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THESIS STRUCTURE AND OVERVIEW

The objective of this study was to investigate the “Claws”, a unique gold applicator

used at Groote Schuur Hospital for the treatment of retinoblastoma.

CHAPTER 1 of this thesis gives some background on the intraocular brachytherapy
programme at Groote Schuur Hospital, where the “Claws” were designed. The aims of
the thesis are briefly described: these include the characterization of the OncoSeed 6711
I-125 seed and the characterization of the “Claws”, using measurements, calculations

and Monte Carlo simulations.

CHAPTER 2 is dedicated to setting the scene of this work: it describes the classification
and treatment of retinoblastoma, different types of 1-125 seeds, including the OncoSeed
6711, different types of intraocular brachytherapy plaques that are in use around the
world and a brief introduction to various radiation interactions.

This is followed by a description of the TG-43 dosimetry protocol and published
dosimetry data on the OncoSeed 6711. The literature review continues with a
description of radiochromic/gafchromic film dosimetry, as well as thermoluminescent
dosimetry in brachytherapy. Monte Carlo methods are introduced in this section, an

overview of EGSnrc is given, which is followed by an overview of egs_brachy.

CHAPTER 3 describes the equipment used and methods applied in this thesis. It
describes the detectors used for the spectral measurements of the seed, the phantoms
that were manufactured, the CAD drawing that was put together, the manufacture of
the PVC “Claws” and attempts at micro-CT scanning the “Claws” model. The chapter

ends with a description of the egs_brachy Monte Carlo parameters used in this study.



CHAPTER 4 contains the results. These include the dosimetric description of the
OncoSeed 6711 1-125 seed, as well as the results of the spectral measurements. A
section describes some of the issues that arise when doing gafchromic film dosimetry.
Measured and planned dose distributions in the “Claws” are presented. Monte Carlo
simulation results of a final simulation with 64.000.000.000 histories are shown. This
is followed by an analysis of the results of the various dose distributions and contains
the relative doses to critical structures in and around the “Claws”. This was not possible
to this extent until now, because the treatment planning systems in use have not been

able to take the gold shielding of the “Claws” into account.

CHAPTER 5 is dedicated to discussions and conclusions.

A list of references then follows to complete the thesis.



ABSTRACT

Introduction:

The “Claws” is a unique gold applicator for whole-eye radiotherapy that was designed
at Groote Schuur Hospital. It is used to treat retinoblastoma. Under general anaesthesia,
a pericorneal ring is attached to the four extraocular muscles, and four legs, each loaded
with 1-125 seeds, are inserted beneath the conjunctiva in-between each pair of muscles
and attached anteriorly to the ring. The four legs that are now sutured onto the ring give
it a claw-like appearance, hence the name for the applicator. The applicator was
designed in such a way that the dose is directed towards the middle of the eye, while
sparing surrounding tissues. The dose to the organs at risk could never be determined
accurately, because the treatment planning system (TPS) is not able to take into account
the gold shielding. Additionally, the TPS approximates each seed as a point source and

not as a line source, therefore not taking any anisotropy into account.

Aims:

The first aim of this project was to accurately determine various dosimetric and physical
characteristics of a single 1-125 seed and to then compare these to published data.
Spectral measurements of the OncoSeed 6711 using various detectors were also done.
The next aim was to formalize the model of the “Claws” so that the applicator can

potentially also be manufactured elsewhere.

The next aim was to describe the “Claws” dosimetrically. This was done

- Using thermoluminescent dosimeters in a solid water phantom

- Using gafchromic film in a solid water phantom

- Using treatment planning systems TheraPlan Plus and BrachyVision
- Using Monte Carlo simulations — egs_brachy

The final aim of the thesis was the comparison of measured and calculated data. The
Monte Carlo simulations take into account the seed anisotropy as well as the gold
shielding; therefore the relative dose to critical structures can be estimated more
reliably.



Method and Materials:
Gafchromic film and thermoluminescent dosimeters (TLDs) were used for

measurements in various specially designed phantoms to determine the seed
parameters, as well as dose distributions in the eye. Dose distributions were calculated
on two treatment planning systems. A CAD drawing of the “Claws” was created and
used to create the input file for Monte Carlo simulations using egs_brachy. The final
Monte Carlo calculation simulated 64.000.000.000 particle histories at voxel sizes of

0.1 mmx 0.1 mm x 0.1 mm.

Results:

Measured seed data matched published seed data.

Significant dose distribution changes were found when comparing measured and Monte
Carlo data to planned data, especially near the periphery of the eye between adjacent
legs.

The Monte Carlo calculated dose to the optic nerve is 64.8 % of the central dose in the
eye, while the planned dose is 93.7 %. The Monte Carlo lens dose varies from 72.0 %
- 86.1 %, while the planned dose varies from 73.0 % - 84.3 %. Monte Carlo calculated

dose to the bony orbit is 11.3 %, while the planned dose is 54.7 %.

Conclusion:

Measured seed data matched published seed data.

The “Claws” were formalized with CAD drawings.

Measured and Monte Carlo simulated dose distributions matched well, while planned
dose distributions showed discrepancies in certain regions of the eye and outside of the

eye.
This clearly indicates that the gold shielding of the applicator walls must be taken into

account during dose calculations. It can be concluded that the “Claws” were extensively

described and characterized in this work.

Vi
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CHAPTER 1 INTRODUCTION

1.1 Introduction

Ophthalmic tumors are fairly rare and diverse and their diagnosis and treatment usually
requires special expertise and equipment, including patient care by a multidisciplinary
team (Singh et al., 2013).

Brachytherapy is the placing of radioactive sources into or close to a tumour.
Brachytherapy “requires significant involvement and communication among members
of the physics, dosimetry and medical staff ” (Nath et al., 1997).

The earliest paper that was found on using radiation to treat eye disease was from 1910
(Lawson and Davidson, 1910), where radium was applied directly to the affected part
of the eye or eyelid. One earlier paper (Manby, 1905) described the use of 5 mg of
radium bromide to treat rodent ulcer near the eye, but not in the eye or eyelid.

Early attempts at treating malignant intra-ocular neoplasms included using radon seeds
(Moore, 1930, Moore et al., 1931), Ra-226 (Stallard, 1948) and Co-60 (Stallard, 1966,
Brady et al., 1982). Ru-106 plaques were introduced in the 1960°s (Lommatzsch and
Vollmar, 1966). Ta-182 plaques were used at Groote Schuur Hospital for the treatment
of retinoblastoma (Stannard et al., 1979), but gave high doses to the bony orbit, leading
to deformation in later years (Hering, 2019). (Stannard et al., 2013) stated that the
Groote Schuur Hospital oncologist Dr Sealy was the first to use 1-125 on ophthalmic
tumours (Sealy et al., 1976). Groote Schuur Hospital’s first 1-125 eye applicator used
to be exhibited in the museum of the British Radiological Society in London (Hering,
2019), but it could not be ascertained whether that applicator is still there or not.
Commonly used radionuclides for intra-ocular brachytherapy include 1-125, Pd-103

and Ru-106 (Singh et al., 2013, Finger et al., 1993, Finger et al., 2002).

18



Retinoblastoma is a rare primary intraocular tumour with an incidence of approximately
one in 20.000 births (Singh et al., 2013) (one in 17.000 live births (Moll et al., 1997)).
It is a childhood cancer and the median age at diagnosis is < 12 months for the bilateral
form or 24 months for the unilateral unifocal form (Cassoux et al., 2017). In the United
States there are about 350 cases of retinoblastoma annually, and about double that
including Europe, Russia and Australia (Chiu-Tsao et al., 2012).

Before the beginning of the 20" century, retinoblastoma was, for all intents and
purposes, a death sentence. The discovery of X-rays by Wilhelm Conrad Roentgen in
1895, as well as the discovery of radioactivity by Henri Becquerel in 1896, led to an
improvement in cancer treatments. By 1949, published survival of retinoblastoma had
improved to 74 % (Reese et al., 1949). Current 5-year survival rates in industrialized
countries lie at 98 % (Cassoux et al., 2017), with improvements in local therapy
(thermotherapy, laser application, cryotherapy or brachytherapy) and chemotherapy
(particularly the use of VEC — Vincristine, Etoposide and Carboplatin, as well as
Melphalan) making a huge difference in the survival figures. Unfortunately, survival
rates in developing countries remain low (Singh and Daniels, 2016, Chantada, 2011),
with some countries reporting survival rates as low as 0 — 5 %.

The American Brachytherapy Society consensus guidelines for plague brachytherapy
of uveal melanoma and retinoblastoma (Simpson et al., 2014) state that not all
retinoblastomas are suitable for plaque brachytherapy, but that it is an effective eye-

and vision-sparing method to treat patients with intra-ocular tumours.
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1.2 Intraocular Brachytherapy at Groote Schuur Hospital

The low dose-rate brachytherapy programme at Groote Schuur Hospital goes back over
50 years (Sealy et al., 1964); however, intraocular brachytherapy using 1-125 was
introduced at Groote Schuur Hospital in 1976 by the late Dr R Sealy (Sealy et al., 1976).
In his obituary he was described as “a world leader in the role of radiation in treating
eye tumours, particularly the use of radioactive isotopes around the eye. Sealy
pioneered the use of low-energy isotopes, which enabled sensitive structures to be
protected.” (Abratt, 2006)

Sealy published a number of papers on ophthalmic tumours and low dose-rate
brachytherapy, amongst many others (Sealy et al., 1976, Sealy, 1977, Sealy et al., 1980,
Sealy et al., 1987, Sevel and Sealy, 1969, Sevel et al., 1973a, Sealy et al., 1964, Sevel
et al., 1973Db).

Plaque design and insertion techniques changed over the years at the hospital (Hill et
al., 1992). Groote Schuur Hospital is the only hospital in South Africa that uses

ophthalmic plaques with 1-125.

1.2.1 The Manufacturing Process

All plaques at Groote Schuur Hospital are custom made by the mould room
technologists. Plaques are made of 24 carat gold (requiring a gold license), which comes
in the form of a flat sheet of gold. 24 carat gold is quite soft and thus malleable. It is
also non-toxic. The tumour outline is drawn by the oncologist onto a brass eyeball of
an appropriate diameter (22 mm for children, 24 mm for adults and in rare cases also

20 mm or 25 mm).
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Figure 1: The Brass Eyeball with the Shape of a Tumour

Figure 2: A Selection of Brass Eyeballs in use at Groote Schuur Hospital

The prescription and depth of treatment are given separately.

Proposed seed positions are drawn onto the brass eyeball by a medical physicist and
read off in polar co-ordinates, which are inscribed on the brass eyeballs. The gold
plaques are manufactured manually. Suture holes are drilled into the plaques for
fixation in the eye. A dummy plaque made of high impact acrylic is also manufactured

to test the positioning in theatre before the insertion of the radioactive plaque.
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Figure 3: The Flat Gold Plate is Shaped in a Lead Mould to the Correct Curvature

Plaques usually have a wall of 1 mm height around all edges of the plaque, but some
plaques have one or two of the walls removed if there is tumour involvement.
Treatment planning happens on the TheraPlan Plus Version 3.8 Build 500 (TPP)
treatment planning system (TPS). Seed activities are selected by the medical physicist
to match the prescription dose. Batches of 25 seeds are delivered every six weeks and
it is very common to mix seeds of a number of batches during a treatment. This, of
course, requires careful separation of seed activities, which happens in the mould room
with a dose calibrator / activity meter. Seed activities are initially confirmed by the
medical physicist, as recommended by the AAPM Low Energy Brachytherapy Source
Calibration Working Group (Butler et al., 2008) or the “Nederlandse Commissie voor
Stralingsdosimetrie” Report 20 (Aalbers et al., 2012).

The TPS approximates each seed as a point source. The 1-125 seed that was used until
2017 was the OncoSeed 6711 (on which this work is also based), and has since been
replaced by the AgX100 seed.

The most common prescription for the treatment of ocular melanomas is 70 Gy given
to the apex of the tumour over 5 days.

Seeds are manually glued onto the plaque with superglue behind lead glass.
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Figure 4: (L) Lead Glass Shield (R) Loading of a Plague with 1-125 Seeds

Acrylic is then used to fill up the plaque. The acrylic is supplied as a two-component
kit, namely a one liter bottle of Wright Cottrell “Excel Rapid Repair Liquid” and a 850
g box of “Excel Rapid Repair Material”’. These are mixed in the appropriate proportions
to form the PMMA. The PMMA composition was given as (CH2=C[CH3]COzH) by the
manufacturer (Robertson, 2014). In the same communication the structure of the

polymer repeating unit was given as:

?Hs

+oH—CH
CO,CHy

Figure 5: Structure of the Acrylic Polymer Repeating Unit
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Figure 6: Filling up the Plaque with Acrylic

Once completed, the plaque is sterilized before insertion.

