation source for the CSBT device. The 89Y neutron capture cross-

section is large enough to allow for activation into 90Y in a nuclear reactor, making 90Y 

very accessible. Its half-life is long enough to allow for shipping, planning, and treatment; 

and is short enough to not create a radioactive waste nuisance. Because it is a pure beta 

emitter, it is easily shielded when not in use, and its dose is deposited in a relatively short 

range, thus sparing deeper normal tissue. It has the additional advantage of having been 
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previously used as the therapeutic component of strontium-90 (90Sr) based therapies and is 

well understood.  

The sources were secured to the rods by custom made 3D printed source holder 

tips. The source holder tips (Figure 3.4) were 3D printed by stereolithography (Form 2 

SLA, Formlabs, Somerville, MA, USA). The procedure of securing a source to the CSBT 

Figure 3.2. The transverse cross-sectional view of the rod holder. The rods, and therefore 
the tips and sources, are arranged in a hexagonal arrangement and have a center-to-center 
distance (C2C) of 0.45 cm. 

(a) (b) 

Figure 3.1. Drawing of the Conformal Superficial Brachytherapy Device (CSBT). 
(a) CSBT in its initial position. The patient-specific 3D printed insert is placed in the 
proximal end of the carriage tray. (b) CSBT in its treatment position. The upper actuator is 
in its forward position, bringing the 3D printed insert into the rod channels and moving the 
rods to their treatment positions 
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device involved dropping a source in the proximal end of a 3D printed tip and then inserting 

the distal end of a rod into the proximal end of the tip. Within the tip's interior, there was a 

small taper to assist in orienting the source and a small lip to prevent the source from falling 

out of the distal end of the tip. The tips fit by interference on the distal ends of the rods.  

The CSBT device had two linear actuators – an upper actuator and a lower actuator. 

The upper actuator drove a carriage, the proximal end of which housed a target-specific 3D 

printed “rod pusher” insert (Figure 3.5). When in the “home” position, the actuator was 

fully retracted, allowing the rod pusher to be placed in the carriage. When the upper 

Figure 3.5. A picture of a 3D printed insert.  Figure 3.3. A picture of a 3D printed insert.  

Figure 3.4. Drawing of the 3D printed rod tip. Each tip is placed on a rod and is held in 
place via interference. The source is located within a tapered cavity at the distal end of the 
tip. 
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actuator was driven to the extended “treatment” position, the rod pusher was driven 

forward, and each leg of the rod pusher dove forward each corresponding rod. In the 

treatment position, each 90Y source's relative position – located at the distal end of each 

rod – corresponded to the individual length of each rod pusher leg. 

3.1.1 90Y Source Description 

To fabricate the novel 90Y sources, stable yttrium-89 (89Y) disks were obtained from 

American Elements (Los Angeles, CA, USA). The 89Y disks had a mean diameter of 

2.03 ± 0.01 mm and a thickness of 1.01 ± 0.01 mm (n = 24). The disks were measured with 

a 6-inch digital Vernier caliper. The 89Y disks were shipped to Mo-Sci Corporation (Rolla, 

MO, USA), who sealed ten disks per 1 quartz glass vial. Once sealed, the vials were shipped 

to the MURR for activation by slow neutron bombardment to 90Y before being shipped to 

the University of Minnesota. The requested activity at delivery was 1 mCi per disk or a 

total of 10 mCi for each sample.  

3.1.2 90Y Source Placement Procedure 

During film-based measurement, it was discovered that some of the 90Y sources 

were not laying flush with the inner bottom surface of the tips as necessary. The solution 

was to use medical-grade silicone to adhere each source to the bottom of a rod and then 

placing the rod and source in a tip using a 3D printed specially made source loading tool. 

The base of the tool had an opening large enough for a source to fit in it. The base was also 

thinner than the height of the disk-shaped sources. This feature allowed the sources to 

contact the work surface and the distal end of one of the rods simultaneously. When the 

rod – with silicon – was removed from the tool, the 90Y source was also lifted out. The 

modified procedure of loading the sources is depicted in Figure 3.6. 
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3.2 Dose Rate Determination 

3.2.1 Film Calibration 

Film calibration was performed with a clinical linear accelerator (Varian Clinac iX, 

Varian Medical Systems, Palo Alto, CA) in 6 MeV electron mode. Pieces of film (3.5 × 

3.5 cm2) were placed at the depth of maximum dose (dmax = 1.2 cm) in Solid Water® HE 

(SW) (Sun Nuclear Gammex, Middleton, WI) during irradiation. The film was exposed to 

0-1000 cGy in 100 cGy increments using a 10 × 10 cm2 field size. After development, the 

films were placed in the center of an Epson Expression 11000XL scanner's scanning area. 

The scanner was set to transmission scan mode, with 48-bit color and 72 dpi (0.0353 cm 

per pixel) resolution. An imaging processing software (ImageJ, U.S. National Institutes of 

Health, Bethesda, MD, USA) was used to measure each dose's average scanner response. 

Red channel scanner response was converted to 𝑛𝑛𝑒𝑒𝑑𝑑𝑛𝑛𝐷𝐷 and fit to a rational function 

(Equation 2.17) by a non-linear least square fit. 

As was discussed in section 2.6.1, certain uncertainties exist when performing 

single-channel film dosimetry. For this work, steps were taken to mitigate most of those 

uncertainties. Ten warm-up scans were always performed and a self-development period 

of 12 or 24 hours was applied. Care was taken to not touch the ROI of the films and nitrile 

gloves were always worn when handling. These actions prevented inadvertent marking of 

the ROIs with fingerprints or scratches. Care was also taken to place each piece of film in 

the same orientation within the flatbed scanner. Finally, a black, opaque piece of card stock 

with an open central window was placed over the film's edges. This black cardboard 

ensured that all pieces of film were placed flat in the scanner and were read in the same 

position, mitigating scanner lateral effects. Marroquin et al. reported that for their system, 

EBT3 film has a total red channel dose uncertainty of 3.2% [96]. With the steps taken to 

mitigate uncertainty, it was felt that 3.2% was a reasonable, if not conservative, value.  
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3.2.2 Experimental Measurements 

The depth of the film measurements was radiologically scaled to account for the 

differences in densities between EBT3 film and water – or SW, which allowed for a more 

accurate comparison between simulation and measurement. EBT3 film consists of an 

active layer sandwiched between two matt-polyester base layers. The active layer has a 

nominal thickness of 0.0028 cm, a density of 1.20 g/cm3, and a radiological scaling factor 

of 1.158 g/cm3. Each polyester layer has a nominal thickness of 0.0125 cm, a mass density 

of 1.35 g/cm3, and a radiological scaling factor of 1.238 g/cm3 [94,97]. The radiological 

thickness (rrad) of EBT3 film is: 

 rrad =(1.158)(0.0028 cm) + (2) (1.238)(0.0125 cm)=0.0341 cm (3.1) 

Figure 3.6. 90Y CSBT device source loading procedure.  
(i) Source placement tool, medical grade silicone, rod, and tip 
(ii) Source placement tool and source 
(iii) Source in contact with the work surface within the placement tool 
(iv) Distal end of rod with small dab of silicone 
(v) Rod with silicone in contact with source within placement tool 
(vi) Source adhered to distal end of rod 
(vii) Rod and source placed with treatment tip 
(viii) Tip removed after treatment. The source remained adhered to the rod.  

i ii iii iv 

viii vii vi v 
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For depth measurements, the point of measurement was assumed to be at half the 

thickness of the EBT3 film, so for measurement with 0.1 cm of SW, r = 0.1 cm + 

0.03410/2 cm = 0.1171 cm. This radiological range was only applied in the normal 

direction relative to the surface of the film.  

3.2.3 Monte Carlo Transport Simulations 

In the report of Task Group 268 (TG268) [98], the AAPM has provided 

recommendations to improve the reporting of MC studies in medical physics research and 

provides a template table to report relevant details of MC simulations. The “Update of 

AAPM Task Group No. 43 Report” (TG43U1) [99] provides recommendations for MC 

simulation of dose-rate distributions from photon-emitting brachytherapy sources. The 

current document aims to adhere to the recommendations of TG268 and TG43U1, 

accounting for the fact that the radionuclide being studied here, 90Y, is a beta emitter. 

Figure 3.7. The beta particle energy spectrum of 90Y. The data was extracted from ICRU56. 
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The Monte Carlo n-particle code – version 5 (MCNP5) [100] was used to simulate 

the energy deposited, in MeV, in each user-defined voxel, achieved by the implementation 

of the modified energy deposition tally (*F8). The EL03 electron physics library 

database [101] and the MCPLIB04 photo atomic library database [100] were selected to 

define the problems’ interaction cross-sections. With the release of MCNP5 (2002) came 

a new electron energy indexing algorithm, namely the energy and step-specific method 

[102]. This energy straggling logic was used for all simulations. Bremsstrahlung photons 

generated by the interaction of beta particles in the medium were also considered in the 

MC simulation of total dose deposited. 

In 90Y decay to the 90Zr ground state, there is a very low abundance of gamma (γ) 

emission (1.7 MeV, 0.0115%). This γ contribution to dose was considered negligible and 

was not incorporated into the simulation source spectrum definition. The 90Y beta spectrum 

was extracted from ICRU-56, Table D.1. [22] In simulations involving volume sources, 

each 90Y source was defined to have a mass density of ρ = 4.47 g/cm3, a diameter of 2.03 

mm, and a thickness of 1.01 mm. Figure 3.7 shows the 90Y beta particle energy spectrum 

used for all simulations.  

Energy deposition was calculated in a simulated water phantom with an atomic 

composition of 2:1 for H:O and a mass density of ρ = 0.998 g/cm3, the density of water at 
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standard temperature and atmospheric calibration conditions [103]. For simulations 

involving the source/tip/rod assembly, the tip material was defined as acrylic acid (C3H4O2) 

with a mass density of 1.15 g/cm3, and the rod material was defined as 50% tungsten and 

50% carbon with a mass density of 15.63 g/cm3. The remaining volume within the 

problem’s geometric space was defined as air with a mass density of ρ = 0.0013 g/cm3 and 

composition of 78.09% nitrogen, 20.95% oxygen, and 0.96% argon.  

Figure 3.8 depicts the geometry of a typical MCNP5 simulation. Each simulation's 

origin was located at the intersection of the water phantom's surface and the longitudinal 

central axis of the 90Y disk and the central axis was always aligned perpendicular to the 

phantom surface. The initial voxel, used for calculating energy deposited, was centered 

about the point x = 0 cm, y = 0 cm, and z = 0.0171 cm, where the positive z-direction 

corresponded to the direction of increasing depth in the phantom. The voxel dimensions 

were 0.01 by 0.01 by 0.01 cm3. The initial voxel was repeated throughout the phantom's 

volume to create a distribution of voxels for energy deposition simulation. For each voxel, 

the point of calculation was considered to be at the geometric center of each voxel.  

Figure 3.8. Typical geometry of an MCNP5 single tipped source dose rate simulation.  
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In the direction of the source axis, the sample weighting was linear. In the radial 

direction, sample weighting was radial (“SP -21 1” in the source probability definition). 

For curved sources, neglecting to appropriately define for radial sampling will result in an 

uneven activity distribution within the source. Although MCNP5 will appropriately define 

for radial sampling by default in many cases, it behooves the user to verify that the activity 

distribution is properly defined. The MCNP5 software output provides eleven clear metrics 

for the reliability of simulation. For a simulation to be considered reliable, each of the 

eleven metrics must have passed upon completion of the simulation. The pass/fail state of 

ten of the metrics is provided in the MCNP5 output file as “passed” or “failed”. The 

eleventh metric is the estimated relative error (R) and is provided for each mean tally value 

calculated. It is defined as the fractional standard deviation (Sx̄) in the mean (x̄), i.e., 

R = Sx̄/x̄. The MCNP5 manual recommends a 1σ (k = 1, 67%) ≤ 10% to be generally 

reliable except for point detectors, and TG43U1 recommends 1σ ≤ 2% at r ≤ 5 cm for 

photons.  

To validate the MC simulations, the depth dose rate from a single 90Y source was 

simulated and compared to comparable film-based measurements. For the simulation, a 

single bare source was placed directly on the water phantom and the energy deposited per 

voxel was simulated. To perform the measurements, a single 90Y source was placed above 

pieces of dosimetric film for a specified time. The source's dose rate was then defined after 

converting the film response to dose using appropriate film calibration. The time of each 

measurement was recorded to account for inter-measurement decay. 

3.2.4 Gamma Analysis 

Gamma analysis quantitatively compares two dose distributions in one, two, or 

three dimensions [104]. Its primary function is to compare a measured distribution to a 

calculated (or simulated) distribution for quality assurance. The standard gamma function 
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is a function of two defined passing criteria, namely the dose-difference (DD) criterion 

(∆DM) and the distance-to-agreement (DTA) criterion (∆dM). Considering the gamma 

analysis of two single point dose distributions, the spatial point of measurement is defined 

by the vector 𝐫𝐫𝑚𝑚 and the spatial point of calculation is defined by the vector 𝐫𝐫𝑐𝑐. The scalar 

distance (r) between the point of measurement and the point of calculation is simply: 

 𝑟𝑟(𝐫𝐫𝑚𝑚, 𝐫𝐫𝑐𝑐) = |𝐫𝐫𝑐𝑐 − 𝐫𝐫𝑚𝑚| (3.2) 

Similarly, the dose difference (δ) between the magnitudes of the doses (Dc and Dm) 

at the measurement and calculation points is: 

 𝛿𝛿(𝐫𝐫𝑚𝑚, 𝐫𝐫𝑐𝑐) = |𝐷𝐷𝑐𝑐(𝐫𝐫𝑐𝑐) − 𝐷𝐷𝑚𝑚(𝐫𝐫𝑚𝑚)| (3.3) 

Normalizing the variables 𝛿𝛿 and 𝑟𝑟 by the gamma criteria ∆DM and ∆dM, respectively, scales 

the spatial and dose magnitude differences and makes them unitless. The gamma function 

(Γ) is equal to the dimensionless euclidian distance between the two normalized points. 

 Γ(𝐫𝐫𝑚𝑚, 𝐫𝐫𝑐𝑐) = �𝑟𝑟2(𝐫𝐫𝑚𝑚,𝐫𝐫𝑐𝑐)
Δ𝑑𝑑𝑀𝑀

2 + 𝛿𝛿2(𝐫𝐫𝑚𝑚,𝐫𝐫𝑐𝑐)
Δ𝐷𝐷𝑀𝑀

2  (3.4) 

In three dimensions, Equation 3.4 is a spherical surface when equal to a constant. By setting 

Γ equal to 1, 𝛿𝛿 will equal Δ𝐷𝐷 when 𝑟𝑟 equals 0 and 𝑟𝑟 will equal Δ𝑑𝑑 when 𝑟𝑟 equals 0. 

Determining the minimum Γ(𝐫𝐫𝑚𝑚, 𝐫𝐫𝑐𝑐) for each 𝐫𝐫𝑐𝑐 yields the quality index 𝛾𝛾(𝐫𝐫𝑚𝑚). 

 𝛾𝛾(𝐫𝐫𝑚𝑚) = 𝑚𝑚𝐴𝐴𝑛𝑛{Γ(𝐫𝐫𝑚𝑚, 𝐫𝐫𝑐𝑐)}∀{𝐫𝐫𝑐𝑐} (3.5) 

The passing criterion therefore becomes 

 𝛾𝛾(𝐫𝐫𝑚𝑚) ≤ 1, calculation passes. (3.6) 

Following the mathematical formalism presented by Low et al. [104], a two-

dimensional gamma analysis script was written in-house (MATLAB ver. R2019a) to 
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compare MC simulated and measured planar dose distributions. The gamma analysis script 

was commissioned by comparing the in-house script results to clinical intensity-modulated 

radiation therapy (IMRT) QA results of a commonly used and commissioned gamma 

analysis radiation detector array and accompanying software (MapCheck 2, Sun Nuclear 

Corporation, Melbourne, FL, USA). The gamma analysis criteria were ∆DM = 3% for DD 

and ∆dM = 3 mm for DTA. The dose threshold was 10% of the maximum measured dose.  

Eight comparisons were made. MapCheck gamma analysis result files for 

veterinary IMRT cases were chosen at random of all eight comparisons. Figure 3.9 displays 

the planar dose distributions and corresponding failed gamma analysis points for the 

Matlab script and MapCheck software. The only points that contributed to the number of 

“total points” were greater than the 10% threshold. For each comparison, the Matlab script 

performed the analysis on more data points than the MapCheck software. The difference 

in the number of “total points” ranged from one to 35. For six of the eight comparisons, 

the difference of “total points” was less than 10.  

The passing percentage of the MapCheck-based gamma analyses was 100% for six 

of the eight comparisons. For the same Matlab-based analysis, gamma analyses were 

between 96.2% and 99.4%. Table 3.1 shows the gamma analysis of each of the eight 

comparisons. 

Given the small size and high dose gradients of the 90Y source, the DD criterion 

was kept at ∆DM = 3% and the DTA criterion was tightened to ∆dM = 0.71 mm. The ∆dM 

value was chosen because, with the scanned film resolution of 0.0353 cm/pixel, it 

encompassed data points within two pixels of the measurement point. The gamma analysis 

dose threshold was set to the commonly used value of 10% of the maximum dose.  
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Table 3.1. Gamma analysis results showing the differences between the Matlab (ML) 
script and the MapCheck (MC) software.  

 Trial 1 Trial 2 Trial 3 Trial 4 
 ML |  MC ML |  MC ML |  MC ML |  MC 
Total Points 53 |  54 151 |  155 112 |  128 157 |  161 
Passed Points 51 |  54 149 |  155 110 |  128 153 |  161 
Failed Points 2 |  0 2 |  0 2 |  0 4 |  0 
Percent Passed 96.2 |  100 98.7 |  100 98.2 |  100 97.5 |  100 
         

 Trial 5 Trial 6 Trial 7 Trial 8 
 ML |  MC ML |  MC ML |  MC ML |  MC 
Total Points 160 |  168 144 |  150 150 |  159 117 |  152 
Passed Points 159 |  168 141 |  150 133 |  142 113 |  147 
Failed Points 1 |  0 3 |  0 17 |  17 4 |  5 
Percent Passed 99.4 |  100 97.9 |  100 88.7 |  89.3 96.6 |  96.7 
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Figure 3.9. Eight comparisons of the Matlab script and MapCheck planar dose distributions 
displaying the failed gamma analysis points for each.  
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90Y SOURCE CHARACTERIZATION 

Aim 1 was to fully characterize the 90Y source to be used in the CSBT device. 

Characterization of the bare and tipped sources revealed the full in water dose distributions 

of individual sources. This was done by performing film-based measurements and 

comparing those measurements to equivalent MC simulations.  

Because of the rapid dose falloff, dosimetric characterizations of beta-emitting 

brachytherapy sources are full of unique challenges. Monte Carlo simulation aided in the 

source characterization, but before simulated data could be considered useful, it was 

required that the accuracy of the simulation was thoroughly assessed. A benchmarking 

dose point kernel simulation was performed. The resulting simulated radial dose 

distribution was compared to data from ICRU-56 [22], ensuring the accuracy of the 

fundamental MC simulation input parameters such as the 90Y source beta particle spectrum 

and the particle interaction probability distribution libraries.  

Ensuring controlled and accurate dose delivery from the CSBT device required a 

thorough and complete characterization of dose deposited within the target media. It was 

necessary to understand the influence of source, source placement, timing, and 
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measurement uncertainties. Bare source characterization was achieved through 

GAFChromic film measurement and MC simulation. 

When installed in the CSBT device, each 90Y source was held to a rod end by a 3D 

printed tip (Figure 3.4). Due to the design of the tip, the minimum source-to-surface 

distance was 0.45 mm. The tip also interacted with the particle fluence and altered the dose 

distribution. Through experimental measurement and simulation, the rod-source-tip 

assembly was fully characterized. 

In this chapter, the initial characterization of the tipped 90Y source is presented. The 

initial step was to ensure that the MC simulation was functioning properly by performing 

a benchmarking simulation. Following that, simulations of the depth dose and cross 

profiles were compared to the dose distributions of film-based measurements. These 

comparisons validated the MC simulated dose distributions. Finally, a dose rate uncertainty 

analysis and isodose depth distribution for a single tipped source are presented. Following 

TG268, Table A.1 of Appendix A lists the parameters for the tipped single and 

seven-source MC simulations presented in this chapter.  

4.1 Benchmark Simulation 

To benchmark the MC simulations, the 90Y point source radial dose function in a 

very large water medium was simulated and compared to equivalent data presented in 

ICRU-56 – Appendix C. For the MC simulation, one 90Y point source was placed in the 

center of a very large (r = 2 cm) spherical water medium with n = 200 scoring shells with 

radii ri = ni × 0.01 + 0.005 cm (Figure 4.1.a). This benchmarking simulation's error 

requirement was 1σ ≤ 1% at r ≤ 0.9 × RCSDA = 1.0161 g·cm-2. 