Figure 7: Insertion of a Plaque in Theatre

A removal notice is issued for the removal of the plaque.
After the removal of the plaque it is soaked in chloroform, which dissolves the acrylic
and allows the seeds to be extracted and sorted. Large gold plaques can potentially be

re-moulded into smaller plaques for use on other patients.
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Figure 9: Custom Plaques with a Cantilever to Allow for Placement near the Lens

Figure 10: Plaques with a Notch for Placement around the Optic Nerve
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1.2.2 The “Claws”

The “Claws” is a unique gold applicator that was designed at Groote Schuur Hospital.
This is the applicator described in this thesis. It was originally built by a jeweller based
on the description of Dr Sealy. It is used to treat children with retinoblastoma, who
require whole eye radiotherapy. Under general anaesthesia, a pericorneal ring is
attached to the four extraocular muscles, and four appendages/legs, each loaded with
1251 seeds, are inserted beneath the conjunctiva in-between each pair of muscles and
attached anteriorly to the ring. The four legs that are now sutured onto the ring give it a

claw-like appearance, hence the name for the applicator.

Figure 11: The Claws

Figure 11 (a) (b) (c)

(a) The pericorneal ring and four attachments

(b) The “Claws” with a few 1-125 seeds

(c) The “Claws” loaded on a brass model of an eyeball
The “Claws” were designed in such a way that all the components of the “Claws” rest
on the eyeball during treatment. The ring of the “Claws” is attached to the four extra-
ocular muscles, which are situated at 12:00, 3:00, 6:00 and 9:00 o’clock. The legs are
sutured onto the ring of the “Claws” in-between these muscles under the Tenon’s fascia.

This is a thin membrane around the eyeball, separating it from the orbital fat. The
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tenon’s fascia and conjunctiva are closed over the legs, adding further stability to the

implant. If the extra-ocular muscles move the eye, the “Claws” remain in position on

the eyeball and will move with the eye (Mustak, 2019, Maree, 2019).

Figure 12: Positioning of the Pericorneal Ring

Figure 13: Insertion of one of the Legs Figure 14: Nearing the End of Surgery

At the end of surgery the “Claws” are barely visible (see Figure 14).

A typical prescription for the “Claws” is 40 Gy given to the center of the eye over four
days.

The applicator was designed in such a way that the dose is directed towards the middle
of the eye, while sparing surrounding tissues. The tissue sparing could never be

determined, because TPP cannot take any shielding into account during dose
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calculations. The calculated dose for the surrounding tissues thus represents the
maximum unshielded dose.

Certain seeds may be omitted to reduce the dose to an unaffected part of the eye.
General anaesthesia is also required for the removal of the applicator. The “Claws” and
the 1-125 seeds can be reused after sterilization. In the original “Claws” all seeds had
the same activity.

The radioactive loading and implant procedures of the “Claws” are similar to those of
plaques.

An X-ray of the “Claws” in-situ used to be taken for record-keeping, but this is no

longer done.

Figure 15: X-rays of the “Claws” in-situ

The eye is often left unpadded after surgery, particularly if it is the only seeing eye
(Stannard et al., 2001). The “Claws” are used to treat Stage 0 retinoblastoma, when the

cancer is still contained in the eye (see Chapter 2.1.1 for staging).
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1.2.3 Other Unusual Plaques from Groote Schuur Hospital

Other uncommon LDR brachytherapy procedures using plaques include the treatment

of the lacrimal gland, where the seeds are glued to the convex side of the lacrimal gland

plaque.

Figure 16: Plaque Designed to Treat the Lacrimal Gland

On the left hand side of Figure 16 is the actual gold plaque without seeds, on the right

a dummy plaque that was used for dose calculations.

At one point an 1-125 applicator was designed to irradiate blood vessels growing into

the cornea of the eye (Hering et al., 1989).

Figure 17: Applicator Designed to Irradiate Blood Vessels Growing into the Cornea

29



A stainless steel conjunctiva plaque was also in use for a few years, as described by

(Sealy et al., 1980).

Figure 18: The Conjunctiva Plaque

Figure 19: Convex Plaque to Treat the Superior Orbital Wall

Figure 19 shows a convex plaque where the seeds were glued onto the outside of the
gold to treat the superior orbital wall, when residual tumour was discovered after

surgery.

Other LDR procedures using 1-125 include the treatment of keloid scars, various
implants in and around the eye (either with or without a prosthetic eye in situ), floor of
mouth or tongue, including the use of custom applicators (Stannard et al., 2014,
Stannard et al., 2011, Stannard et al., 2004, Stannard et al., 2000, Stannard et al., 1987,

Hering et al., 1977).
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One case of perianal synovial sarcoma was also treated with LDR brachytherapy at the
hospital (Tovey et al., 2017). Implants, being flexible, require post-operative planning
to determine the optimal removal time of the implant. Orbital implants are used to treat

residual tumour in the eye socket after enucleation.

Figure 20: Patient Treated with an Orbital Implant in one Eye and the “Claws” in the other Eye
to Help Preserve some Vision in that Eye.

Theraplan Plus (TPP), the current treatment planning system, can only approximate
each radioactive source as a point source. This means that any anisotropic dose
distribution around a radioactive seed is disregarded. As mentioned, the shielding of
the gold is not taken into account at all, meaning that the dose to the critical structures
in and around the eye is not determined accurately, but rather represents the maximum
unshielded dose to that region. In order to address these limitations, this project was

started.

As an interesting side-note, at some point the Relative Biological Effectiveness (RBE)
of 1-125 was investigated. Initial studies by (Kim and Hilaris, 1975) suggested that the
RBE of 1-125 “would be slightly higher than 1 and less than 1.5”.

(Zeitz et al., 1977) predicted an RBE of 1.4 for 1-125. Studies done at Groote Schuur
Hospital suggested a value of 1.7 relative to Ta-182 by (Hering et al., 1978), obtained

by irradiating broad bean (Vicia faba) roots for dose rates of about 6 cGy/hr at an

31



irradiation distance of 2.3 cm. A value of 1.5 was determined for I1-125 using the same
plant, when compared to Ir-192 (Hering, 1980). A value of 1.5 was used for purposes
of dose calculation at the time (Sealy et al., 1980). Later on the RBE of 1-125 relative
to 1r-192 was determined to be 1.8 £ 0.03 at low dose rates of 40 — 80 cGy/hr (Hering
etal., 1987).

The use of an RBE of 1.5 and the associated reduction in physical dose was eventually
discontinued, because of clinical recurrences of the cancer (Stannard et al., 2001).
However, literature suggests that there may still be some work to be done in this field:
(Marchese et al., 1984) proposed an RBE for 1-125 of 1.2 relative to Cs-137 when
irradiating mouse embryo cells, which did not vary with dose rate over the range 10 —
76 cGy/hr. (Scalliet and Wambersie, 1987) noted that RBE values of 1.15 — 1.20 are
observed for high doses and high dose rates. (Ling et al., 1995) suggested an RBE of
1.4 for 1-125 relative to Co-60 at dose rates of about 0.07 Gy/hr. (Brenner et al., 1999)’s
work suggests an RBE for 1-125 of 1.23 relative to Ir-192 and 1.37 relative to Co-60,
and (Wuu and Zaider, 1998) predict an RBE of 1.5 relative to Co-60.

(Nath et al., 2005) wrote that “a profound dose-rate effect is observed over the dose-
rate range of 6 to 20 cGy/hr” for 1-125 when irradiating Chinese hamster lung cells.
(Nikjoo and Lindborg, 2010) wrote a topical review on the RBE of low energy electrons
and photons, they list an RBE of 1.16 for double strand breaks for 1-125.

While an RBE of 1 is still used at Groote Schuur Hospital at this point, it may be that
the question surrounding the RBE of 1-125 still requires some input from the fields of

micro- and nano-dosimetry (Bug et al., 2017, Rabus, 2019).
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1.3 Aims of the Thesis

It was always considered a weakness that the dose to critical structures could not be
worked out reliably at Groote Schuur Hospital when gold plaques and “Claws” were
used. This meant that the oncologists had to work with incomplete data, which is far
from ideal. The project was originally proposed to determine the dose to critical
structures in and around the eye during treatment with the “Claws”. It was then
expanded with the following aims:

The first aim of this project was to accurately determine various dosimetric and physical
characteristics of a single 1-125 seed and to then compare these to published data.

Spectral measurements of the OncoSeed 6711 using various detectors were also done.

The next aim was to formalize the model of the “Claws” so that the applicator can

potentially also be manufactured elsewhere.

The next aim was to describe the “Claws” dosimetrically. This was done
- Using thermoluminescent dosimeters in a solid water phantom
- Using gafchromic film in a solid water phantom
- Using treatment planning systems TheraPlan Plus and BrachyVision

- Using Monte Carlo simulations — egs_brachy

The final aim of the thesis was the comparison of measured and calculated data. The
Monte Carlo simulations take into account the seed anisotropy as well as the gold
shielding, therefore the relative dose to critical structures can be estimated more

reliably.
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In terms of hypothesis testing, these aims can be written as:

Hypothesis 1: Measured 1-125 spectra will vary depending on the detector. A detector
with a better energy resolution will show more detail.

Hypothesis 2. Measured dosimetric and physical characteristics of the 1-125 seeds
match published data

Hypothesis 3: Dose distributions inside the eye will be similar for measured data,
planned data and Monte Carlo simulated data.

Hypothesis 4: Simulated doses to critical organs will be less than planned doses,

because of the gold shielding of the applicator

Hypotheses 1 & 2 are specific to the OncoSeed 6711, while hypotheses 3 & 4 refer to

the “Claws”.
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CHAPTER 2 LITERATURE REVIEW

2.1 Retinoblastoma

Retinoblastoma is a rare retinal tumour. It is an infancy and childhood cancer and can

appear unilaterally or bilaterally (Cassady and Abramson, 1993). Approximately one-

third of cases carry a hereditary genetic defect associated with retinoblastoma. These

carriers are at an increased risk for second malignancies and about 25 % of hereditary

retinoblastoma survivors die of a second cancer by age 50 (Singh et al., 2013).

2.1.1 Classification of Retinoblastoma used at Groote Schuur
Hospital

The initial Reese-Ellsworth group classification for retinoblastoma was first published

in 1963 (Reese and Ellsworth, 1963), with several recommendations for revisions since

(Ellsworth, 1969, De Sutter et al., 1987a, De Sutter et al., 1987b, Rosengren et al.,

1989, Grabowski and Abramson, 1987, Pratt et al., 1997).

The intraocular group classification of Stage O retinoblastoma that is used at Groote

Schuur Hospital is based on a paper by (Murphree, 2005).

In the paper five groups are proposed, based on risk:

“Group A - Very low risk: Eyes with small discrete tumors away from critical

structures. All tumors are 3 mm or smaller, confined to the retina, and located at least

3 mm from the foveola and 1.5 mm from the optic nerve. No vitreous or subretinal

seeding is allowed.

Group B — Low risk: Eyes with no vitreous or subretinal seeding and discrete retinal

tumor of any size or location. Retinal tumors may be of any size or location not in Group

A. No vitreous or subretinal seeding allowed. A small cuff of subretinal fluid

extending no more than 5 mm form the base of the tumor is allowed.
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Group C — Moderate risk: Eyes with only focal vitreous or subretinal seeding and
discrete retinal tumors of any size and location. Any seeding must be local, fine, and
limited so as to be theoretically treatable with a radioactive plaque. Retinal tumors are
discrete and of any size and location. Up to one quadrant of subretinal fluid may be
present.

Group D - High risk: Eyes with diffuse vitreous or subretinal seeding and/or massive,
nondiscrete endophytic or exophytic disease. Eyes with more extensive seeding than
Group C. Massive and/or diffuse intraocular disseminated disease may consist of fine
or ,,greasy” vitreous seeding or avascular masses. Subretinal seeding may be plaque-
like. Includes exophytic disease and more than one quadrant of retinal detachment.
Group E — Very high risk with any one or more of the following: Eyes that have been
destroyed anatomically or functionally by the tumor. Eyes with one or more of the
following: irreversible neovascular glaucoma, massive intraocular hemorrhage, aseptic
orbital cellulitis, tumor anterior to anterior vitreous face, tumor touching the lens,

diffuse infiltrating retinoblastoma, phthisis or pre-phthisis.”

2.1.2 Treatment of Retinoblastoma

(Stannard et al., 2013) describe various treatment options for retinoblastomas, ranging
from transpupillary thermotherapy or cryotherapy with or without chemotherapy for
group A and B eyes, to treatment with 1-125 or Ru-106 plaques for group C eyes.
Radiotherapy to the whole eye may be needed for some group C eyes and most group
D eyes, if other methods fail (systemic, intraarterial or intravitreal chemotherapy).