The MC simulation required 5 × 107 histories to pass the ten tests performed by 

MCNP and to reach the statistical error requirement (Figure 4.1.b). The error remained 

below 0.1% for radius r ≤ 0.71 cm. Beyond 0.71 cm, the error increased exponentially, 



52 

 

resulting in a statistical error of 0.91% at r = 0.9 × RCSDA (1.0161 cm) and 1% at 

r = 1.03 cm.  

The comparison of the radial dose functions is shown in Figure 4.2. From 0.016 cm 

to 0.480 cm from the point source, the MC simulated dose rate was, on average, 1.02% less 

than the ICRU-56 dose rate. Within the first 0.5 cm, the standard deviation of the 

percentage difference between the MC dose rate and the ICRU-56 dose rate was 2.31%. 

ICRU-56 states that, for their data, statistical uncertainty was about 2% and systematic 

uncertainty was 3-5% for a combined uncertainty of about 4.47%. 

The MC simulated radial dose function completed the benchmark and provided a 

baseline for regions of interest for other MC simulations. Shown in Figure 4.2, for the MC 

benchmarking simulation, 87% of the beta particle average energy was deposited within 

0.5 cm of the point source. Based on this result, for simulations involving volume sources, 

the region of interest (ROI) was defined as the phantom volume within a 5 mm depth and 

3 mm from the source's edge in the radial direction. Simulation relative error within the 

(b) 
Figure 4.1. (a) MC simulation scoring geometry for the benchmarking dose point kernel 
simulations. (b) Relative error of the benchmarking simulation. 
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ROI was limited to 1σ ≤ 10%; however, it was expected that the maximum relative error 

would occur at a point far from the source.  

4.2 Simulation Validation 

Validation of the MC simulations was provided by comparing the MC simulated 

depth dose rate of a volumetric source with film-based dose rate measurements at 

increasing depth (Figure 4.3). The depths (d) of the film-based measurements have been 

radiologically scaled, as discussed in section 3.2.2. Measurements were performed at 

d = 0.0171, 0.1171, 0.2171, 0.3171, 0.4171, and 0.5171 cm for a bare source and d = 0.0171 

and 0.1171 cm for a tipped source. Measurements at d = 0.0171 cm, which corresponded 

to half the thickness of the EBT3 film, were made by placing the source or source tip in 

direct contact with the film. A 5 cm thick slab of SW was used as backscatter material.  

By comparing MC simulated and film measured maximum dose rates at d = 0.1171 

cm for a bare source, it was determined that the activity was 24 MBq (0.65 mCi) per source 

Figure 4.2. MCNP5 benchmarking simulation dose rate and total energy deposited as a 
function of distance (r). 
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at the time of first measurement. All other activity measurements were based on that 

calibration measurement, accounting for source decay between measurements. At 

d = 0.1171 cm, the bare source dose rate was 6.59 × 10-8 cGy·s-1·Bq-1. The measured dose 

rate at d = 0.0171 cm was 3.46 × 10-7 cGy·s-1·Bq-1 for a bare source and was 

1.37 × 10-7 cGy s-1 Bq-1 for a tipped source. In the case of a bare source, the maximum 

measured surface dose rate was 21% greater than the maximum MC simulated dose rate. 

At each measured depth, the MC simulated depth dose rates were within 12.9%, on 

average, of the measured dose rates.  

Bare and tipped source dose rate profiles are shown in Figure 4.4. Analyzing the 

profiles in a method similar to gamma analysis distance-to-agreement (DTA), the nearest 

MC simulated dose to each measured dose was within roughly 0.02 cm – equivalent to two 

tally voxels of the MC simulations. Including the source holder tip increased the distance 

between the source and the point of measurement by 0.16 cm. In conjunction with the 

Figure 4.3. MC simulated and measured depth dose rates for a bare and a tipped 90Y source 
placed on the surface of a water-equivalent phantom. The thickness of the EBT3 film was 
radiologically scaled to make the depth of measurement water equivalent. The error bars 
represent the total combined uncertainty (k = 1) of each measurement.  
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scattering and attenuating effects of the particle fluence due to intersecting tip material, 

that action decreased the central axis dose rate at d = 0.0171 cm by 58%. Also, at d = 0.0171 

cm, the full-width-half-max (FWHM) of the tipped source profile was 28% larger than the 

FWHM of the bare source. 
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The two-dimensional depth dose distribution of a single tipped source is shown in 

Figure 4.5. The distribution is normalized to the maximum central axis dose at d = 0.0171 

cm and shows the dose falloff and divergence from the tipped 90Y source. This distribution 

Figure 4.5. Film-based measured and MC simulated dose rate profiles in water at 
d = 0.0171 cm and 0.1171 cm or 0.1513 cm. (a) Profiles for a bare source placed on the 
surface of a water-equivalent phantom. (b) Profiles for a tipped source with the distal end 
of the tip placed. 

(a) (b) 

Figure 4.4. Dose distribution in water for 90Y superficial brachytherapy source within the 
source holder tip of the CSBT applicator.  
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is reintroduced in the following chapter as part of the source superposition based multi-

source CSBT characterization.  

Figure 4.6 shows the MC simulated planar dose distribution at d = 0.0171 cm for 

seven tipped sources. The tipped sources were located directly on a water phantom's 

surface and replicated one possible source arrangement of the CSBT device. Figure 4.6.a 

shows the MC simulated surface distribution superimposed with the measured surface dose 

distribution. Figure 4.6.b shows the MC simulated surface dose distribution with the red 

crosses representing the failed gamma analysis points for a film-based measurement with 

setup conditions equivalent to the MC simulation. A total of 1,199 measurement points 

were compared, with 71 of those points failing to meet the defined passing criteria. The 

passing rate was 94.08% with a dose threshold of 10%, a dose-distance (DD) criteria of 

3%, and a DTA criteria of 0.7056 mm (twice the film measurement resolution of 

0.353 mm). 

Figure 4.6. Planar dose rate distributions at d = 0.0171 cm for six tipped sources located 
directly on the water equivalent phantom surface. (a) Relative measured and MC simulated 
planar distributions. (b) MC simulated planar dose rate distribution. The red crosses 
indicate the calculation points of the measured dose rate distribution where gamma analysis 
criteria were not met. The passing rate for this analysis was 91.58%. 

(a) (b) 
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The maximum dose rate was 1.95 × 10-7 cGy·s-1·Bq-1 and 1.78 × 10-7 cGy·s-1·Bq-1 

for the simulated and measured distributions, respectively. The six maximum dose rates 

nearest the six non-central sources were, on average, 90% of the maximum dose rate. The 

central axis dose rate for a single tipped source, shown in Figure 4.3 and Figure 4.4.b, was 

1.55 × 10-7 cGy·s-1·Bq-1 for the MC simulation and 1.49 × 10-7 cGy·s-1 Bq-1 for 

measurement. Including six additional tipped sources increased the maximum dose rate by 

26% for both simulation and measurement (Figure 4.6). As shown in Figure 4.7, the surface 

homogeneity was low. At d = 0.1171 cm, the homogeneity improved significantly, and at 

d = 0.3171 cm the distribution was continuous. The spreading of dose with increasing depth 

is a function of scattering within the medium and divergence of the radiation.  

At the depth of measurement, the maximum dose rate for the MC simulated and the 

measured dose distribution occurred nearest the center of the center-most source. The 

maximum dose rate was 1.95 × 10-7 cGy/s/Bq and 1.78 × 10-7 cGy/s/Bq for the simulated 

and measured distributions, respectively. The six maximum dose rates nearest the six non-

Figure 4.7. MC simulated relative dose profiles for a single tipped source and a matrix of 
seven sources. The seven-source profile at y = 0 in Figure 4.6. (a) Depths in water of 
0.0171 cm and 0.1171 cm. (b) Depths in water of 0.2171cm and 0.3171 cm. 

(a) (b) 



59 

 

central sources were, on average, 90% of the maximum dose rate. Shown in Figure 4.3 and 

Figure 4.4.b, the central axis dose rate for a single tipped source was 

1.55 × 10-7 cGy·s-1 Bq-1 for the MC simulation and 1.41 × 10-7 cGy·s-1 Bq-1 for 

measurement. As illustrated in Figure 4.6, including six additional tipped sources increased 

the maximum dose rate by 26% for both simulation and measurement.  

4.3 Dose Rate Uncertainties 

Uncertainties in the dose rate to water from multiple tipped 90Y sources are 

summarized in Table 4.1. Dose rates from ten bare sources were measured to determine 

relative source activity variability within a single batch. The standard deviation of these 10 

measurements was 2.7%. At d = 0.0171 cm, the CSBT source position uncertainty was 

estimated to be ±0.25 mm, which corresponded to an estimated dose rate uncertainty of 

±3.0% (Figure 4.6). For each film-based measurement, the timing uncertainty was 0.5 

seconds for bare source measurements and 1 second for tipped source measurements. For 

a tipped source, the dose rate uncertainty due to timing error was 1.9% at d = 0.0171 cm. 

Without considering scanned film orientation and scanner bed homogeneity, EBT3 film 

has a red channel uncertainty of 3.2% [96]. The measured dimensions of the 89Y disks were 

Table 4.1. Estimated uncertainty in dose rate to water from a tipped 90Y source. 
 Source of Uncertainty Uncertainty (%) 
 Source Position 3.0 
 Source Activity 2.7 
 Measurement Timing Error 1.9 
 EBT3 Film 3.2 
 Source Geometry 2.3 
 MC Calculation 1.0 
 Total Uncertainty (k = 1) 6.0 
 Expanded Uncertainty (k = 2) 12 
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0.203 ± 0.001 cm in diameter and 0.101 ± 0.001 cm thick. Four tipped source MC 

simulations were performed to account for source geometry uncertainty. The uncertainty 

in diameter (𝛿𝛿r) and thickness (𝛿𝛿t) were added and subtracted from the nominal source 

dimensions for the four simulations in the following manner: (+𝛿𝛿r, +𝛿𝛿t), (+𝛿𝛿r, -𝛿𝛿t), 

(-𝛿𝛿r, +𝛿𝛿t), (-𝛿𝛿r, -𝛿𝛿t). The resulting average dose rate uncertainty due to geometric source 

uncertainty was 2.3%. Finally, for a tipped source placed directly on a water-equivalent 

phantom surface, at d = 0.0171 cm, the estimated maximum dose rate uncertainty (k = 1) 

was 6.0%. 
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Figure 4.8. Type A simulation error for tipped single and seven-source MC simulations at 
depths: 0.0171 cm, 0.1171 cm, 0.2171 cm, and 0.3171 cm. 
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Figure 4.8 shows the y = 0 cm Type A uncertainty profiles for the single and 

seven-source simulations at d = 0.0171 cm, 0.1171 cm, 0.2171 cm, and 0.3171 cm. For the 

single source simulations at y = 0 cm, the ROI was {x | -0.4015 cm ≤ x ≤ 0.4015 cm} and 

d ≤ 0.601 cm. For the seven-source simulations, the ROIs associated with individual 

sources overlapped to form a single larger ROI. At y = 0, the ROI was 

{x | -0.8515 cm ≤ x ≤ 0.8515 cm} and d ≤ 0.601 cm. Within the ROI of each simulation, 

the relative error met the 1σ ≤ 10% requirement.  

4.4 Discussion 

This chapter presents the first study to describe dosimetric characteristics of 90Y in 

a customized CSBT device. Importantly, MC simulations were within 10% or 0.02 cm of 

the measured dose rates for each depth below the surface and can be used to simulate 

various source arrangements. In the case of the surface dose rate from a bare source, the 

measured dose rate was greater than the simulated dose rate, which was not unexpected. 

Other studies have shown that without special calibration, radiochromic film may 

overestimate surface dose rates [105,106].  

Results also demonstrate the need for high precision when treating with beta 

particle-based superficial brachytherapy. Due to the rapid dose falloff of 90Y, the most 

superficial few millimeters of tissue will receive nearly 100% of the administered dose. In 

conjunction with the sources' dose falloff characteristics, the proximity of the sources to 

the treatment surface will result in a relatively steep dose gradient, resulting in a highly 

conformal dose distribution.  

According to GEC-ESTRO ACROP recommendations in skin brachytherapy 

[107], the depth of prescription of superficial lesions is usually 3-4 mm when treated with 

HDR or electronic-based shielded superficial BT applicators[67,108–111]. For the tipped 
90Y source, the dose rate at 5 mm depth was approximately 1% of the dose rate at the 
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surface. For comparison, for the H3 Valencia applicator – a shielded HRD-based applicator 

– the dose rate at 5 mm depth is approximately 60% of the dose rate at the surface [112]. 

It is likely that 90Y is only suitable for relatively shallow tumors (<3 mm). As mentioned 

above, 90Y has been used to successfully treat tumors in mice and humans [77,80,113,114]. 

As a result of the small source size and the short range of the beta particles, small 

changes in the source activities or geometries substantially altered the sources' dose rate 

characteristics. The standard deviation of source activity within one batch of ten activated 

sources resulted was 1.18%. Therefore, as expected with brachytherapy sources, there may 

be a 2-3% difference in activity across all sources from the same batch. Variations in source 

geometry may lead to a 4-5% difference in the dose rates among individual sources, thus 

supporting source calibration prior to treatment for the batch of sources.  

After performing the film-based measurement d = 0.0171 cm for seven tipped 

sources (Figure 4.6), it was subsequently noted that one of the seven sources was not 

properly aligned within the source holder tip. Consequently, a source placement tool was 

designed and constructed to ensure that the sources were properly seated. These data serve 

to demonstrate the importance of proper pretreatment quality assurance testing. Despite the 

misaligned source, the measurement still had a pass rate well above 90%. For traditional 
192Ir-based HDR-BT, estimated total dosimetric uncertainty (k = 1) has ranged from 5% to 

13%, depending on the type of treatment [115]. Therefore, the estimated total uncertainty 

for multiple 90Y sources of 6.0% was well within an acceptable range. Accounting for 

potential errors in source spacing will mitigate differences in dose rates, decreasing dose 

rate uncertainty, and further improving the gamma analysis pass rate.  
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CONFORMAL SUPERFICIAL 
BRACHYTHERAPY APPLICATOR 
CHARACTERIZATION 

In the previous chapter, the basic dosimetry of the 90Y CSBT source was presented. 

Measured dose rates were compared with simulated dose rates to validate MC simulation 

of the CSBT 90Y source, and error analysis was performed based on the measurement and 

simulation of the dose rate of seven CSBT sources. 

This chapter delves deeper into the dosimetric characteristics of the 90Y source and 

the tip-rod assembly, by examining the effect that the tip has on the dose distribution when 

the tip is placed on the phantom surface. The dose distribution as a function of the 

tip-to-surface distance is also presented. One of the goals of this work was to generate a 

treatment planning protocol for the CSBT device. To achieve this goal, it was necessary to 

determine how the beta particle fluence interacted with other nearby source-tip-rod 

assemblies and how that interaction affected the dose distributions. It was postulated that 

if the source-to-source distance is relatively large, then the dose distribution of a multiple 

source configuration is equal to a superimposed array of equivalent dose distributions. 
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5.1 Effect of increasing the Tip-to-Surface Distance 

MC simulations were performed with the standard tip-rod-source assembly to 

determine the dose distribution change as a function of tip-to-surface distance (TSD). 

Simulations were performed for TSDs of 0.0 cm to 0.5 cm in 0.1 cm increments. Figure 

5.1 shows the normalized depth-profile dose rates for the tipped source at different TSDs. 

The average dose penetration and dose width both increased as a function of increasing 

TSD. Table 5.1 lists the full surface dose profile widths at a range of percentages of the 

maximum dose. At the phantom surface, the full-width-half-maximum (FWHM) increased 

an average of 0.17 cm per millimeter increase in the TSD (minimum = 0.14 cm; 

maximum = 0.18 cm).  

Figure 5.2.a shows the simulated central axis depth dose rates (left axis) and the 

dose rates as percentages of the maximum dose rate (right axis) for a tipped source at each 

TSD. At a depth (d) of 0.0171 cm, the maximum dose rate was 1.53 × 10-7 cGy·s-1 Bq-1. 

These results showed that the maximum dose rate for each TSD decreased by roughly 1/r2. 

Figure 5.2.b shows the depth dose rates for each TSD, normalized to their respective 

maximum dose rates. With a TSD of 0.0 cm, the relative dose rate decreased by 71.2% at 

d = 0.1171 cm, and by 95.9% by d = 0.3171 cm. For a TSD of 0.2 cm, the relative dose 

rate decreased by 49.9% at d = 0.0171cm, and by 88.6% by d = 0.3171 cm. 

Table 5.1. Widths of surface dose profiles at different percentages of maximum dose for 
TSDs: 0.0, 0.01, 0.02, 0.03, 0.04, & 0.05 cm.  

TSD Full Width (cm) at Percentage of Maximum at Phantom Surface 
(cm) 80% 70% 60% 50% 40% 
0.0 0.13 0.16 0.18 0.21 0.25 
0.1 0.19 0.24 0.29 0.35 0.42 
0.2 0.26 0.34 0.42 0.50 0.62 
0.3 0.34 0.46 0.56 0.69 0.83 
0.4 0.43 0.57 0.70 0.86 1.03 
0.5 0.51 0.71 0.88 1.04 1.27 
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5.2 Effect of the Tip on Dose Distribution 

The 90Y sources had a nominal thickness of 1.01 mm and a nominal diameter of 

2.03 mm. The cylindrical sources' proximal bases were in contact with the distal ends of 

the tungsten carbide rods and the curved walls of the sources were in close proximity with 

the 3D printed tips, as were the outer edges of the distal base of each source. The center 

area of the distal base of each source was exposed directly to the target surface. Within an 

area close to the target, the emitted electron fluence had the potential of interacting with 

the tip material, the tungsten carbide rod, or, to a lesser extent, the air between the source 

and the target.  

By MC simulation, the dose rate with a source holder tip was compared to the dose 

rate for a similar simulation where the tip was replaced by air. For each simulation, the 

source and rod were in the same position. As the tip material had a higher electron density 

Figure 5.1. Relative profile dose distributions for TSDs: 0.0, 0.1, 0.2, 0.3, 0.4, & 0.5 cm. 
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than air, it was hypothesized that the tip caused an increase in electron fluence scatter, 

which decreased the dose rate in the radial direction.  

Figure 5.3.a shows the relative depth profile dose rate for the tipped and untipped 

sources. It is shown that the width of the dose profile was wider for the simulation with the 

tip removed for all depths. The central axis depth dose remained unaffected. Figure 5.3.b 

shows the surface dose rate profiles at d = 0.0171 cm and d = 0.1171 cm in the logarithmic 

scale and confirms that the central diameter of 2 mm was unaffected by the tip. The surface 

dose rate at that width was 55.5% of the maximum dose for each simulation. That region 

corresponded to the ROI surface area that was exposed directly by the source fluence, 

unencumbered by the tip material. From the surface dose rate width of 0.2 cm to 0.32 cm, 

the width of the untipped surface dose rate gradually increased at a rate greater than the 

tipped source surface dose rate.  

Figure 5.2. Central axis depth dose rates for tipped CSBT sources with increasing TSDs. 
(a) Absolute dose rates in cGy s-1 Bq-1. (b) Percentage depth dose rates normalized to the 
maximum dose rates for each TSD.  

(a) (b) 
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5.3 Source Position and Activity Optimization 

The dose distribution of the CSBT applicator may be minutely manipulated by 

adjusting the TSD or the particle flux exposed to the ROI from individual sources. One 

method of controlling the particle flux is by using sources of relatively different activities.  

MC simulations were performed for a hypothetical abnormally-shaped flat target 

exposed by the CSBT applicator. The hypothetical target had a “C” shape at the surface. 

Figure 5.4 illustrates the CSBT source layout for the simulations. Source positions 4, 5, 8, 

9, 13, and 14 were void, meaning those rod-tip-source assemblies were not included in the 

simulations.  

In the initial simulation, each source had a TSD of 0.1 cm and equal activities 

(Figure 5.4.a). For another simulation, the activities were held constant and the TSDs were 

adjusted (Figure 5.4.b). For another simulation, the TSDs were held constant at 0.1 cm and 

the relative activities were adjusted (Figure 5.4.c). Finally, another simulation was 

performed, adjusting each source's TSD and activity (Figure 5.4.d). The objective of 

Figure 5.3. (a) MC simulated profile depth dose distributions showing the effect of the 
3D printed source tip when TSD = 0 cm. The dotted line shows the dose distribution of 
the standard tip-on-surface setup. The dotted line represents the distribution for the exact 
same setup except that the tip is removed. (b) Percent profile dose at d = 0.0171 cm 
(surface) and d = 0.1171 cm for the tipped and “not tipped” CSBT source.  