External beam radiotherapy using photons, electrons or protons can be used for whole-
eye radiotherapy. (Buchgeister et al., 2007) developed a fixation aid for aligning the

eye for external beam radiotherapy, which was used on 50 patients in Germany between
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2003 and 2006. External beam radiotherapy continues to play an important role in the
treatment of extrascleral and intraneural extension of retinoblastoma (Finger, 2009).

Despite the relatively low mortality rate from retinoblastoma in industrialized countries
(98 % according to (Cassoux et al., 2017)), approximately a quarter of hereditary
retinoblastoma survivors die of a second cancer by age 50 years (Yu et al., 2009). As
such, radiotherapy has to a large degree been replaced by upfront chemotherapy in
patients with early stage disease. However, radiotherapy remains important in cases of

advanced disease (Singh et al., 2013).

The “Claws”, the applicator described in this work, is another approach for
radiotherapy, with local control and retention of vision in 85 % of 13 group A-C eyes
and a local control rate of 58 % in 38 group D eyes with eye retention in 39 % (see
Chapter 2.1.1 for classification description). The “Claws” result in good long-term
cosmesis and there is no recorded incidence of a second non-ocular malignancy

(Stannard et al., 2013).

2.2 Various Types of I-125 Seeds

1-125 is commonly used in the treatment of ophthalmic tumours. A number of
manufacturers supply these seeds, which vary somewhat in design.

The 1-125 seeds with selected references include:

Amersham, EchoSeed, 6733 (Sowards and Meigooni, 2002b, Meigooni et al., 2002a)
Amersham, OncoSeed, 6702 (Williamson and Quintero, 1988, Williamson, 1988,
Williamson, 1991)

Amersham, OncoSeed, 6711 — discussed in more detail in Chapter 2.3, as this is the
seed used in the “Claws”

Amersham, ThinSeed, 9011 (Kennedy et al., 2010)
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BEBIG GmbH (Eckert & Ziegler), 1soSeed, 125.S17 (Lymperopoulou et al., 2005,
Pantelis et al., 2006, Moutsatsos et al., 2014)

BEBIG GmbH (Eckert & Ziegler), IsoSeed, 125.506 (Hedtjarn et al., 2000, Patel et al.,
2001)

Bacon Co., Argentina, Braquibac™ (Pirchio et al., 2007)

Best Industries, Best 1-125, 2301 (Sowards and Meigooni, 2002a, Meigooni et al., 2000,
Nath and Yue, 2002, Heintz et al., 2001)

DraxImage Inc./Cytogen, BrachySeed, LS-1 (Williamson, 2002, Wang and Sloboda,
2002, Chan and Prestwich, 2002, Nath and Yue, 2001)

IBt, InterSource, 1251L (Meigooni et al., 2002c, Reniers et al., 2001)

Ibt-Bebig, SmartSeed (Abboud et al., 2010)

Imagyn, IsoStar, 1S-12501 (Gearheart et al., 2000, Nath and Yue, 2000, Ibbott and
Nath, 2001, Ibbott et al., 2002)

Implant Sciences, I-Plant, 3500 (Duggan and Johnson, 2001, Rivard, 2002, Duggan,
2004, Wallace, 2002)

IsoAid, Advantage, IA1-125A (Meigooni et al., 2002b) (Solberg et al., 2002)

Core Oncology Inc. (formerly: Mills Bio. Pharm.), ProstaSeed, 125SL/SH (Wallace,
2000, Li, 2002)

Brachytherapy Services, Prospara, Med3631 (Wallace and Fan, 1998, Rivard, 2001, Li
et al., 2000, Wallace and Fan, 1999)

Nucletron/Elekta, SelectSeed, 130.002 (Karaiskos et al., 2001, Anagnostopoulos et al.,
2002, Papagiannis et al., 2006)

Source Tech Medical Model STM1251 (Kirov and Williamson, 2001, Li and
Williamson, 2002), also under Bard Urological Division

Syncor, PharmaSeed, BT-125 (Popescu et al., 2000, Solberg et al., 2002)
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Theragenics, AgX100 (Chen et al., 2012, Mourtada et al., 2012)

The Carleton Laboratory for Radiotherapy Physics (CLRP) houses a database of
brachytherapy seed dosimetry parameters.

(http://www.physics.carleton.ca/clrp/seed database).

Another invaluable source of information on brachytherapy seeds is housed at

http://rpc.mdanderson.org/rpc/brachyseeds/source_registry.htm, which is the joint
AAPM/IROC Houston registry of brachytherapy sources.
The Universitat de Valéncia also houses a database of dosimetry parameters for source

models used in brachytherapy at https://www.uv.es/braphygs/ .

2.3 The OncoSeed 6711 Seed

The OncoSeed 6711 seeds were the seeds of choice for many years at Groote Schuur
Hospital. The silver marker shows up on X-rays and can be used to help identify seeds
in implants. The apparent activity of the seeds when they are delivered every six weeks
is around 5 mCi, which, based on personal experience, is already on the “hot” side for
many plaques and implants if those activity seeds were to be used exclusively;
therefore, seeds from different batches are commonly used when designing a plaque or
implant. It should be pointed out here that the use of “apparent activity” is generally
considered obsolete (Williamson et al., 1999) and is not recommended, but seems to be
a quantity that is preferred at Groote Schuur Hospital for historic reasons. However, the
conversion to and from air-kerma strength is given by a single factor. An apparent
activity of 5.20 mCi for the OncoSeed 6711 corresponds to air kerma strength of 6.60

uGymeht.
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The package insert of the OncoSeed IMC6711 seed (OncoSeed™, 2005) describes the
seed as follows: “lodine-125 is adsorbed onto a silver rod and encapsulated in a welded
titanium capsule. The silver rod acts as an X-ray marker.”

The dimensions of the silver rod are given as 3.0 mm long with a diameter of 0.5 mm,
housed in a titanium capsule with a 0.8 mm diameter and a length of 4.5 mm, see Figure

21 below:

I-125 adsorbed on 0.05 titanium
silver rod

Figure 21: Seed Dimensions as Provided by the Supplier

The seed was originally introduced in 1983 (Dolan et al., 2006) and has been described
extensively in literature (Kubo, 1985b, Kubo, 1985a, Ling et al., 1985, Williamson,
1988, Williamson and Quintero, 1988, Weaver et al., 1989, Chiu-Tsao et al., 1990,
Sloboda and Menon, 2000, Weaver, 1998, Nath et al., 1990, Nath et al., 1997, Luxton

et al., 1990, Rivard et al., 2004, Dolan et al., 2006, Williamson, 1991).

(Dolan et al., 2006) carefully examined a number of seeds and came to the following
conclusions:

“The source consists of a beveled right circular cylinder of silver coated with a
radioactive layer and encased inside a cylindrically symmetric titanium shell.” The
radioactive layer is a 2.5:1 molecular ratio mixture of AgBr and Agl and was estimated
to be between 1 — 3 um thick. Seed dimensions were slightly adjusted from those of the

package insert and are given in Figure 22.
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Figure 22: Seed Dimensions According to (Dolan et al., 2006)

Interestingly, the source wire shows bevelling, which until 2006 had been ignored.
(Dolan et al., 2006) observed the beveling angle to be 45 ° + 10 %.

I-125 has a half-life of 59.43 days and decays by electron capture via the excited level
of 35.5 keV of Te-125 into the ground state of Te-125. A number of characteristic X-
rays and Auger electrons are emitted. The iodine in the seed is adsorbed onto a silver

rod and encapsulated in a welded titanium capsule. The electrons are absorbed by the

280 mm +12%

titanium wall of the 1-125 seed.

Relevant characteristic X-ray energies in the OncoSeed 6711 are given in the following

tables:

080 mm + 3.1%
D\

[0.30 - 0.40 mm)

Tellurium - 52 | Energy [keV] PrRoebIZSi\I/iety

Koz 27.202 54
Ko 27.472 100
KBs 30.944

Kp1 30.996 28.6
KBs 31.236

K2 31.700

KB4 31.774 6.2
KOz23 31.812

Table 1: Characteristic X-Rays of Tellurium-52
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Silver - 47 Energy [keV] PEJ%:Si\II ﬁcy
Ko 21.990 53
Ko 22.163 100
K3 24.912
K1 24.942 27.7
KBs 25.145
KB 25.456 48
KB4 25.512 '

Table 2: Characteristic X-Rays of Silver-47

Titanium — 22 | Energy [keV] PrRoebIZSi\I/i?[y
Kot 4,511 100
Koz 4.504 50
K13 4.932 15

Table 3: Characteristic X-Rays of Titanium-22

Additionally, since the seeds are glued onto a gold backing, the following energies

correspond to the gold L-shell characteristic X-rays:

Gold -79 Energy [keV] PrRoebI:lgli\I/iety
Lo 9.713 100
Loz 9.628 11
LB1 11.442 67
LBz 11.585 23
Ly: 13.382 13

Table 4: Relevant Characteristic X-Rays of Gold-79

The 1-125 decay data was obtained from the website of the Laboratoire National Henri

Becquerel (http://www.nucleide.org/DDEP_WG/DDEPdata.htm), last updated on 20

October 2017. Characteristic X-ray wavelengths can also be obtained from (Bearden,
1967) or (Bearden and Burr, 1967) or online from the Lawrence Berkeley National

Laboratory X-ray data booklet at http://xdb.Ibl.gov/.
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The OncoSeed 6711 was available for purchase through AEC Amersham. The gold
material of the “Claws” effectively shields the low-energy gamma ray and X-rays. This
Is one aspect that will be clearly shown in the Monte Carlo simulations in the “Results”
chapter, as opposed to conventional treatment planning system dose calculations, which
cannot take into account the gold shielding. Seed dimensions are small and thus the
seeds are suitable to be used in various plaques, applicators and implants. The seeds

can be used repeatedly, allowing for cost-effective treatment.

2.4 Various Types of I-125 Plaques

Eye sparing treatment with brachytherapy yields excellent local control (Binder et al.,
2016). The Collaborative Ocular Melanoma Study (COMS) is the largest and arguably
the best known study that compared the efficacy of plaque brachytherapy for
moderately large (3 — 8 mm height) tumours versus enucleation.

(https://clinicaltrials.gov/ct2/show/NCT00000124)

The study started in November 1986 and enrollment completed in July 1998 with 1317
patients enrolled. The study was conducted in 43 clinical centers in the United States
and Canada and there are numerous publications on this trial (Diener-West et al., 2001a,
John et al., 2001, Earle et al., 1987, COMS, 1993, Wells et al., 1996, Hawkins and
Melia, 1997, Grossniklaus et al., 1997, COMS, 1997, Albert et al., 1998, Moy and
Melia, 1999, Melia et al., 2001, Willson et al., 2001, Moy et al., 2001, Diener-West et
al., 2001b, Byrne et al., 2002, Margo, 2004, COMS, 2004), to name a few. The study
showed that for medium sized choroidal melanomas there was no survival benefit
between enucleation or brachytherapy and that eye plaque treatment is effective. The
plaques that were used in this study became known as COMS plaques. The COMS

standard plagues have diameters of 10 mm, 12 mm, 14 mm, 16 mm, 18 mm, 20 mm
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and 22 mm respectively. They are circular in design, but could also be notched for
treatment in the vicinity of the optic nerve. They are gold plaques with a Silastic seed

carrier insert. The plaques have 5, 8, 13, 13, 21, 24 and 21 seed slots respectively.

COMS 10mm COMS 10mm notched COMS 12Zmm COMS 12mm notched

Figure 23: Various COMS Standard and Notched Eye Plaques (Images used from
www.eyephysics.com, used with permission)

COMS adopted the revised dose rate constant for the 6711 seed, based on the TG-43

protocol, but still used the point source approximation for their dose calculation. They
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also disregarded the influence of the Silastic insert, the gold backing and any
collimation from the lip of the plaque.

When the dosimetry was re-evaluated (Krintz et al., 2003), the incorporation of the seed
anisotropy, the line source approximation, the Silastic transmission and gold shield
attenuation resulted in dose reductions of 7 — 21 % to structures of interest in the eye.
(Astrahan, 2005) concluded that it was both possible and practical to do treatment
planning for COMS eye plaques that takes into account extra-ocular air, gold and the
Silastic carrier. The AAPM and ABS formed a task group (Task Group 129) that
published a report on the dosimetry of COMS eye plaques in 2012 (Chiu-Tsao et al.,
2012). They found that a commonly used prescription of 85 Gy at 5 mm depth in a
homogeneous medium delivered only about 75 Gy for 1-125 when accounting for
COMS plaque heterogeneities, which is a difference of more than 10 %.

Traeshel and BEBIG both manufacture these types of plaques. Radiochromic film has
been used to study these plaques (Acar et al., 2013) and modifications to the plaque
design have been published (Astrahan et al., 2005).

When the Silastic insert was not in use, it was more difficult to localize the seeds, but a
simple solution was proposed by (Emery and Szechter, 1998). Seeds were initially
affixed to a plaque with a very thin layer of dental acrylic. A magnified photocopy
image of the plaque was taken and the Y and Z coordinates of each seed were then
measured with a metal ruler or caliper. The X-coordinate could be worked out if the
plaque radius of curvature was known. It is not clear how often this technique was used

in practice.
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The ROPES plaque (Radiation Oncology Physics and Engineering Services, Australia)

consists of an acrylic insert with holes to place I-125 seeds, as well as a stainless steel

backing (Granero et al., 2004).

The 15 mm kit.

Figure 24: The ROPES Plaques (Images from www.eyephysics.com, used with permission)

The creator of the Australian ROPES plaques has passed away; it is not known to the

author if these plaques are currently available.

Eye Physics, LLC created and updated their own set of Eye Physics plaques (Astrahan

etal., 1997) and designed the Plaque Simulator (Astrahan et al., 1990a, Astrahan et al.,
1990b), a commercially available treatment planning system sold by Bebig at one point.
The Eye Physics plaques are thinner than the COMS plaques and thus move the seeds

physically closer to the eye. The plaques use a slotted design, with gold collimating
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edges absorbing much of the shallow angle dose of each seed. All Eye Physics (EP)
plaques intentionally use source dosimetric characteristics to their best advantage.
Source anisotropy determines seed locations, groupings and orientations within the
plaques and wasted radiation is collimated away because each radiation source is
individually collimated into a "fan-beam". The dosimetric difference between Eye
Physics and COMS plaques and other home-made plaques is analogous to external
beam use of multi-leaf collimators vs simple rectangular fields (Astrahan, 2019,
personal communication).

The second generation Eye Physics plaques were manually prototyped in wax from
1984 - 2010. The current third generation Eye Physics plaques are prototyped using
stereolithography 3D printing in a special direct casting resin. The prototypes are then

converted to 18K gold using lost-wax casting (Astrahan, 2019).
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Figure 25: A Number of Eye Physics Plaques (Image from www.eyephysics.com, used with
permission)
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Finger’s slotted eye plague (Finger, 2007) was a plaque with variable length slots to

accommodate the optic nerve during treatment of circumpapillary and juxtapapillary

intraocular tumours.

The “Nag” eye plagues were 18k gold plaques of 0.6 mm thickness, loaded with 1-125

seeds, custom made in various shapes and sizes to encompass the tumour base with an

added margin of 1 mm (Nag et al., 2003).

The main difference between Groote Schuur Hospital’s “Claws” and other plaques is
that the “Claws” are used for whole-eye radiotherapy and also treat vitreous seeding in
the eye, while other plaques are used for localized treatment within the eye and treat a

single tumour only.
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2.5 Radiation Interactions
2.5.1 Photon Interactions

In radiation oncology ionizing radiation is used to damage and kill cells.
The overall process of attenuation (the combination of absorption and scatter) results
from several different interactions of photons with atoms. The photons that do not

interact are transmitted.

2.5.1.1 Coherent Scatter

Coherent scatter refers to interactions where the photon undergoes a change in
direction, but not a change in wavelength or energy. No ionization occurs with coherent
scattering. There are two types of coherent scattering: Thomson scattering and Rayleigh
scattering.

Rayleigh scattering is the elastic scattering of a photon off an entire atom. This
mechanism is likely to occur only for very low-energy photons. In Rayleigh scattering,
incoming photons are absorbed by the atom’s electrons. The electrons are not raised to
higher orbits, but vibrate instead. They vibrate with the same frequency and phase as
the incoming electromagnetic wave. The excess energy is immediately emitted in the
form of photons. The new photons have the same energy and phase as the incoming
photons, but are scattered in different directions (Curry et al., 1990).

Thomson scattering is the elastic scattering of a photon by a free charged particle. It is
the low-energy limit of Compton scattering, described in Chapter 2.5.1.3.

Coherent scatter is an interaction that needs to be considered at the low energies of the
I-125 radioactive decay. Although no energy is lost in coherent scatter (and thus no
dose is deposited), it adds to the attenuation coefficient. The photon scattering angle

depends on the atomic number of the medium, as well as the initial photon energy.
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Lower energies tend to have larger scattering angles (Attix, 1986). It was also taken into

account for the Monte Carlo simulations in this work.

2.5.1.2 Photoelectric Effect

In the photoelectric effect, an incoming high-energy photon interacts with a tightly
bound inner orbit electron and transfers all its energy to the electron, which is ejected
from the atom. The ejected electron is known as a photoelectron and the kinetic energy
of the photoelectron is equal to the incident photon energy minus the binding energy of
the orbital electron. The atom is left with a positive charge. Immediately an electron
from an outer shell fills the hole, bringing the atom closer to its ground state. An L shell
electron may fill the K shell, and then an M shell electron may fill the K shell.
Ultimately a free electron will neutralize the atom. When these electrons fall to lower
orbits, photons are produced. The energy of each photon equals the energy difference
between the electron shell levels through which the electrons fall. These energy
differences are characteristic for each element and are thus known as characteristic
radiation (Stanton and Stinson, 1996).

An electron cascade does not always result in the production of characteristic X-rays.
A competing process, particularly for low Z elements, is Auger electron emission. The
ejection of an Auger electron can be explained in a two-step process. In the first step,
the energy needed to eject the Auger electron comes from the de-excitation of another
electron from an outer to an inner orbit. The de-excitation energy is transferred to
another electron in the atom. If the energy is greater than the binding energy of this
electron, it will be ejected from the atom and is referred to as an Auger electron. Excess
energy is transformed into kinetic energy of the Auger electron (Bushberg et al., 2003).
The probability of the photoelectric effect depends on both the energy of the incoming

photon (E) and the atomic number (Z) of the material.
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Probability of photoelectric interaction ~ —
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This means that the higher the atomic number of a material the more likely the
interaction, but the higher the energy of the incoming photon the less likely the
interaction (Stanton and Stinson, 1996). The low-energy photons of 1-125 deposit their

energy in tissues primarily by the photoelectric effect (Huang et al., 1990).

Characteristic Photoelectron
X-rays

Photon
vh

Auger electrons

Figure 26: The Photoelectric Effect — An Incoming Photon Results in the Ejection of a
Photoelectron. Characteristic Radiation or Auger Electrons are Emitted.

2.5.1.3 Compton Scatter

In Compton scattering, a relatively high-energy photon interacts with a loosely bound
electron in an atom’s outer shell. Some of the energy of the incoming photon knocks
the electron out of the atom, leaving behind a positively charged ion. The remaining
energy emerges as a new photon with reduced energy and a change in direction

(Compton, 1923).
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Figure 27: Compton Scatter

By applying the laws of conservation of energy and momentum, the following

relationships can be derived (Marmier and Sheldon, 1969):

a-(1—cosd) hy' hv,

E=hy,- ; hyv'= ;
1+a-(l-cosd) 1+ a-(1—cosd)

coto=(1+ a)-tan%

Equation 1 a, b, ¢: Compton Kinematics

where hvo, hv' and E are the energies of the incident photon, scattered photon and
electron respectively and 0 and @ are the angles as indicated on Figure 27.

o = hvo/moc? where moc? is the rest energy of the electron (0.511 MeV)

2.5.1.4 Pair Production & Photonuclear Interactions

Pair production is only possible at energies > 1.022 MeV and photonuclear interactions
only become relevant at even higher energies. The gamma energy of the radioactive
decay of 1-125 is 35.5 keV, therefore these interactions are not relevant for this thesis

and will thus not be described.
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2.5.1.5 Relative Importance of Photon Interactions

The various processes of photon attenuation can now be considered by examining the
effects of photon energy and atomic mass number Z of the absorber on their relative
importance. Figure 28 shows the proportion of the various interactions. Data was taken
from (Berger et al., 1998) and plotted in MS Excel. The lines in the figure indicate the
values of the photon energy and Z where the probabilities of occurrence of two major
processes are equal.

It can be clearly seen that at energies < 0.1 MeV in water (Zef(H20) = 7.42)
(Jayachandran, 1971) the photoelectric effect is relatively important, but Compton

scatter also needs to be considered.
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Figure 28: Relative Importance of Photon Attenuation Processes

(Data from XCOM: Photon Cross Sections Database: http://physics.nist.gov/cgi-
bin/Xcom/xcom3_1 (Berger et al., 1998) - interpolated in MS Excel)

Photon cross-section data can be obtained interactively at an updated website

(https://physics.nist.gov/PhysRefData/Xcom/html/xcom1.html), in which materials can
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be identified by element, compound or mixture, over the energy range 0.001 MeV —
100000 MeV.

For example, for hydrogen only 6.387 % of photon interactions at 10 keV are coherent
scatter, while for carbon this fraction is 6.826 % and for gold the fraction is 4.096 %.
At 20 keV the percentage of coherent scattering interactions drops to 1.810 % for
hydrogen, 1.688 % for carbon and 2.845 % for gold.

Figure 29 shows the relative importance of coherent scatter, incoherent scatter and the
photoelectric effect for water (H20) and gold for an energy range of 1 keV — 30 keV,
as obtained from the XCOM database. The photoelectric effect dominates all

interactions in this energy range.

Water Gold

(cm’/g)

(cmzﬂg)

| |
B B 10° 107

10 10 Photon Energy (MeV)
Photon Energy (MeV)

— - ——  Total Attenuation with Coherent Scattering
——  Total Attenuation with Coherant Scattering Gobarent Seatering
Conerent Scattering Incoherent Seattering

. Incoharant Scattaring ——  Photoslactric Absorption
——  Photoelectric Absorption

Figure 29: Relative Importance of Photon Interactions in Water (Left) and Gold (Right)
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2.5.2 Electron Interactions with Matter

There are two broad classes of these electron interactions — collision interactions with
subsequent characteristic radiation production and radiative interactions, which
produce bremsstrahlung radiation (Klevenhagen, 1985, Stanton and Stinson, 1996).

The fundamental difference is that the collisional losses involve the outer atomic

electrons while the radiative losses involve the atomic nucleus (Klevenhagen, 1985).

2.5.2.1 Collision Interactions

In collision interactions electrons interact with electrons in the target and transfer
energy and momentum like balls on a pool table. These collisions can either be elastic,
I.e. energy and momentum are conserved, or inelastic, in which momentum is conserved
but kinetic energy is not conserved. Different amounts of energy are exchanged in
collisions. Excitation is the transfer of some of the incident particle’s energy to electrons
in the target material, promoting them to higher energy levels. lonization occurs if
enough energy is given to the electron to remove it from the atom. This can then result
in the formation of characteristic X-rays or Auger electrons (Stanton and Stinson,
1996).

Collisional losses can also be described in terms of the ratio of the distance from the
nucleus that the electron travels at (“impact parameter”) and the classical atomic radius
(Attix, 1986). Soft collisional losses occur when this distance is much greater that the
atomic radius, and they account for about half of the energy transferred to the absorbing
medium (Attix, 1986). Hard collisions occur when the distance of approach of the
electron is roughly equal to the atomic radius. It becomes more likely that the incident
electron will interact with a single electron, which can be ejected with considerable

energy.

55



2.5.2.2 Radiative Interactions (Bremsstrahlung)

Sometimes an electron interacts with the positive charge (Coulomb field) of an atomic
nucleus. This can happen when the distance of approach (impact parameter) is much
less than the atomic radius (Attix, 1986). The electron may interact with the
electromagnetic field of the atomic nucleus resulting in radiative losses. This process

is called bremsstrahlung, which is German for “braking radiation”.

Electran

Ernitted Photon
Muclkeus  wvoe - .. -

Figure 30: Illustration of the Bremsstrahlung Process

In this case the electric field of the nucleus exerts a force on the incoming electron and
causes it to change its direction and velocity. This in turn corresponds to a loss in the
kinetic energy of the electron, and by the law of conservation of energy this energy
shows up as an X-ray photon with energy equal to the energy loss of the electron
(Stanton and Stinson, 1996).

In bremsstrahlung the maximum energy of the X-rays equals the kinetic energy of the
incoming electrons. This occurs when all of the incoming electrons’ kinetic energy is
transformed into the resulting X-ray. Bremsstrahlung production is the dominant
energy-loss process at high energies and collisional losses are more significant at low
energies. Bremsstrahlung has a differential atomic cross section proportional to Z?
(Attix, 1986).

The radiation yield, that is the fraction of electron energy converted into

bremsstrahlung, was looked up for water and gold at 35 keV in (Berger and Seltzer,
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1982): for water the radiation yield is 0.0002599 and for gold it is 0.004117, around 15
times higher than for water.

Since the gamma energy of the 1-125 decay is at 35.5 keV, the maximum energy of any
released electrons cannot be larger than 35.5 keV. As a point of interest, the range of a
35 keV electron was looked up in (Berger and Seltzer, 1982).

The range of electrons released at 35 keV is 0.02 mm in liquid water and 0.003 mm in
gold (Berger and Seltzer, 1982) and the range decreases with a decrease in energy. The
gold of the plaque is 0.5 mm thick, so no electrons will traverse the gold.