(a) (b) 
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adjusting the TSDs and activities was to yield smoother and more homogeneous dose 

distributions. Each activity and TSD optimization was performed by trial and error.  

Figure 5.5 shows the surface dose rate distribution at d = 0.1 cm for each of the four 

optimization simulations. With each source located at TSD = 0.1 cm and with equal 

activities (Figure 5.5.a), the surface dose distribution was very inhomogeneous. Sources 

numbered 1 and 17 were significantly less effective at depositing dose than the cumulated 

effect of source number 11 and the sources surrounding it. Sources numbered 2, 3, 18, and 

19 were also less effective at depositing dose than the sources nearest source number 11. 

Figure 5.4. Positions and relative activities of the tip-source-rod assemblies for the four 
MC simulated dose distributions (shown in Figure 5.5). The grey circles represent the 
sources that were included in the simulations and the white circles represent possible 
positions of sources that were not included in the simulations. (a) Source numbers. (b) 
Source TSDs in mm. (c) Relative source activities in percent. (d) Source TSDs in mm (top) 
and relative source activities in percent (bottom). 

(a) 
(source number) 

(b) 
(source TSD) 

(c) 
(percentage source strength) 

(d) 
(source TSD/percent strength) 
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By reducing the TSDs of sources near the relatively cold regions of the ROI and increasing 

the TSDs of the sources near the relatively hot regions of the ROI (Figure 5.4.a), the 

deviation of the maximum value at each source (x,y) location was reduced and the dose 

gradient between each source (x,y) location was significantly reduced (Figure 5.5.b). 

Adjusting the relative activities, rather than the TSDs, had a similar effect in reducing the 

magnitude of the hot and cold spots (Figure 5.5.c) when compared to Figure 5.5.a. Each 

Figure 5.5. MC simulated dose distributions at d = 0.1 cm for the exposure of a hypothetical 
“C” shaped target. (a) Each source had a TSD of 0.1 cm and equal activity. (b) Each source 
had an equal relative activity. The TSDs of each source was adjusted to redistribute the 
dose distribution. (c) Each source had an equal TSD of 0.1 cm and the relative source 
activities were adjusted. (d) The TSD and relative activity of each source was adjusted.  

(a) (b) 

(c) (d) 
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source's (x,y) position was still clearly visible due to the dose gradient between each source 

being relatively high.  

5.4 Superposition of Two Sources 

A Matlab script was written to superimpose the simulated dose distribution of a 

single CSBT source multiple times across an ROI. With the script, it was possible to select 

the dose distribution for a CSBT source with a TSD of 0.0 cm, 0.1 cm, 0.2 cm, 0.3 cm, 0.4 

cm, or 0.5 cm and translate it within its coordinate system. The original dose distribution 

was centered at 𝑥𝑥 = 0 and 𝐴𝐴 = 0. The dose distribution was shifted by 𝑥𝑥′ = -0.225 cm. A 

second equivalent distribution was shifted by 𝑥𝑥′ = +0.225 cm and the two distributions 

were summed to generate the superposition distribution. A separate MC simulation was 

performed with two CSBT sources. The superposition distribution was compared to the 

simulated two source distribution. 

Figure 5.6 shows the MC simulated planar dose distributions of two CSBT sources 

at depths: d = 0.0171 cm, 0.1171 cm, and 0.2171 cm. The solid lines represent the 

Figure 5.6. Normalized MC simulated planar dose rates for two CSBT sources with a TSD 
of 0.0 cm. The dashed lines represent the single simulation of two sources. The solid lines 
represent the superimposed dose rate distribution from a single source. 

(a) (b) (c) 
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normalized dose distributions of the two source MC simulation. The dotted lines represent 

the distributions of the superimposed distributions. Each planar distribution was 

normalized to its maximum dose.  

Gamma analysis was performed for each depth to objectively compare the two sets 

of distributions. The dose-difference criterion (∆DM) and the distance-to-agreement 

(c) (d) 

(a) (b) 

Figure 5.7. Percent surface profile dose of two CSBT sources for TSDs: 0.0 cm, 0.1 cm, 
0.2 cm, and 0.3 cm. Each source was positioned on the x-axis. Profiles are shown for 
y = 0.0 cm, 0.1 cm, and 0.2 cm.  
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criterion (∆dM) and dose threshold were set to 2%, 0.05 cm, and 2%, respectively. At 

d = 0.0171 cm, 3785 points were analyzed, and the pass rate was 99.15%. At d = 0.1171 

cm, 4737 points were analyzed, and the pass rate was 99.5%. Finally, at d = 0.2171 cm, 

5301 points were analyzed, and the pass rate was 99.7%.  

Under the conditions of irradiation from the CSBT with two sources and a TSD of 

0.0 cm for each source, it was concluded that the superposition of two single-source dose 

distributions was equivalent to the simulated dose distribution of two CSBT sources. 

Therefore, it was concluded that, with the CSBT source center-to-center spacing of 0.45 cm 

and a TSD of 0.0 cm, the dose distribution has a negligible dependence on the particle 

fluence of one source that has interacted with neighboring tip-rod-source assemblies.  

Figure 5.7 shows the surface profile dose distributions of two CSBT sources for 

TSDs: 0.0 cm, 0.1 cm, 0.2 cm, and 0.3 cm. The two sources were aligned on the x-axis. 

Surface dose profiles are displayed for y = 0.0 cm, 0.1 cm, and 0.2 cm. At x = 0 cm, 

y = 0 cm – the center point between the two sources at the phantom surface – the surface 

dose rate was 28.43%, 64.08%, 91.99%, and 99.47% of the maximum surface dose rate for 

TSDs: 0.0 cm, 0.1 cm, 0.2 cm, and 0.3 cm; respectively. At 50% of the maximum dose and 

for x = 0.0 cm, the maximum width of each profile was 0.66 cm, 0.79 cm, 0.92 cm, and 

1.04 cm for TSDs: 0.01 cm, 0.1 cm, 0.2 cm, and 0.3 cm; respectively. 

5.5 Discussion 

In this chapter, the CSBT tip-source-rod assembly was more fully characterized. 

Figures 5.1 and 5.2 demonstrate how radiation penetration increased as a source was moved 

further away from the irradiated material. This effect is a fundamental consequence of 

radiation divergence. As the source was moved further from the phantom, the dose rate at 

the surface and at depth each decreased. The dose rate at the surface, however, decreased 

more rapidly.  
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It was shown that, unsurprisingly, the widths of the planar dose distributions were 

highly sensitive to the TSD. By moving the distal end of the source tip from 0 cm to 0.2 

cm from the surface of the ROI, the dose distribution's width approximately doubled. As 

the source was moved further from the surface, the increase of the distribution width 

diminished. For example, when the source was moved from 0.2 cm to 0.4 cm from the 

surface, the distribution's width only increased by approximately 50%. The maximum dose 

rate was also very sensitive to the TSD and decreased with increased TSD. Increasing the 

TSD from 0 cm to 0.2 cm and from 0.2 cm to 0.4 cm decreased the maximum dose rate by 

approximately 85% and 67%, respectively. The effect that the source holder tip had on the 

dose distribution with a TSD of 0 cm was also examined. Due to the tip's design, the region 

of the surface ROI that was exposed to a dose greater than 40% of the maximum was 

unaffected by the tip material. In the region of less than 40% of the maximum dose, the tip 

had the effect of increasing the width of the distribution. While this effect was small, it was 

beneficial in that it improved the homogeneity of multi-source distributions.  

By taking advantage of the high dependence of distribution width and dose rate, it 

was possible to improve the dose homogeneity for a hypothetical, irregularly shaped 

treatment target. The highest level of control over the distribution occurred when the 

source, the TSD, and relative activity were variable quantities. In simulation, adjusting the 

activities of the sources was a simple task. In reality, such a task would be complicated by 

the fact that, unless each source were activated together and had the same initial activity, 

uncertainties in the activation process would propagate to uncertainties in the dose rate 

distribution. For this work, the optimization process was one of subjective trial and error. 

This problem would be better suited to reverse planning optimization, where the planner 

defines the parameters and a desired spatial dose distribution and a computer is used to 

determine the optimal source configuration.  
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MURINE MODEL DOSE ESCALATION 
STUDY 

6.1 Introduction 

The mechanisms of radiation-induced skin damage are similar between mice and 

humans, and, in radiation therapy, mice provide excellent models for human radiation 

dermatitis [116,117]. Further, tumor regression in mice has been shown following 

treatment with β- particles [77,113].  

This chapter presents an examination of the CSBT device's effectiveness at 

administering superficial radiation to living tissue and assesses the level to which the 

simulated dose distributions can predict histologic injury to skin. To achieve that goal, a 

dose-escalation study was performed in non-tumor-bearing, SKH-1 mice [118]. The 

specific aim of this work was to determine an appropriate administration dose for future 

tumor-murine model studies of the CSBT device and to examine the temporal association 

between administered radiation and resulting histologic injury. 
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6.2 Materials and Methods 

6.2.1 CSBT Device 

The CSBT device was used to administer 90Y β- radiation doses to living tissue 

targets in mice. Two different source holder tips were used. One of the tip types was the 

same as what was used for the remainder of this work and was described in section 3.1 of 

this thesis. Those tips were termed “Tip-0.5mm” because the source-to-surface distance 

was roughly 0.5 mm. During the course of the experiment, it was discovered that the source 

activities would not allow for administrated dose within the allowable treatment time. The 

tips were modified to reduce the tip-to-surface distance to zero in order to increase the dose 

rate. Those modified tips were termed “Tip-surface”. Figure 6.1 shows the treatment end 

of the device with the modified tips. For each exposure, the distal tips were placed in light 

contact with the target surfaces. A single layer of polyethylene food wrap was placed 

Figure 6.1. Picture of the distal (treatment) end of the CSBT device with 10 90Y sources 
and the modified tips (Tip-surface). 
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between the sources and the target surfaces to prevent potential contamination. It was 

assumed that the thin polyethylene did not effect on the administered dose. 

During treatment, the CSBT device was mounted on a system that allowed precise 

linear movement of the device in three dimensions. At the start of exposure, the entire 

mounting system was moved by hand so that the CSBT device was vertically oriented and 

located directly above the treatment target (~2 cm). The mounting system was then used to 

lower the CSBT device to its treatment position. Once the sources were in contact with the 

target surface, the timer was initiated. It took roughly 2 seconds to move the entire 

mounting system and roughly 2 seconds to lower the CSBT device. The mounting system 

was lifted up and away from the treated target to end the exposures. 

6.2.2 Pre-Experiment Quality Assurance 

In preparation for the quality assurance and dose rate measurements performed for 

this study, an additional EBT3 film calibration curve was obtained for a film development 

period of two hours. This allowed for dose rate measurements to be rapidly performed in 

the morning before each experiment.  

Roughly 24 hours preceding the first mouse exposure, source constancy 

measurements were performed with film for each of the ten sources. One source was also 

chosen at random and its dose rate was measured three times total. To perform each 

measurement, a cut piece of EBT3 film (10.2 cm × 6.4 cm) was placed beneath a 1 mm 

thick slab of SW and above a 5 cm thick slab of SW. For 90 seconds, the source was placed 

directly on the 1 mm thick slab of SW and directly above the piece of film. Following 

exposure, each piece of film was allowed a two-hour development period before being 

processed according to the procedure outlined in section 3.2.1. The relative dose rates of 

each source were assessed.  
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On the morning of the first mouse treatment, each of the ten sources was loaded in 

the CSBT device with the unmodified tips. To determine the maximum dose rate of the 

ten-source CSBT device, a film-based measurement was performed by placing a cut piece 

of film on SW and placing the device's distal end directly on the film for 60 seconds. 

Following the two-hour development period, the dose rate (�̇�𝐷) was determined, which 

allowed for the calculation of each mouse treatment time (𝑇𝑇) for each prescribed dose (𝐷𝐷) 

according to  

 𝑇𝑇 =  𝐷𝐷/�̇�𝐷 (6.1) 

The date and time of the initial film-based dose rate measurement were recorded, 

and the change of dose rate due to source decay was accounted for. The change in activity 

during each treatment was not accounted for.  

6.2.3 Animal Preparation 

Hairless SKH-1 mice (n = 20) were obtained. The treated mice were randomly 

separated into four groups of four, with each group slated to receive 30, 40, 50, or 60 Gy 

maximum dose to the surface of the skin. The remaining four mice served as controls or as 

backups if the death of any of the treated mice occurred during anesthesia and treatment. 

Each mouse was sedated with ketamine/xylazine intraperitoneally and immobilized for 

treatment. The maximum treatment time was limited to 15 minutes to minimize 

complications during anesthesia. A 2 cm region on the left hip/hindlimb was delineated as 

the target and was positioned so that it was flat, allowing each tip to contact the skin when 

the CSBT device was vertically oriented.  

6.2.4 Monitoring of Mice and Collection of Skin Samples 

Following irradiation, daily monitoring for the development of dermatitis was 

performed. Skin toxicity was graded according to a modified VRTOG toxicity scheme 
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(Table 6.1). At the appearance of peak grade 4 toxicity in the 60 Gy mice, each mouse was 

humanely euthanized per American Veterinary Medical Association standards, in order to 

standardize the timepoint of skin injury. Following euthanasia, irradiated skin was 

promptly collected and placed in formalin to inhibit putrefaction and autolysis in the 

samples. The samples were then prepared for future histologic examination by being 

dissected into 4 mm thick cross-sectional serial slices and then placed in 75% ethanol prior 

to being paraffin-embedded for sectioning. 

6.3 Results 

Table 6.2 shows the resulting mouse irradiation schedule. During the experiment, 

three mice died of complications associated with the sedative. Each deceased mouse was 

from the 50 Gy group and was replaced and two mice were reserved for control, hence the 

30 Gy group having only three mice.  

Initial quality assurance measurements were performed to assess individual source 

activities and dose delivered per source at the surface. The mean measured activity on the 

day the sources were received was 6.8 × 107 Bq (1.8 mCi). The mean dose rate was 22.4 

cGy/s at the surface and 4.5 cGy/s at d = 0.1 cm. The standard deviation of the relative 

activity between all ten sources was 1.3%. Modifying the tips decreased the source-to-

Table 6.1. Modified VRTOG acute skin toxicity scoring criteria 
 

Grade Description 
0 no change over baseline 
1 follicular, faint or dull erythema, epilation, dry desquamation 
2 tender or bright erythema, patchy moist desquamation, moderate edema 
3 confluent moist desquamation (not in skin folds), pitting edema 
4 ulceration, hemorrhage, necrosis 
5 death 
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surface distance by 0.5 mm to 0 mm. As a result, the maximum dose rate at the surface 

increased by 87%. Figure 6.2 shows the MC simulated relative surface dose profiles for 

Tip-0.5mm and Tip-surface. For a single source, the full-width-half-maximum of Tip- 

surface was 12% lower than Tip-0.5mm. For two sources, the relative surface dose rate 

halfway between the sources decreased by 35%. 

 

Table 6.2. Mouse irradiation schedule  

 
Group/ 
Number 

Target 
Dose 

CSBT 
Tip 

Dose 
Rate 

Exposure 
Duration Comment 

 
 (Gy)  (Gy/min) (min:sec)  

 control 0     

 control 0     

D
A

Y
 1

  

G60/1 60 Tip-0.5mm 4.33 13:52  
G60/2 60 Tip-0.5mm 4.31 13:55  
G60/3 60 Tip-0.5mm 4.29 13:58  
G60/4 60 Tip-0.5mm 4.28 14:01  
G50/1 50 Tip-0.5mm 4.27 11:43  
G50/* 50 Tip-0.5mm 4.25 11:45 Died following irradiation   
G50/2 50 Tip-0.5mm 4.24 11:47  
G50/3* 50 Tip-0.5mm 4.20 11:54 Died overnight 
G50/4* 50 Tip-0.5mm 4.21 11:52 Died overnight 

D
A

Y
 2

  

G50/3 50 Tip-surface 8.92 5:36  
G50/4 50 Tip-surface 8.90 5:37  
G40/1 40 Tip-surface 8.88 4:30  
G40/2 40 Tip-surface 8.87 4:30  
G40/3 40 Tip-surface 8.82 4:32  
G40/4 40 Tip-surface 8.61 4:39  
G30/1 30 Tip-surface 8.67 3:27  
G30/2 30 Tip-surface 8.66 3:28  
G30/3 30 Tip-surface 8.64 3:28  
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Figure 6.3 shows the resulting surface dose rate distributions for ten sources from 

the pretreatment quality assurance measurements with Tip-0.5mm (Figure 6.3.a) and 

Tip-surface (Figure 6.3.b). The maximum surface dose rate measured on day one with Tip-

0.5mm was 448 cGy/min, which, after accounting for source decay, corresponded to a 

mean treatment time of 13.9 minutes for the 60 Gy group and 11.8 minutes for the day one 

50 Gy group. On day two, the measured maximum dose rate with Tip-surface was 

917 cGy/min, which corresponded to mean treatment times of 5.6 minutes, 4.6 minutes, 

and 3.5 minutes for the day two 50 Gy group, the 40 Gy group, and the 30 Gy group, 

respectively.  

Radiation-induced skin toxicity murine studies showed that the administration of 

β- particles to mouse skin resulted in dose-dependent induced dermatitis. Figure 6.4 shows 

the time course of radiation-induced skin dermatitis following exposure from the CSBT 

device. Figure 6.5 shows the modified VRTOG scores following exposure from the CSBT 

device. Mice irradiated to 30 Gy or 40 Gy presented with faint erythema on day nine and 

Figure 6.2. MC simulated relative surface dose profiles for Tip-0.5mm and Tip-surface. 
(a) Surface profiles from a single source. (b) Source profiles from two sources with a 
center-to-center spacing of 0.45 cm.  

(a) (b) 
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the toxicity did not progress in severity during the remainder of the experiment. Mice 

irradiated to 50 Gy from the CSBT device with Tip-surface presented with clinically 

observable dermatitis on day 8, and the score steadily increased to a peak of grade 2 on day 

12. Mice irradiated with 50 Gy with Tip-0.5mm presented with grade 1 toxicity on day 

Figure 6.3. Pretreatment quality assurance CSBT film-based surface dose distributions: (a) 
standard tips (Tip-0.5mm) and (b) modified tips (Tip-surface). 

(a) 

(b) 
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nine and the mean toxicity score progressed to grade 3.5 by day 14. Finally, mice irradiated 

with 60 Gy presented with faint erythema on day 8, and toxicity progressed to grade 4 on 

day 14. When grade 4 toxicity was reached by the 60 Gy group, the experiment's grading 

portion was concluded and all mice were euthanized.  

6.4 Discussion 

This chapter presented the clinical results of the study of radiation-induced skin 

dermatitis in a murine model. Two source holder tip types were used. It was shown that the 

modified tip significantly increased the maximum dose rate at the skin surface. The 

Figure 6.4. Time course of radiation-induced skin dermatitis following exposure from the 
90Y-based CSBT device.  
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increase in dose rate decreased the treatment times required to administer the prescribed 

doses. The modified tip also decreased the homogeneity of the 10-source dose distribution. 

As shown by the two 50 Gy groups in Figure 6.4, reducing the source-to-surface distance 

of each source – by using Tip-surface rather than Tip-0.5mm – reduced the device's 

effectiveness to induce homogeneous dermatitis. The tissue volume effect may explain this 

outcome. J. W. Hopewell has shown that decreasing the volume of pig skin exposed to β- 

radiation can drastically reduce acute toxicity [25]. With the unmodified tips (Tip-0.5mm), 

50 Gy was a sufficient dose to induce grade 4 toxicity in SKH-1 mice. An increase to 60 

Gy did not yield subjectively different severity of radiation-induced dermatitis.  

 

Figure 6.5. Mean skin toxicity scores (Modified VRTOG scheme) following exposure from 
the CSBT device.  
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SUMMARY AND RECOMMENDATIONS FOR 
FUTURE WORK 

7.1 Summary 

The primary goal of this work was to examine the potential of the conformal 

superficial brachytherapy (CSBT) device as a clinical therapy option for the treatment of 

non-melanoma skin cancer (NMSC). The device was designed to limit exposure to healthy 

tissue, thereby reducing the chances for acute or long-term complications to arise. The 

CSBT device was also designed to provide the flexibility to deliver patient-specific 

treatments, giving the treatment specialist the ability to precisely tailor the planned dose to 

each lesion's unique characteristics. Three primary aims were outlined to determine CSBTs 

ability to achieve these benchmarks. The first aim was to characterize the base yttrium-90 

(90Y) beta radiation source. The second aim was to characterize the CSBT device with 

multiple sources. The third aim was to demonstrate the high dose gradient of the CSBT 

device by clinically defining radiation-induced dermatitis in a non-tumor murine model.  