With such a short range, any charged particle energy deposition can be assumed to be
local, even with voxel sizes of 0.1 mm x 0.1 mm x 0.1 mm, as used in the Monte Carlo

simulations in this work.

2.6 Calculation of the Treatment Time

1-125 decays with a halflife of 59.43 days or 1426.32 hours. This means that over the
course of a four or five day treatment, the dose rate will decrease.

For example, if the prescription is 40 Gy to the center of the eye over 4 days, this
corresponds to a dose rate of 41.67 cGy/hour at that point, if there were no radioactive
decay. However, because there is radioactive decay, the initial dose rate will have to be
slightly higher for the same treatment over 4 days.

We can work out Teq, the equivalent time, which is the time that the applicator would

have to be in-situ at the higher initial dose rate, if there were no radioactive decay.
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Time
Figure 31: Plot of Doserate vs. Time

Scenario 1 in Figure 31 refers to a constant dose rate (no radioactive decay), in which
the total dose is reached after Teq. Scenario 2 refers to the actual scenario, in which there
is radioactive decay. For both the initial dose rate is Di.

The total dose is given by the area under each curve, both scenario 1 and 2 give the
same total dose.

Scenario 1: Total dose = Di - Teq
Equation 2: Scenario 1

Scenario 2: Total dose = fOTDi At
Equation 3: Scenario 2

where A = In 2 / T1/2 = decay constant and t = time

The total dose in Equation 2 equals the dose in Equation 3, thus
. (T At
Dl'Teq—fo Dl--e

Equation 4
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Teq = —%1 et
Equation 5: Equivalent Time
Teq = _% (e™*T-1)

Equation 6: Equivalent Time

For a treatment time of 4 days = 96 hours and a halflife of 1426.32 hours

(and thus A = 0.000485969 per hour) , Teq = 93.80 hours.

This means that the initial dose rate required for the actual treatment can be calculated
as 40 Gy / 93.80 hours = 42.64 cGy/hour. If this were ignored, the error on a four day

treatment would be 2.35 %.

If the planned dose rate does not match 42.64 cGy/hour exactly, the treatment time T

can be determined by solving for T in terms of Teg.

in2
—In{ 1- Tpq (22
_ —In(1-ATeq) _ ( “ <T1/2>>
T - 2 - n2

Ti/2

Equation 7: Determination of Treatment Time

TheraPlan Plus, the treatment planning system used for the LDR brachytherapy dose
calculations, cannot take into account radioactive decay. Therefore this calculation

needs to be made for each patient.
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2.7 The TG-43 Protocol

The American Association of Physicists in Medicine (AAPM) formed Task Group (TG)
43 in 1988 to review the dosimetry of interstitial brachytherapy sources and to
recommend a dosimetry protocol (Nath et al., 1995).
The dose calculation protocol that was recommended by TG-43 is based on measured
or measurable quantities, either in one or two dimensions. The protocol introduced the
anisotropy function, the dose rate constant, the geometry factor, the radial dose function
and air kerma strength. Apparent activity was replaced by air kerma strength, the
exposure rate constant was replaced by the dose rate constant, the inverse square
distance was taken into account by the geometry factor and the radial dose function
replaced the tissue attenuation factor. The anisotropy constant was replaced by the
anisotropy function.
The protocol works well for two dimensional dose distributions around cylindrically
symmetric sources. An updated protocol was published in 2004 (TG-43U1) (Rivard et
al., 2004), and an additional supplement in 2007 (Rivard et al., 2007). This was
followed by supplement 2 in 2017 (Rivard et al., 2017). Both supplements included
data for new brachytherapy sources.
The following definitions are used throughout the formalism and quoted from TG-
43U1:

1) “Asource is defined as any encapsulated radioactive material that may be used

for brachytherapy. There are no restrictions on the size or on its symmetry.
2) A point source is a dosimetric approximation whereby radioactivity is assumed
to subtend a dimensionless point with a dose distribution assumed to be

spherically symmetric at a given radial distance r. The influence of inverse
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square law, for the purpose of interpolating between tabulated transverse-plane
dose-rate values, can be calculated using 1/r2.

3) The transverse-plane of a cylindrically symmetric source is that plane which is
perpendicular to the longitudinal axis of the source and bisects the radioactivity
distribution.

4) A line source is a dosimetric approximation whereby radioactivity is assumed
to be uniformly distributed along a 1D line-segment with active length L. While
not accurately characterizing the radioactivity distribution within an actual
source, this approximation is useful in characterizing the influence of inverse
square law on a source’s dose distribution for the purposes of interpolating
between or extrapolating beyond tabulated TG-43 parameter values within
clinical brachytherapy treatment planning systems.

5) A seed is defined as a cylindrical brachytherapy source with active length, L, or
effective length, Lesr (described later in greater detail) less than or equal to 0.5

cm.”

The effective length is, for example, used for sources containing multiple radioactive

segments and is irrelevant to the OncoSeed 6711 seed.

The geometry assumed in the TG-43 dose calculation formalism is based on the

following image (Figure 32):
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P(r,0)

Figure 32: The Seed Geometry Used in the TG-43 Report

The reference point is represented by P(ro,60) and lies on the transverse bisector of the
source at a distance of 1 cm from the center of the source.

P(ro,00) = P(1cm, 7/2)

The general formalism for the two-dimensional case gives the dose rate at point P(r,0)

as:

GL(T:B) .
G1(10,60)

D(r,0) =Sk -A- gL(r)-F(r,0)

Equation 8: TG-43 Formalism

Where Sk = air kerma strength — see Chapter 2.7.1

A = dose rate constant [cGy h™t U] — see Chapter 2.7.2

r = distance from the center of the seed to the point of interest [cm]

0 = polar angle identifying the point of interest P(r,0) relative to the longitudinal axis of
the seed

GL = geometry function — see Chapter 2.7.3
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gv = radial dose function — see Chapter 2.7.4
F = anisotropy function — see Chapter 2.7.5
The subscript L indicates the function is for a line source; it may also be replaced with

a P for point source approximations.

2.7.1 Air Kerma Strength - Sk

Kerma is the energy transferred to charged particles as a result of indirectly ionizing
radiation. (Attix, 1986) defines kerma as “the kerma is the expectation value of the
energy transferred to charged particles per unit mass at a point of interest, including
radiative-loss energy but excluding energy passed from one charged particle to
another”,

The air kerma strength is a measure of the strength of the brachytherapy source. The
end-user will have to verify that the air kerma strength is accurate, usually in a
calibrated well-type ionization chamber (*activity meter” or “dose calibrator”).

The TG-43 report introduces the unit U for air kerma strength, with

1U=1puGy m?>ht=1cGycm?h?

Air kerma strength is specified as the product of the air kerma rate in vacuum, usually
measured along the transverse bisector of the source at a calibration distance d, and the
square of the distance, i.e.

Sk = K(d)-d?

Equation 9: Air Kerma Strength

The calibration distance must be large enough that the source can be treated as a point
source, i.e. all geometry effects are excluded in the calculation. In (Rivard et al., 2004)
the subscript 9 is added to the air kerma rate, indicating a photon cut-off energy of &
(usually 5 keV for low-energy photon-emitting brachytherapy sources). The

contribution to the air kerma rate of photon energies below 9 is ignored.
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2.7.2 Dose Rate Constant — A

The dose rate constant is defined as the ratio of the dose rate at the reference position
P(ro,80) and Sk. The units are cGy h™* U, which ends up being cm™.

A — D(rO'BO)

Sk
Equation 10: The Dose Rate Constant
The value of the dose rate constant is dependent on the radionuclide, the source model

and the method used to determine the air kerma strength.

2.7.3 Geometry Function — G

The geometry function Gi(r,0) provides an inverse square correction for the dose rate
calculation. The geometry function does not take attenuation and scatter into
consideration, but provides an inverse square correction based on an approximate model
of the activity distribution in the source. The TG-43 formalism recommends the
geometry function to be approximated by a point or a line source model, which yields
sufficient accuracy.

The geometry function of the point source model is just a simple inverse square
correction. The line source model takes into account the source length L, the angle 6 at
the point of interest P(r,0) and the angle subtended by the ends of the source B (see

Figure 32) with respect to the point of calculation.

Thus: Gpe(1,0) ==  (point source approximation)

1
r2

Equation 11: Point Source Approximation
B ifo £0°

L r sinf . . .
1 (line source approximation)

(2-%)  ife=0

and Gu(r,0) =

Equation 12: Line Source Approximation

64



(Karaiskos et al., 2000) found that the point source approximation is valid for the
determination of geometry factors at radial distances larger than twice the active length

of the source for an elongated brachytherapy source (within 2 %).

2.7.4 Radial Dose Function — g

The radial dose function takes into account the effects of scatter and absorption in the
medium along the transverse axis of the source. It excludes any inverse square type
correction, as this is included in the geometry function. It applies only to the transverse
axis at 6 = 6o = /2.

The source material(s) and filtration can also influence the radial dose function.

The radial dose function is given by:

_ D(r.80) . G(r0,60)
g(n= D(ro.60) G(r,80)

Equation 13: The Radial Dose Function

The value of the function is equal to 1 at the reference distance ro and 6o = 7/2.

The radial dose function can be used as ge (for a point source) or as go (for a line source).
The relevant geometry function Gp or G will need to be inserted into Equation 13.
The TG-43 dosimetry protocol (Nath et al., 1995) recommends fitting a fifth-order
polynomial to fit radial dose functions.

(Moss, 2000) suggests using a fitting equation to describe this function for the
OncoSeed 6711 seed. The modified sigmoid function takes the following shape:

a3 + e[al-(r—a4)]

g(r) =as- a3 + elal-(r-a4)] + elaz ((r—a4)]

Equation 14: Modified Sigmoid Function

With fitting parameters

al =-9.527-10"%; a2 =3.037 - 10%; a3 =18.499 - 10}; a4 = 2.545; a5 = 1.115
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A double exponential fit was recommended by (Furhang and Anderson, 1999, Furhang
and Wallace, 2000):
gr)=ag-e ™"+ q, - e” 7

Equation 15: Double Exponential Function
with fitting parameters ao = 1.964, a1 = 0.337, a2 = -0.933 and as = 0.842 for the 6711
seed.
(Meigooni et al., 2003) suggested a modified fifth-order polynomial of the shape:

gr)=(ap+ a;'r+ ay 1>+ az-r3+a, r*+as-r’)-e %7
Equation 16: Fifth-Order Polynomial Fit
However, in their publication this was not done for the OncoSeed 6711, but for a Pd-

103 seed.

(Taylor and Rogers, 2008b) proposed a modification to (Meigooni et al., 2003)’s
formula to allow for a more rapid variation of the fitting function at small radii. Their
function takes the shape of:

gr)=(ap-r % +a;-rt+a,+ azr+ ay r®+ag-rd)-e %"

Equation 17: Modified Fit
With fit parameters ao = 5.9638 x 10 cm?, a1 = -1.3360 x 102 cm, a2 = 1.1634,
a3 = 0.40710 cm™, a4 =-5.5487 x 10°3cm™, as = 1.7421 x 10 cm™ and

as = 0.44080 cm'™.

Fit parameters for a number of different 1-125 seeds, not just the OncoSeed 6711, are

given in their publication.
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2.7.5 Anisotropy Function - F

The anisotropy function accounts for the anisotropic dose distribution around the
source. This function gives the angular variation of the dose rate about the source at
each distance due to self-absorption, oblique filtration of photons through the seed
capsule and scattering and absorption of photons in the medium.

The anisotropy function is given by:

_ Dr6) . G
F(r, 0)= D(r,8,) G(r9)

Equation 18: The Anisotropy Function

This two-dimensional anisotropy function uses the line source approximation of the

geometry function.
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2.8 The Dosimetry of the OncoSeed 6711

(Attix, 1986) describes 1-125 as having a half-life of 60.2 days, while (Nath et al., 1995)
state a half-life of 59.4 days and the package insert (OncoSeed, 2005) states a half-life
of 59.43 days. It decays via electron capture to the first excited state of Te-125, and de-
excites through internal conversion (93 % of the time) or via gamma emission (7 % of

the time) (Nath et al., 1995). The radionuclide output data is given by (Attix, 1986):

Radiation Mean number / Mean energy / particle [MeV]
disintegration
Gamma 0.0666 0.0354
K alpha-1 X-Ray 0.7615 0.0274
K alpha-2 X-Ray 0.3906 0.0272
K-beta-1 X-Ray 0.2056 0.0309
K-beta-2 X-Ray 0.0426 0.0318
L X-Rays 0.2226 0.0037
K Int Con Electron 0.8000 0.0036
L Int Con Electron 0.1142 0.0309
M Int Con Electron 0.0190 0.0346
KLL Auger Electron 0.1416 0.0226
KLX Auger Electron 0.0597 0.0264
KXY Auger Electron 0.0096 0.0301
LMM Auger Electron 1.5442 0.0029
MXY Auger Electron 3.6461 0.0008

Table 5: 1-125 Output Data

This data differs subtly from the data that is given in TG-43U1, as shown in Table 6:
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1-125 (half-life = 59.40 + 0.01 days)

Photon Energy [keV]

Photons per disintegration

27.202 0.406
27.472 0.757
30.98 0.202
31.71 0.0439
35.492 0.0668

Table 6: 1-125 Output Data

The weighted mean energy of the 1-125 decay is given as 28.37 keV with a total of

1.476 photons per disintegration (Rivard et al., 2004).

The iodine in the seed is adsorbed onto a silver rod and the silver produces characteristic
X-rays that affect the spectrum as well. The titanium capsule also produces
characteristic X-rays at a lower energy.

The recommended dose rate constant in a water medium, according to TG-43, is 0.88
cGy h't U, This was updated to the consensus dose rate constant, which is given in
TG-43Ul as A =0.965 cGy ht U,

The radial dose function and anisotropy function are listed in the next two tables. The

consensus g(r) values are obtained from the TG-43UL1 report.
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r [cm] Radial Dose Function of 6711 Seed
Line Source Approximation Point Source Approximation
L=3mm
0.10 1.055 0.696
0.15 1.078 0.853
0.25 1.082 0.982
0.50 1.071 1.048
0.75 1.042 1.036
1.00 1.000 1.000
1.50 0.908 0.912
2.00 0.814 0.819
3.00 0.632 0.636
4.00 0.496 0.499
5.00 0.364 0.367
6.00 0.270 0.272
7.00 0.199 0.200
8.00 0.148 0.149
9.00 0.109 0.110
10.00 0.0803 0.0809

Table 7: The Radial Dose Function of the OncoSeed 6711 1-125 Seed

It should be noted that only the active length of the seed, and not the total length of the

titanium capsule, is used in the line source approximation.
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The anisotropy function F(r,0) for the 6711 seed, as given in TG-43U1, is:

0[°] r[em]
0.5 1 2 3 4 5
0 0.333 0.370 0.442 0.488 0.520 0.550
5 0.400 0.429 0.497 0.535 0.561 0.587
10 0.519 0.537 0.580 0.609 0.630 0.645
20 0.716 0.705 0.727 0.743 0.752 0.760
30 0.846 0.834 0.842 0.846 0.848 0.852
40 0.926 0.925 0.926 0.926 0.928 0.928
50 0.972 0.972 0.970 0.969 0.969 0.969
60 0.991 0.991 0.987 0.987 0.987 0.987
70 0.996 0.996 0.996 0.995 0.995 0.995
80 1.000 1.000 1.000 0.999 0.999 0.999

Table 8: Anisotropy Function for the 6711 Seed

The brachytherapy source activity distribution is usually assumed to be uniformly
distributed, but most brachytherapy sources demonstrate variations of 2 % - 20 % in the
intensity of emissions about the long axis (DeWerd et al., 2011).

According to the combined report of the AAPMB TG No. 138 and GEC ESTRO
(DeWerd et al., 2011), the dosimetric uncertainty for low-energy photon-emitting
brachytherapy sources is approximately 9 % (95 % confidence interval), excluding the
uncertainties in dose delivery due to the physical implantation. (Mitch et al., 2009)
states that “current brachytherapy dose measurement technologies are not satisfactory,
barely achieving 10 % measurement accuracy under the best of circumstances”.
(Kutcher et al., 1994) suggest an uncertainty of + 15 % as a more realistic number for

plaque brachytherapy.
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2.9 Dosimetry

Gafchromic film dosimetry and thermoluminescent dosimetry were used for this study
and are discussed in detail in the following pages.

These devices have been used for 1-125 dosimetry in literature and were available for
this study. Other dosimetric devices that have been used to study LDR brachytherapy

seeds are also mentioned, but not described in detail.

2.9.1 Radiochromic Film Dosimetry

One of the early radiation detectors making use of the change of colour was the human
skin; the “erythema dose” was the dose needed to produce visible reddening of the skin
(Mould, 1993, Meyer and Glasser, 1926, Chamberlain and Newell, 1928, Richards,
1955). Fortunately this unit was soon discontinued, but the change of colour of certain
materials upon irradiation is still a relevant form of measuring dose.

(Soares, 2006) wrote a very useful paper on the practical application of radiochromic
film dosimetry. The desirable characteristics of radiochromic film include: sensitivity
to ionizing radiation, ease of use, tissue equivalence, no dose-rate dependence, no light
dependence, environmentally stable, rugged, of a reasonable size and not too thick, as
well as a uniform response to radiation over the whole film. Gafchromic film performs

well in high dose gradients (Devic, 2011) and was used in this study.

2.9.1.1 Gafchromic EBT and EBT 2 Film

Radiochromic films produce permanent visible colour change when irradiated. The
AAPM Task Group No. 55 published recommendations on radiochromic film
dosimetry (Niroomand-Rad et al., 1998), but this was before the EBT gafchromic film
was developed. (Butson et al., 2003) wrote a review article on the use of radiochromic

film for medical radiation dosimetry in 2003; since that review article there have been
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a number of improvements in radiochromic film design and behaviour when exposed
to ionizing radiation. The Gafchromic EBT film type became available in 2004 and has
been used for 1-125 seed dosimetry in a solid water phantom (Chiu-Tsao et al., 2008).
The energy dependence of the EBT film was investigated by (Chiu-Tsao et al., 2005)
using 6 MV photons, **Ir, 1% and %pPd. They concluded that “EBT film response is
nearly independent of radiation energy, within the uncertainty of measurement”. The
film is suitable for radiation dosimetry with a wide energy spectrum, including primary
and scattered radiation. (Butson et al., 2006) confirmed that the maximum variation in
the response of the EBT gafchromic film with energy over the range from 28 keV to 4
MeV was 8 % with an uncertainty of 4 %. The original EBT film had two main
absorption peaks at 636 nm and 585 nm after exposure to ionizing radiation (Butson et
al., 2005). (Sutherland and Rogers, 2010) confirmed that the energy dependence of

EBT film varies approximately 10 % below 100 keV.

Gafchromic EBT2 dosimetry film is a self-developing film, which has been formulated
to be energy independent from 50 kV into the MeV range (GAFCHROMIC_EBT?2,
2009Db). The film has been designed to be handled in interior room light, but it is good
practice to keep exposed and unexposed film in the dark when not in use. The film can
be cut into smaller pieces; however, the pieces should be marked to indicate their
orientation with respect to the original sheet. When the film is exposed to radiation a
blue polymer is formed. The exposed film appears dark, with a greenish undertone,
owing to the presence of a yellow marker dye in the active layer of the film. EBT2 film
can be read with a colour scanner, film scanner or digitizer. Care must be taken to
position the film reproducibly on the scanner, because the scanner response may not be

perfectly flat over the scan field. The film response is also sensitive to the orientation
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of the film on the scanner. The response difference is the result of anisotropic light
scattering. The active component in EBT2 film is in the form of needle-like particles
(approximately 1.2 um in diameter and 15 — 25 pm in length (Andres et al., 2010)) and
these particles tend to align with their long axes parallel to the coating direction, thus
scattering light differently in orthogonal directions. For this reason the films have to be
scanned in the same direction every time. Also, the density of the EBT2 film increases
post-exposure and the changes are proportional to log(time after exposure). This means
that the films should all be scanned at the same time after exposure when using the films
for absolute dosimetry. Doses from 1 cGy — 10 Gy can be measured in the red colour
channel, while the green colour channel can be used up to doses of 40 Gy. The blue
colour channel response can be used to adjust for small response differences over the
area of the film. The film has a high spatial resolution (at least 100 um) and is water
resistant (GAFCHROMIC_EBT2, 2009a). It is important to use the same scanner each
time when scanning the exposed films, as different scanners have different sensitivity
responses (Devic et al., 2004). (Devic et al., 2005) recommend the use of flat-bed
document scanners that employ a non-coherent white light emission spectrum as a
simple and reliable tool for optical density measurements, but with some uncertainty
caveats, which include the overall uncertainty of the dose measurement in the reference
field, uncertainty due to the non-uniform thickness of the film’s sensitive layer and
uncertainties associated with the film scanner. Flatbed scanners exhibit a different
response over their lateral scan axis (Van Battum et al., 2015), meaning that the films
must be scanned in the same position on the scanner bed and not be moved around.

The absorption peaks in the EBT2 film are also 636 nm and 585 nm, just like the EBT
film (Butson et al., 2009, GAFCHROMIC_EBT2, 2009b). Another peak arises at 420

nm due to the yellow marker dye in the active layer.
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(Butson et al., 2010) investigated the energy response of the EBT2 radiochromic film
and found an improvement in the response of the film with energy, namely 6.5 % from
50 kVp — 10 MV, with an under-response at 50 kVp of 1.5 %. It should be noted that
the equivalent photon energies for the X-ray beams were stated as 25.2 keV for the 50
kVp beam, 30 keV for the 75 kVp beam and 36 keV for the 100 kVp beam.

(Arjomandy et al., 2010) found that the energy dependence was “relatively small within
measurement uncertainties (1 6 =+ 4.5 %) for all energies and modalities”. It was also
shown that the EBT2 film evolves over time, potentially changing the optical density
of the film (Devic et al., 2010). Scanning orientation (Desroches et al., 2010, Andres et
al., 2010) and film homogeneity (Hartmann et al., 2010) have also been investigated.
Film inhomogeneities can potentially lead to + 6 % uncertainties in dose determination
when optical densities are used for dose calibration (Hartmann et al., 2010).

The effective atomic number of EBT2 gafchromic film is Zesr = 6.84 (Andres et al.,
2010), which is slightly lower than that of water (Zerf(H20) = 7.42) (Jayachandran,

1971).

Polyester Overlaminate - 50 microns

Adhesive Layer - 25 microns

Topcoat - 5 microns

Active Layer - 30 microns

Polyester Substrate - 175 microns

Figure 33: Configuration of the GAFCHROMIC EBT2 Film

Gafchromic EBT2 film was used in this study to determine various seed parameters

(anisotropy, radial dose function), as well as measure dose distributions in the “Claws”.
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2.9.1.2 Gafchromic EBT 3 Film

Gafchromic EBT3 film was introduced in 2012 and immediately described in literature
(Borca et al., 2013).

The structure of the EBT3 film is shown in Figure 34:

Matt Surface Clear Polyester Base - 125 microns

Active Layer - 28 microns

Matt Surface Clear Polyester Base - 125 microns

Figure 34: Configuration of the Gafchromic EBT3 Film

The package insert describes the film as near tissue equivalent with a minimal energy-
dependence and a high spatial resolution (25 pm). The film comes in 8 inch x 10 inch
or 13 inch x 17 inch sheets and also incorporates a yellow marker dye
(GAFCHROMIC_EBTS, 2012).

Most EBT3 film characteristics are similar to the EBT2 film. The EBT3 film shows a
different response between portrait and landscape orientations, similar to the EBT2
film. The film exhibits an energy dependence at low energies of up to 11 %, depending
on the absorbed dose, colour channel used and spatial resolution selected on the scanner
(Massillon-JL et al., 2012). (Morrison et al., 2014) investigated the use of EBT3 film
for low-energy seed brachytherapy and found that film calibration should be done with
a low-energy source, rather than a 6 MV photon beam.

Gafchromic EBT3 film was used to measure the seed anisotropy and radial dose

function, as well as dose distributions in the “Claws”.
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2.9.2 Thermoluminescent Dosimetry

Thermoluminescent Dosimeters (TLDs) are inorganic scintillation materials made from
materials that exhibit high concentrations of trapping centers within the bandgaps.
Incident radiation interacts with the electrons in the dosimeter and elevates them from
the valence band to the conduction band, but they are then captured in various trapping
centers. The amount of electrons trapped in these trapping centers is proportional to the
dose that was deposited in the TLD material.

For readout, the TLD is placed in a stream of heated nitrogen gas, the temperature is
progressively raised and at a temperature determined by the electron trap, the trapped
electrons can pick up enough thermal energy to leave the trap and de-excite with the
emission of a photon.

A signal can be obtained by converting the light signal into an electrical signal using a
photomultiplier tube. The glow-curve describes the amount of photons emitted as a
function of temperature. The basic signal related to the exposure is the total number of
emitted photons (Knoll, 2010).

TLDs can be re-used after they have been annealed.