Placing the 90Y source in the source holder tip significantly reduced the dose rate 

and did not have a significant effect on the penetration of the dose. The decrease in dose 
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rate was due to the source being lifted from the target surface. From a clinical perspective, 

the decrease in dose rate caused by the tip is of little consequence as adjusting the necessary 

source activity is a simple task. A less trivial outcome was the indication of how sensitive 

the dose rate was to the source-to-surface distance. The sensitivity of the dose rate on 

source-to-surface distance was further confirmed when it was shown in Section 5.1 that the 

maximum dose rate from one source could reduce by half if the source-to-surface distance 

was a millimeter too large or double if a millimeter too small. Managing this sensitivity 

may be done simply by only performing treatments with the distal end of the source holder 

tips in contact with the target surface  

There is a benefit from the ability to alter the source-to-surface distances. By 

increasing the tip-to-surface distance (TSD), the increase in dose homogeneity would allow 

for deeper lesions to be treated. As shown in Figure 5.2.b, simply increasing the TSD from 

0.0 cm to 0.4 cm increased the depth along the central axis that received 70% of the 

maximum dose by approximately 60%, while almost doubling the depth that received 50% 

of the maximum dose. That action would come at the cost of an increase in the required 

source activity or treatment time. It would also decrease the individual source dose gradient 

and increase the width of the dose distribution.  

For multiple source exposures, the surface dose rate between the sources was 

increased by increasing the TSD of each source. By selectively manipulating the sources' 

TSDs, the resulting dose distribution was far more homogeneous than when each TSD was 

equal. Consequentially, the dose gradient at the periphery of the distribution increased, 

expanding the 50% isodose by roughly 0.17 cm for every millimeter of added TSD. It is, 

therefore, possible to finely manipulate the dose distribution as needed to cover irregularly 

shaped lesions while sparing healthy tissue. A balance between dose homogeneity and 

conformity will need to be optimized depending on the target lesion's exact shape, thus 

allowing for patient-specificity.  
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Selective manipulation of the activity and TSD of each source yielded the highest 

level of control over the dose distributions. While adjusting the TSDs resulted in far more 

homogeneous dose distributions, adjusting the activities as well was more effective for 

making fine adjustments to the shape of the distributions. This method of adjusting the 

activities and TSDs would provide the most conformal and homogeneous dose 

distributions, but because of the nature of radioactive decay, treating various activities 

would likely be overly complicated.  

Maintaining a limit of the source-to-surface distance imposed by source holder tips 

at 0.05 cm, rather than 0 cm, induced a more homogeneous distribution of dermatitis in the 

murine model. When using the tips with a source-to-surface distance of 0 cm (Tip-surface), 

the appearance of dermatitis was spatially periodic, corresponding to the locations of the 

distal end of the sources during exposure. This periodic effect was not seen when the tips 

with a source-to-surface distance of 0.5 mm (Tip-0.5mm) were used. It is recommended 

that Tip-0.5mm is the superior design. Using Tip-0.5mm, the shapes of radiation-induced 

dermatitis corresponded to the positions of the distal ends of the sources. The ability to 

conform dose distributions to target lesions is necessary to administer doses to diseased 

tissue while sparing healthy tissue.  

As patient throughput in radiation therapy clinics is of constant concern, a device 

capable of quickly and simply treating skin lesions with high dose conformity would 

benefit the clinic and the patients. This study provided the proof of principle that the CSBT 

device can provide conformal treatments, thus warranting continued investigation. 

Characterization of the 90Y CSBT source showed that it was possible to theoretically 

administer a therapeutic conformal dose in vivo. The next logical step is to perform a 

histologic examination of treated living tissue in a non-tumor murine model and to examine 

the device’s ability to reduce tumor size in a tumor murine model.  
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Table A.1: Monte Carlo simulation parameters.  
Item name Description Reference 
Code, version MCNP5 version 1.6 (2008) [100,119] 

Validation Previously validated [120] 

Timing CPU time was on the order of 104 minutes.  

Source description Cylinder with base parallel to phantom surface. 
• radius: 1.01 mm 
• diameter: 2.03 mm 
• mass density: 4.47 g/cm3 

90Y β- spectrum from ICRU56, Table D.1. 

[22] 

Cross-sections EL03 electron physics library database 
MCPLIB04 photoatomic library database 

[94,95]  

Transport 
parameters 

Photon-electron mode 
Electron cut-off below 50 keV 
H2O material card set to ESTEP = 10 

 

Scored quantities *F8 tally: Energy deposited per unit voxel.  
Voxel size: 0.01 × 0.01 × 0.01 cm3.  

 
 

# histories/ 
statistical 
uncertainty 

Single source: 5 × 107 histories.  
Seven sources: 6 × 108 histories.  
Type A uncertainties (k=1) <10% for within region 
of interest.  

 

Post-processing Energy deposited in each voxel (MeV) was 
converted to cGy by converting MeV to centi-Joules 
and dividing by the mass of each voxel (kg). 
The point of measurement of each voxel was 
considered to be the exact center of each voxel.  
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APPENDIX B 

The following MCNP5 input script is an example of what was used for the work 

presented in this document. The code can be saved in notepad and initiated with MCNP5. 

It simulates the energy deposited in a water phantom from a 90Y tip-source-rod assembly 

placed directly on the surface of the phantom. The source card contains all of the 

geographic information of the remaining 18 sources of the CSBT.  

▼▼▼▼▼▼▼DO NOT COPY THIS LINE▼▼▼▼▼▼▼ 
 
c 
c               Cell Card             
c cccccccccccccccccccccccccccccccccccccccccccccccc 
c 
3    1    -4.47    -3                            $ source 
203  6    -1.1     -203   3     303  403  503    $ truncated cone 
303  2    -0.0013  -203  #203  #3   #403         $ air 
403  201  -15.63   -403  #3                      $ rod 
c 
c     tally voxels 
103 3 -0.998 -103 fill=2 
101 3 -0.998 -101 u=1 
111 3 -0.998  101 u=1 
102 3 -0.998 -102 lat=1 u=2 fill=1 
c 
100 3 -0.998 -100 #103              $ H2O phantom 
c 
999  2 -0.0013 -999 100 203  403     $ world 
9990 0 999                           $ universe 
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c 
 