The common TLD 100 chip is a LiF chip with a concentration of about 400 ppm of Mg
added to serve as the primary trapping centers. Additionally, about 8 ppm of Ti are
added to provide “luminescent recombination centers” (Knoll, 2010).
Thermoluminescent dosimetry has been used to describe 1-125 sources in literature, for
example in (Patel et al., 2001, Chiu-Tsao et al., 2003, Lymperopoulou et al., 2005,
Tailor et al., 2008). This has also been done before for the OncoSeed 6711 1-125 seed

(Sloboda and Menon, 2000, Williamson, 1991).
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The dosimetry of the OncoSeed 6711 was also done in COMS eye plaques using TLDs
(Chiu-Tsao et al., 1993, de La Zerda et al., 1996). Gold plaque dosimetry has also been
done with TLDs (Luxton et al., 1988, Weaver, 1986).

LiF dosimeters are recommended for measuring the dose rate around brachytherapy
sources by the TG-43U1 report.

In this study Rexon TLD 700 chips were used (Lot # C-7-97-1). The TLDs were
supplied as 3 x 3 x 0.9 mm chips. (Das et al., 1996) reported that the measured TLD
light output per unit dose to TLD was constant as a function of energy for this size chip,
but (Nunn et al., 2008) suggested an 8 — 13 % increase in TLD-100 signal from 12 keV

— 145 keV doses relative to Co-60 photons.

2.9.3 Other Dosimetry

Dosimetry in this work was done using gafchromic film and TLDs. Other dosimetry
methods used to describe brachytherapy seeds and dose rate distributions in eye
applicators include:

Glass Rod Dosimeters (Tanaka et al., 2011)

Plastic scintillators (Eichmann et al., 2009, Bambynek et al., 1999, Fluhs et al., 1996)
MOSFET dosimeters for prostate cancer (Buzurovic et al., 2013)

3-D PRESAGE™ (Adamovics and Maryanski, 2004) radiochromic dosimeters (colour
forming dye within a polyurethane matrix) (Poder et al., 2013, Wai et al., 2006)

Diode (Knutsen et al., 2001)

Primary standard laboratories for low-energy brachytherapy sources include the
National Institute of Standards and Technology (NIST) — using the Wide-Angle Free-
Air Chamber (WAFAC), the Physikalisch-Technische Bundesanstalt (PTB) — using a

parallel plate extrapolation chamber with cylindrical geometry and a large volume
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extrapolation chamber (Grossvolumen Extrapolationskammer GROVEX), the
Variable-Aperture Free-Air Chamber (VAFAC) from the University of Wisconsin, the
National Physical Laboratories (NPL) — using a well-type ionization chamber, and the
Laboratoire National Henri Becquerel (LNHB) — using a unique torus-shaped free-air

chamber (Mitch and Soares, 2009, Soares et al., 2009, Sander, 2014).

While the dosimetry of photon brachytherapy sources is currently still based on air-
kerma rate values, efforts are underway to introduce an absorbed dose to water standard

for LDR brachytherapy sources (Soares et al., 2009).

2.10 Monte Carlo Methods

(Bielajew, 2016) argues that both basic and applied science depend on “the trinity of
measurement, theory and Monte Carlo”. This section describes the Monte Carlo
component.

Monte Carlo calculations are computational algorithms that rely on repeated random
sampling to compute their results. The Monte Carlo method numerically solves a
problem that models objects interacting with other objects or the environment, based
on their relationships (Bielajew, 2016). It can be described as a formalized and
methodical version of trial and error. John von Neumann and Stanislaw Ulam from the
Los Alamos National Laboratory are credited with the introduction of Monte Carlo
methods (Ulam, 1952).

(Eckhardt, 1987) writes about some unpublished remarks made by Stan Ulam in 1983:
“The first thoughts and attempts | made to practice [the Monte Carlo method] were
suggested by a question which occurred to me in 1946 as | was convalescing from an
illness and playing solitaires. The question was what are the chances that a Canfield

solitaire laid out with 52 cards will come out successfully? After spending a lot of time
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trying to estimate them by pure combinatorial calculations, | wondered whether a more
practical method than “abstract thinking” might not be to lay it out say one hundred
times and simply observe and count the number of successful plays. This was already
possible to envisage with the beginning of the new era of fast computers, and |
immediately thought of problems of neutron diffusion and other questions of
mathematical physics, and more generally how to change processes described by certain
differential equations into an equivalent form interpretable as a succession of random
operations. Later... [in 1946, | ] described the idea to John von Neumann and we began
to plan actual calculations.”

The Monte Carlo method was described in 1949 as “essentially, a statistical approach
to the study of differential equations, or more generally, of integro-differential
equations that occur in various branches of the natural sciences” (Metropolis and Ulam,
1949).

John von Neumann saw the relevance of Ulam’s suggestion and in 1947 he outlined a
possible statistical approach to solving the problem of neutron diffusion in fissionable
material (Metropolis, 1987). It seems that Nicholas Metropolis suggested the name
“Monte Carlo” for this type of algorithm, “a suggestion not unrelated to the fact that
Stan had an uncle who would borrow money from relatives because he “just had to go
to Monte Carlo.”” (Metropolis, 1987)

Monte Carlo methods were introduced in radiation therapy in the 1970s (Andreo, 1991).
Computational power was limited and the initial use of Monte Carlo methods in
radiation therapy was limited. However, over the years this has changed and Monte
Carlo techniques are now commonly used to solve complex transport equations
analytically (Rogers, 2006). A model is created, which is as similar as possible to the

real physical system of interest, and then interactions within that system are created
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based on known probabilities of occurrence, with a random sampling of probability
density functions (PDFs) (Amato et al., 2013).

A simulation history is defined as the transport of an individual particle and of particles
consequently set in motion. The statistical uncertainty of a simulation depends on the
number of histories simulated. This is governed by the Central Limit Theorem, which
states that the result of a simulation will approach the true result if the number of
histories is sufficiently large. However, the uncertainty will never reach 0 %, because
some uncertainties will remain, like e.g. uncertainties in the cross section libraries,
statistical uncertainty dues to the limited number of histories simulated or uncertainties
in the material composition and densities (Reynaert et al., 2007).

The probability that a photon will travel a distance x without any interactions if given
by e**, where p is the linear attenuation coefficient of that material. The probability of
an interaction within an interval dx is given by p dx. Therefore the interaction
probability for an interaction between x and x + dx is given by pu-e™* dx. The
cumulative probability curve P(x) for the selection of the first interaction site now takes
the shape of

P(x) = foxu e HXdx =1 — eHX

The travel length d for a random number r in the range [0,1] can now be expressed as

r=1-e** »>x=--In(l—-r)=-—-Inr
u U

This is true if r is uniformly distributed between [0,1], because then so is (1 —r) and it
saves one computing operation in the simulation (Bielajew, 1994).

The photon is then transported to the location of the first interaction, where the type of
interaction to be simulated is sampled, based on the interaction cross sections contained

in the cross section libraries (Reynaert et al., 2007).
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The parameters of the initial photon (energy, position, direction) are placed on top of a
stack and are used in the photon transport process. If the photon energy falls below a
user-defined cut-off value (1 keV for this work), the photon transport is terminated. If
the photon energy is above this cut-off, then the distance to the next interaction is
sampled. If the photon leaves the volume of interest the transport is terminated,
otherwise the interaction type is sampled and the resultant particles’ energies and
directions are stored for future processing. When the stack is empty, the history is
completed and a new history starts (Van Eeden, 2014).

The following diagram shows the basic photon transport logic (Bielajew, 1994).
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Figure 35: Photon Transport Logic
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Monte Carlo simulations have been used extensively in low dose rate brachytherapy
(Williamson, 1987, Williamson, 1988, Williamson, 1991, Dolan et al., 2006,
Afsharpour et al., 2008, Bohm et al., 2003, Burns and Raeside, 1983, Chamberland et
al., 2016, Howard, 2014, Landry et al., 2010, Landry et al., 2011, Luxton, 1994, Luxton
and Jozsef, 1999, Miras et al., 2012, Nuttens and Lucas, 2006, Paixao et al., 2012,
Poon et al., 2008, Rivard et al., 2010, Rivard et al., 2011, Rivard, 2009, Taylor and
Rogers, 2008a, Taylor, 2006, Taylor et al., 2007, Thomson and Rogers, 2010, Thomson
et al., 2008, Williamson, 2000, Zehtabian et al., 2010, Brualla et al., 2013, Burns and
Raeside, 1989, Chibani et al., 2005, Melhus and Rivard, 2006), to name a few.

Monte Carlo simulations are considered the current state of the art in computational
dosimetry (Beaulieu et al., 2012). However, Monte Carlo codes cannot be treated as a
“black box” and correct answers are not always easy to obtain (Garth, 2005).

The book “Fundamentals of the Monte Carlo method for neutral and charged particles”
(Bielajew, 2016) gives an in-depth overview of Monte Carlo fundamentals and is
recommended for further studying, as is the book “Monte Carlo Techniques in

Radiation Therapy” (Seco and Verhaegen, 2013).

2.10.1 EGSnrc

The EGS (Electron-Gamma-Shower) Monte Carlo package family is a code used for
the simulation of coupled transport of photons and electrons in an arbitrary geometry
for energies from a few keV up to several hundred GeV (Kawrakow et al., 2019). It is
freely available online.

EGS1 was developed in the late 1960s and early 1970s. This was followed by the
release of EGS2 in 1975, EGS3in 1978 in EGS4 in 1985 (Bielajew, 2004).

The EGSnrc code is based on the EGS4 system, but with a number of enhancements

and modifications, like e.g. the inclusion of the angular distribution of bremsstrahlung
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photons, low-energy photon cross section enhancements, additional incoherent
scattering outcomes or new coherent scattering angular sampling (Kawrakow et al.,
2019).

The PEGS4 code is a stand-alone pre-processing code. It is used to produce cross-
section data for EGSnrc user codes based on material composition and densities, as well
as energy cutoffs. Data in the existing PEGS4 distribution are based on the collision
and radiative stopping powers recommended by the ICRU Report 37 (Kawrakow et al.,
2019). The US Department of Homeland Security has published a compendium of
material composition data for radiation transport modelling, which provides useful data

for almost 400 materials (McConn et al., 2011).

A number of user codes exist for EGSnrc to simulate the passage of photons or electrons
in various geometries (Rogers et al., 2018).

These include cylindrical and spherical geometries:

DOSRZnrc is used to analyze the passage of a photon or electron beam in a finite, right
cylindrical geometry.

FLURZnrc can be used to calculate the fluence of different particles in cylindrical
geometry.

SPRRZnrc calculates Spencer-Attix restricted stopping power ratios.

CAVRZnrc and CAVSPHnrc can be used when cavity ionization chambers are
modelled, in cylindrical or spherical geometries respectively.

The BEAMNrc code is a general purpose code to simulate radiotherapy treatment units
and uses the EGSnrc Monte Carlo system of radiation transport (Rogers et al., 2009).
The original plan was to model the “Claws” using DOSXYZnrc (Walters et al., 2005),

which is a code used for calculating dose distributions in a rectilinear voxel phantom.

85



However, when egs brachy was introduced (Chamberland et al., 2016), it was

immediately obvious that this would offer a simpler and more elegant solution.

2.10.2 egs_brachy

Initially, BrachyDose (Taylor et al., 2007, Thomson et al., 2010) was introduced to
address the need for brachytherapy-specific Monte Carlo codes (Chamberland et al.,
2016). BrachyDose is an EGSnrc (Kawrakow et al., 2019) user code that uses a multi-
geometry package, which was developed by (Yegin, 2003). However, the versatile
egst++ class libraries (Kawrakow, 2005) prompted the development of egs_brachy, a
Monte Carlo code designed specifically for brachytherapy applications and allowing

the modelling of complex geometries (Chamberland et al., 2016).

Egs_brachy requires a text-based input file, which defines all the aspects of the
simulation.

It includes a library of geometry models for brachytherapy sources, including the
OncoSeed 6711 1-125 source. Both electron and photon transport can be modelled using
this code, as it is also based on the EGS_nrc code system. The 1-125 spectrum used is
based on the spectrum published in NCRP Report 58 (NCRP_58, 1985). The
egs_brachy library already contains a material data file, which means that simulations
can be run in “pegsless” mode if no additional materials are added (Thomson et al.,
2017).

The user input file includes data from the library, the input geometry and input source,
as well as various Monte Carlo parameters. VVolume correction subtracts the partial
volume of a seed from a phantom voxel so that the dose is properly determined.

Variance reduction methods, often used to speed up Monte Carlo simulations, were
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switched off for the simulations in this work and are therefore not discussed. An upper

and a lower energy threshold must be specified for photons and electrons.

r Egs_hrachv Iibrarﬂ

Source Geometry

Mass Energy Absorption
egsH User Input File| Cesfficients
Photon Spectrum

Material Data File

Radiation Transport Geometry Package Geometry Definition
Random Number Generator Source Definition
Particle Sources MC Transport Parameters

Calculation Type

Figure 36: Simplified Schematic Diagram for egs_brachy Input

2.10.3 MCSHOW

MCSHOW is a visualization tool that allows the user to view dose distributions in the
phantom geometry. MCSHOW allows the user to define isodose lines, change the
normalization value of the isodoses, view dose distributions in the three main planes
and zoom into the image. It also allows for region of interest drawing for dose-volume-
histogram data for the tumour volume and organs-at-risk. More than one dose
distribution can be displayed for comparison purposes. Apart from this, it also contains
algorithms for noise reduction on the isodose lines in order to remove sensitive Monte
Carlo-induced noise. It thus simplifies tumour volume coverage using smoothed lines.
However, caution must be taken to have data that is at least within 2 % variance. Dose

smoothing is not a quick-fix to speed up simulation times (du Plessis, 2019).