c                 SURFACE CARD 
c cccccccccccccccccccccccccccccccccccccccccccccccc 
999 RPP -11   11  -11   11   -15    21            $world 
c 
c     Sources 
c 
1 RCC -0.9 0 -0.05 0 0 -0.101 0.1015              $ source   
501 TRC -0.9 0 -0.05 0 0 -0.11 0.1075 0.1294      $ truncated cone 
201 RCC -0.9 0 0 0 0 -0.8 0.165                   $ tip outer  
301 RCC -0.9 0 0 0 0 -0.05 0.08                   $ source opening  
401 RCC -0.9 0 -0.16 0 0 -10 0.14 $ rod   
c             
2 RCC -0.45 0 -0.05 0 0 -0.101 0.1015             $ source   
502 TRC -0.45 0 -0.05 0 0 -0.11 0.1075 0.1294     $ truncated cone 
202 RCC -0.45 0 0 0 0 -0.8 0.165                  $ tip outer  
302 RCC -0.45 0 0 0 0 -0.05 0.08                  $ source opening  
402 RCC -0.45 0 -0.16 0 0 -10 0.14                $ rod   
c             
3 RCC 0 0 -0.05 0 0 -0.101 0.1015                 $ source   
503 TRC 0 0 -0.05 0 0 -0.11 0.1075 0.1294         $ truncated cone 
203 RCC 0 0 0 0 0 -0.8 0.165                      $ tip outer  
303 RCC 0 0 0 0 0 -0.05 0.08                      $ source opening  
403 RCC 0 0 -0.16 0 0 -10 0.14                    $ rod   
c             
4 RCC 0.45 0 -0.05 0 0 -0.101 0.1015              $ source   
504 TRC 0.45 0 -0.05 0 0 -0.11 0.1075 0.1294      $ truncated cone 
204 RCC 0.45 0 0 0 0 -0.8 0.165                   $ tip outer  
304 RCC 0.45 0 0 0 0 -0.05 0.08                   $ source opening  
404 RCC 0.45 0 -0.16 0 0 -10 0.14                 $ rod   
c 
5 RCC 0.9 0 -0.05 0 0 -0.101 0.1015               $ source   
505 TRC 0.9 0 -0.05 0 0 -0.11 0.1075 0.1294       $ truncated cone 
205 RCC 0.9 0 0 0 0 -0.8 0.165                    $ tip outer  
305 RCC 0.9 0 0 0 0 -0.05 0.08                    $ source opening  
405 RCC 0.9 0 -0.16 0 0 -10 0.14                  $ rod   
c             
6 RCC -0.675 0.389711432 -0.05 0 0 -0.101 0.1015              $ source   
506 TRC -0.675 0.389711432 -0.05 0 0 -0.11 0.1075 0.1294      $ truncated cone 
206 RCC -0.675 0.389711432 0 0 0 -0.8 0.165                   $ tip outer  
306 RCC -0.675 0.389711432 0 0 0 -0.05 0.08                   $ source opening  
406 RCC -0.675 0.389711432 -0.16 0 0 -10 0.14                 $ rod   
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c             
7 RCC -0.225 0.389711432 -0.05 0 0 -0.101 0.1015              $ source   
507 TRC -0.225 0.389711432 -0.05 0 0 -0.11 0.1075 0.1294      $ truncated cone 
207 RCC -0.225 0.389711432 0 0 0 -0.8 0.165                   $ tip outer  
307 RCC -0.225 0.389711432 0 0 0 -0.05 0.08                   $ source opening  
407 RCC -0.225 0.389711432 -0.16 0 0 -10 0.14                 $ rod   
c             
8 RCC 0.225 0.389711432 -0.05 0 0 -0.101 0.1015               $ source   
508 TRC 0.225 0.389711432 -0.05 0 0 -0.11 0.1075 0.1294       $ truncated cone 
208 RCC 0.225 0.389711432 0 0 0 -0.8 0.165                    $ tip outer  
308 RCC 0.225 0.389711432 0 0 0 -0.05 0.08                    $ source opening  
408 RCC 0.225 0.389711432 -0.16 0 0 -10 0.14                  $ rod   
c             
9 RCC 0.675 0.389711432 -0.05 0 0 -0.101 0.1015               $ source   
509 TRC 0.675 0.389711432 -0.05 0 0 -0.11 0.1075 0.1294       $ truncated cone 
209 RCC 0.675 0.389711432 0 0 0 -0.8 0.165                    $ tip outer  
309 RCC 0.675 0.389711432 0 0 0 -0.05 0.08                    $ source opening  
409 RCC 0.675 0.389711432 -0.16 0 0 -10 0.14                  $ rod   
c             
10 RCC -0.45 0.779422863 -0.05 0 0 -0.101 0.1015              $ source   
510 TRC -0.45 0.779422863 -0.05 0 0 -0.11 0.1075 0.1294       $ truncated cone 
210 RCC -0.45 0.779422863 0 0 0 -0.8 0.165                    $ tip outer  
310 RCC -0.45 0.779422863 0 0 0 -0.05 0.08                    $ source opening  
410 RCC -0.45 0.779422863 -0.16 0 0 -10 0.14                  $ rod   
c             
11 RCC 0 0.779422863 -0.05 0 0 -0.101 0.1015                  $ source   
511 TRC 0 0.779422863 -0.05 0 0 -0.11 0.1075 0.1294           $ truncated cone 
211 RCC 0 0.779422863 0 0 0 -0.8 0.165                        $ tip outer  
311 RCC 0 0.779422863 0 0 0 -0.05 0.08                        $ source opening  
411 RCC 0 0.779422863 -0.16 0 0 -10 0.14                      $ rod   
c             
12 RCC 0.45 0.779422863 -0.05 0 0 -0.101 0.1015               $ source   
512 TRC 0.45 0.779422863 -0.05 0 0 -0.11 0.1075 0.1294        $ truncated cone 
212 RCC 0.45 0.779422863 0 0 0 -0.8 0.165                     $ tip outer  
312 RCC 0.45 0.779422863 0 0 0 -0.05 0.08                     $ source opening  
412 RCC 0.45 0.779422863 -0.16 0 0 -10 0.14                   $ rod   
c             
13 RCC -0.675 -0.389711432 -0.05 0 0 -0.101 0.1015            $ source   
513 TRC -0.675 -0.389711432 -0.05 0 0 -0.11 0.1075 0.1294     $ truncated cone 
213 RCC -0.675 -0.389711432 0 0 0 -0.8 0.165                  $ tip outer  
313 RCC -0.675 -0.389711432 0 0 0 -0.05 0.08                  $ source opening  
413 RCC -0.675 -0.389711432 -0.16 0 0 -10 0.14                $ rod   
c             
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14 RCC -0.225 -0.389711432 -0.05 0 0 -0.101 0.1015           $ source   
514 TRC -0.225 -0.389711432 -0.05 0 0 -0.11 0.1075 0.1294    $ truncated cone 
214 RCC -0.225 -0.389711432 0 0 0 -0.8 0.165                 $ tip outer  
314 RCC -0.225 -0.389711432 0 0 0 -0.05 0.08                 $ source opening  
414 RCC -0.225 -0.389711432 -0.16 0 0 -10 0.14               $ rod   
c             
15 RCC 0.225 -0.389711432 -0.05 0 0 -0.101 0.1015            $ source   
515 TRC 0.225 -0.389711432 -0.05 0 0 -0.11 0.1075 0.1294     $ truncated cone 
215 RCC 0.225 -0.389711432 0 0 0 -0.8 0.165                  $ tip outer  
315 RCC 0.225 -0.389711432 0 0 0 -0.05 0.08                  $ source opening  
415 RCC 0.225 -0.389711432 -0.16 0 0 -10 0.14                $ rod   
c             
16 RCC 0.675 -0.389711432 -0.05 0 0 -0.101 0.1015            $ source   
516 TRC 0.675 -0.389711432 -0.05 0 0 -0.11 0.1075 0.1294     $ truncated cone 
216 RCC 0.675 -0.389711432 0 0 0 -0.8 0.165                  $ tip outer  
316 RCC 0.675 -0.389711432 0 0 0 -0.05 0.08                  $ source opening  
416 RCC 0.675 -0.389711432 -0.16 0 0 -10 0.14                $ rod   
c             
17 RCC -0.45 -0.779422863 -0.05 0 0 -0.101 0.1015            $ source   
517 TRC -0.45 -0.779422863 -0.05 0 0 -0.11 0.1075 0.1294     $ truncated cone 
217 RCC -0.45 -0.779422863 0 0 0 -0.8 0.165                  $ tip outer  
317 RCC -0.45 -0.779422863 0 0 0 -0.05 0.08                  $ source opening  
417 RCC -0.45 -0.779422863 -0.16 0 0 -10 0.14                $ rod   
c             
18 RCC 0 -0.779422863 -0.05 0 0 -0.101 0.1015                $ source   
518 TRC 0 -0.779422863 -0.05 0 0 -0.11 0.1075 0.1294         $ truncated cone 
218 RCC 0 -0.779422863 0 0 0 -0.8 0.165                      $ tip outer  
318 RCC 0 -0.779422863 0 0 0 -0.05 0.08                      $ source opening  
418 RCC 0 -0.779422863 -0.16 0 0 -10 0.14                    $ rod   
c             
19 RCC 0.45 -0.779422863 -0.05 0 0 -0.101 0.1015             $ source   
519 TRC 0.45 -0.779422863 -0.05 0 0 -0.11 0.1075 0.1294      $ truncated cone 
219 RCC 0.45 -0.779422863 0 0 0 -0.8 0.165                   $ tip outer  
319 RCC 0.45 -0.779422863 0 0 0 -0.05 0.08                   $ source opening  
419 RCC 0.45 -0.779422863 -0.16 0 0 -10 0.14                 $ rod  
c 
c 
c         PHANTOM 
100 1 RPP -5 5 -5 5 0 10 
101 1 RPP -0.01 0.01 -0.01 0.01 0.0070962 0.0270962 
102 1 RPP -0.01 0.01 -0.01 0.01 0.0070962 0.0270962 
103 1 RPP -0.01 1.51 -0.01 1.51 0.0070962 1.0270962 
c 
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c cccccccccccccccccccccccccccccccccccccccccccccccc 
  
c DATA CARDS 
c 
c                     MOD CARD 
CUT:e j 0.05  $50 keV electron cutoff 
c 
c 
c                     TRANSFORMATIONS 
c 
c TRn X Y Z or TRn X Y Z B1 B2 B3 B4 B5 B6 B7 B8 B9 M 
c Default: TRn 0 0 0 1  0  0  0  1  0  0  0  1  1 
c 
TR1  0 0 0.0     $ Altering the Z (3rd entry) alters the tip-to-surface distance by shifting 
the phantom and tally voxels. 
c 
c 
c                    MATERIAL CARD 
c  
m1  039090  1   COND=-1                               $ yttrium (4.47 g/cm3) 
m2  007014 -0.7809  008016 -0.2095  018040 -0.0096    $ air (0.0013 g/cm3) 
m3  001001 2 008016 1  ESTEP=10                       $ water (1.1 g/cm3)                
m6  6012   5 8016 2 1001 8                            $ PMMA-C5O2H8 (1.1 g/cm3) 
m201 74000 -0.5 8016 -0.5                             $ Tungsten Carbide W(50%) C(50%) 
(15.63 g/cm3) 
c 
c 
c  MODE AND IMPORTANCE CARD 
c 
MODE p e 
IMP:p,e 1 9R 0 
c 
c 
c  SOURCE CARD 
c 
SDEF ERG=d111  PAR=3 POS=d3 RAD=d6 EXT=d7 AXS=0 0 1  
c 
SI3 L  0  0 -0.05 
SP3    1  
c 
SI6   0    0.1015 
SP6  -21   1 
c 
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SI7  -0.101  0 
SP7   0      1 
c 
c 
c     Y90 Beta Spectrum (ICRU 56) 
SI111 A 0          & 
        0.057025   & 
        0.11405    & 
        0.171075   & 
        0.2281     & 
        0.285125   & 
        0.34215    & 
        0.399175   & 
        0.4562     & 
        0.513225   & 
        0.57025    & 
        0.627275   & 
        0.6843     & 
        0.741325   & 
        0.79835    & 
        0.855375   & 
        0.9124     & 
        0.969425   & 
        1.02645    & 
        1.083475   & 
        1.1405     & 
        1.197525   & 
        1.25455    & 
        1.311575   & 
        1.3686     & 
        1.425625   & 
        1.48265    & 
        1.539675   & 
        1.5967     & 
        1.653725   & 
        1.71075    & 
        1.767775   & 
        1.8248     & 
        1.881825   & 
        1.93885    & 
        1.995875   & 
        2.0529     & 
        2.109925   & 
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        2.16695    & 
        2.223975   & 
        2.281 
c 
SP111  0.018850165   & 
       0.021029947   & 
       0.023407892   & 
       0.025562904   & 
       0.027494984   & 
       0.029204132   & 
       0.030690347   & 
       0.0319784     & 
       0.033068292   & 
       0.033984791   & 
       0.034703128   & 
       0.035545317   & 
       0.035743479   & 
       0.03581779    & 
       0.035768249   & 
       0.035619628   & 
       0.035371925   & 
       0.035025142   & 
       0.034554507   & 
       0.034009561   & 
       0.033365535   & 
       0.032572886   & 
       0.031681157   & 
       0.030665577   & 
       0.029501375   & 
       0.028188551   & 
       0.026702336   & 
       0.025067499   & 
       0.02325927    & 
       0.02130242    & 
       0.019196948   & 
       0.016942855   & 
       0.014589681   & 
       0.012186966   & 
       0.009759481   & 
       0.007381536   & 
       0.005127443   & 
       0.003145822   & 
       0.001510986   & 
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       0.000421094   & 
       0 
c 
c  TALLY CARD 
c 
prdmp 2j 1                                    $Create MCTal Output File 
NPS 1E8                                       $ number of histories 
RAND SEED = 7515569547                        $ beginning random number 
dbcn 17j 2                                    $ use detailed Landau straggling logic (energy- and step-
specific) 
*F18:p,e (101<102[0:37 0:37 00:00]<103)       $ depth = 0.0171 cm 
c 
c    Tally 
*F28:p,e (101<102[37:37 37:37 05:05]<103)     $ depth = 0.1171 cm 
*F38:p,e (101<102[37:37 37:37 10:10]<103)     $ depth = 0.2171 cm 
*F48:p,e (101<102[37:37 37:37 15:15]<103)     $ depth = 0.3171 cm 
*F58:p,e (101<102[37:37 37:37 20:20]<103)     $ depth = 0.4171 cm 
PRINT 
▲▲▲▲▲▲▲ DO NOT COPY THIS LINE ▲▲▲▲▲▲▲ 
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