87



CHAPTER 3 EQUIPMENT AND METHODS

The first part of the study consists of describing the OncoSeed 6711. This was done by
measuring the physical dimensions, the apparent activity / air kerma strength, the
spectrum using various detectors, as well as the radial dose function and anisotropy in
a solid water phantom using gafchromic film and thermoluminescent dosimetry.

The second part of the study consists of describing the “Claws”. In-phantom dose
measurements were done using gafchromic film and thermoluminescent dosimeters.
The “Claws” model was formalized in computer-aided-design (CAD) drawings. APVC
model of the “Claws” was manufactured using a milling machine. This model was
micro-CT scanned in an attempt to create an input file for the Monte Carlo simulations.
The CAD model of the “Claws” could be cut into 100 um slices, which were eventually
used to create the Monte Carlo input file.

Dose distributions in the “Claws” were worked out using two treatment planning
systems. Additionally, Monte Carlo simulations to determine the dose distributions in
and around the “Claws” were done. The following flowchart gives an overview of
measurements done and equipment used. It is meant as a quick reference guide to this

chapter and Chapter 4.
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OncoSeed 6711
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- Chapter 3.7

Activity / Air-Kerma
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SourceCheck 4t Chamber
- Chapter 3.1 Gafchromic Thermoluminescent

- Chapter4.1.4 Film Dosimeters

Calibration Calibration
Physical - Chapter 3.4 - Chapter 3.5
A A
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Medium Voltage Unit
- Chapter 3.2

. . Co-60 Teletherapy Unit
Vernier Caliper - Chapter 4.1 - @i 3.2

Geometry Function - Chapter 4.1.1
Other:

- Microscope - Chapter 4.1

- Makro Photography - Chapter 4.1

- Anisotropy
- Chapter 3.7.2
- Chapter4.3.1
- Radial Dose
Function
- Chapter 3.7.3
- Chapter 4.3.2
- Dose Rate Constant
- Chapter3.7.4
- Chapter 4.1.5

- Anisotropy
- Chapter3.7.1
- Chapter4.3.1
- Radial Dose

Function

In-Air Measurements - Chapter3.7.3
- Chapter 3.6 - Chapter4.3.2
- Chapter 4.1.2

Spectrum

- Nal(Tl) Detector

- Chapter 3.6.1

- Chapter4.1.2.1
- HPGe Detector

- Chapter 3.6.2

- Chapter4.1.2.2
- LEPS Detector

- Chapter 3.6.3

- Chapter4.1.2.3
- SDD Detector

- Chapter 3.6.4

- Chapter4.1.2.4

Average Energy
- Chapter 4.1.2.5

Anisotropy in Air
- SDD Detector
- Chapter 4.1.3

Dose Rate Constant from
Spectrum

- Chapter3.7.4
- Chapter 4.1.5

Figure 37: Flowchart for Measurements and Results of the 1-125 Seed
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Flowchart -
continued

In-Phantom
Measurements

- Chapter 3.9
- Chapter 4.4

Gafchromic Film
- Chapter3.9.1
- Chapter 4.4.2

Thermoluminescent

Dosimeters
- Chapter3.9.1
- Chapter4.4.1

Treatment Planning
Systems

TPP
- Chapter 4.5.1
BrachyVision (Point Source)
- Chapter 4.5.2
BrachyVision (Line Source)
- Chapter 4.5.2

CAD Drawing
- Chapter 3.10

Monte Carlo Model
- Chapter 3.13

PVC Model of “Claws”
- Chapter 3.11
Micro-CT Scan
- Chapter3.12

Monte Carlo
- Chapter 3.13-3.15

egs_brachy
- Chapter 3.15
- Chapter 4.6

Figure 38: Flowchart for Measurements and Results of the “Claws”
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3.1 The PTW Sourcecheck 4 Chamber

The PTW Sourcecheck 4 type 33005 is a well-type ionization chamber and is used to
measure the activity or air-kerma strength of brachytherapy sources (PTW, 2013). It has
a nominal volume of 116 mm? and requires a supply voltage of + 400 V. The detector

Is a vented detector and requires an air density correction, given by

o (T + 273.2) - 1013.25\
TP 293.2 - P

Equation 19: Temperature and Pressure Correction

Where T is the temperature in the sensitive volume [°C]
P is the atmospheric pressure at the measuring site [hPa]
ki & k2 are 1-125 specific coefficients and are given by ki = 0.998 and k2 =
0.534.
A custom adapter for single seeds is used for the measurements and the source strength
is calculated according to the following formula:
S =M -N-Pion-k1p
Equation 20: Source Strength Calculation
Where S is the source strength
M is the measured value
N is the chamber calibration factor (from calibration certificate)
Pion is the inverse of the saturation and equals 1 for a chamber voltage > 300 V
ktp is the air density correction described above
Interval measurements are recommended for low activities. The calibration uncertainty

for the OncoSeed 6711 was stated as 3.7 % on the calibration certificate.
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(@) (b)

Figure 39: (a) Diagram of the 47 Chamber (b) Diagram of the 1-125 Seed Measurement Insert

3.2 The Medium Voltage Unit

The medium voltage unit at Groote Schuur Hospital was a single focus Philips HT100
unit (superficial therapy tube TO 100/8) with a stationary copper anode with a tungsten
target. The nominal focal spot size was 4 mm x 4 mm, the anode angle was 45 ° and the
beam filtration was a 1.2 mm Beryllium window. Different kV settings could be
selected, and an additional filter was then added, depending on the tube voltage. Various

applicator sizes were available for patient treatment (Philips, 1967).

Figure 40: The Medium Voltage Unit at Groote Schuur Hospital
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Figure 41: Tube Voltage Selection Options with Filters

This unit was initially used to calibrate gafchromic film and TLDs.
Previous work (Hering, 1993) using microdosimetry had shown that the dose
normalized single event spectra for the OncoSeed 6711 1-125 seed and the 70 kV beam

with 1.25 mm Al filtration were virtually identical.

Figure 42: Comparison of Absorbed Dose Distributions in Lineal Energy Measured for the 6711
Seed and an X-Ray Field Generated by an Accelerating Potential of 70 kVp with 1.25 mm Al
Filtration

These measurements were done using a tissue equivalent proportional counter with a
calibrated dose response to low-energy X-rays.
Unfortunately, this medium voltage unit broke down irreparably during the course of

this study.
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3.3 The Cobalt Teletherapy Unit

Subsequent calibration of Gafchromic films and TLDs were done on a Theratron 780c
Cobalt-60 teletherapy machine. Co-60 decays to Ni-60 with the emission of B-particles
and two photons per disintegration of energies 1.17 MeV and 1.33 MeV. The -particles
are absorbed in the source housing, the useful beam is made up of these two y-rays

(Khan and Gibbons, 2014).

Figure 43: Theratron 780c Co-60 Teletherapy Unit

3.4 Gafchromic Film Calibration

Each set of film data had its own calibration curve. Calibration was done from 0.1 to
either 5 Gy or 10 Gy, with at least eight data points per calibration. Some of the EBT2
films were calibrated in the 70 kV X-ray beam when the unit was still functioning.
Dosimetry was done on the red colour channel of the image. This channel was extracted
from the image using ImageJ Version 1.52a.

As described in the technical brief (GAFCHROMIC_EBT2, 2009b), the density value

was given by logio (65535/scanner value) when using a 48 bit scanning protocol.
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Dose vs. Optical Density

y =-7.0047x3+22.279x%-7.9594x% + 0.3887
R?=0.9988

Dose [Gy]

0.000 0.200 0.400 0.600 0.800 1.000
Density

Figure 44: Sample Calibration for an EBT2 Film

A polynomial was fitted to the data. This allowed for the conversion of any obtained
grayscale to dose.

For film calibration in the Cobalt-60 teletherapy unit, the film was placed ina5cm x5
cm field at a depth of 5 cm in solid water, with adequate backscatter, and the film was
irradiated with doses ranging from 0.05 Gy — 5.00 Gy. In the medium voltage unit film
was calibrated in a 70 kV X-ray beam. The output of the unit was checked with a
calibrated ionization chamber in terms of air kerma rate (no backscatter), using a 10 cm
x 10 cm applicator with a tube current of 10 mA and 1.25 mm added Al filtration. At
the measurement point 0.50 Gy was given in 6.33 minutes.

Film was then placed at the same position and irradiated to known doses.
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3.5 Thermoluminescent Dosimeter Calibration

TLDs were calibrated in either a 70 kV X-ray beam or a Co-60 teletherapy beam. TLDs
were irradiated to a known dose and the light output obtained from the TLD reader
(REXON TLD Systems, Inc. UL-320 ). Each chip had a unique calibration, i.e. no batch
calibration was done (see Figure 45 for a sample glow curve). TLD chips were annealed
in an oven at 400 °C for 1 hour, followed by 100 °C for 2 hours before cooling back
down to room temperature, as per departmental protocol.

In the medium voltage unit the TLDs were calibrated in air with a 10 cm x 10 cm
applicator at 70 kV with a tube current of 10 mA and 1.25 mm of added Al filtration.
At the point of measurement this meant that 0.50 Gy was given in 6.33 minutes. The
tube output was confirmed with a calibrated ionization chamber before every
calibration.

In the Cobalt-60 teletherapy unit the TLDs were calibrated in a 10 cm x 10 cm field
with a dose of 1.00 Gy given at a depth of 5 cm. The dose rate of the unit was confirmed

with a calibrated ionization chamber before calibration of the chips.

Figure 45: Sample Calibration Glow Curve

In Figure 45, the green line corresponds to the temperature, which rises sharply from

room temperature to about 280 °C. The shaded blue region corresponds to the light
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output of the exposed TLD chip, which increases dramatically at temperatures above

180 °C.

3.6 Detectors used for Measurements of the I-125 Spectrum

Spectral measurements of the OncoSeed 6711 source were done with a number of
different detectors. The spectrum in air was used to determine the average energy of the

1-125 seed, as well as its dose rate constant.

3.6.1 Nal(Tl) Scintillation Detector

In 1948, Robert Hofstadter (Hofstadter, 1948) demonstrated that crystalline sodium
iodide, in which a trace of Thallium had been added, produced a large scintillation
output. The Nal(TI) crystal is commonly used, for example in gamma cameras (Cherry
et al., 2004). The crystal is still considered to have excellent light output, but it is
hygroscopic and will get damaged if wet (Knoll, 2010). The amount of light emitted by
the Nal scintillator after a radiation interaction in the crystal is proportional to the
energy deposited in the crystal. A photomultiplier tube (PMT) converts the light input

into a measurable current output. The energy resolution is around 40 % at 10 keV, but

improves to about 8 % at 140 keV.

Figure 46: The Thin-wWindow Nal Detector Coupled to a PMT
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3.6.2 HPGe Detector

One of the major limitations of scintillation detectors is their poor energy resolution.
Semiconductor detectors offer a better energy resolution. The motion of the electron-
hole pairs created along the path of the charged particle through the detector give rise
to an electronic signal, the strength of which is proportional to the energy deposited in
the detectors (Knoll, 2010).

The High-Purity Germanium (HPGe) detector used in this study was a Canberra model
GC4520 detector. The detector operates at liquid nitrogen temperatures to prevent
valence electrons from gaining sufficient energy to be elevated across the bandgap into

the conduction band, which would give rise to an unwanted electric signal.

Figure 47: The HPGe Detector: Model GC4530

The detector has a closed-end co-axial geometry, is 59 mm long and has a diameter of
62.5 mm. The resolution is quoted as 2.0 keV FWHM at 1332 keV and 1.20 keV at 122
keV (Canberra, 2016). The multi-channel analyzer was set to record measurements in

8192 channels at 524 eV/bin.
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3.6.3 The Low-Energy Photon Spectrometer

Access was granted to the Low-Energy Photon Spectrometer (LEPS Detector) at the
iThemba Laboratory for Accelerator Sciences (iThemba LABS) near Cape Town,
South Africa. The LEPS detectors are four electrically segmented planar detectors (10
mm thick, 50 mm diameter), also using high purity Germanium, and are fitted with 300
pum thick Beryllium windows. They are designed to detect photons between 5 — 250
keV. The energy resolution was determined to be 0.8 keV at 40 keV. The multi-channel
analyzer was set to bin spectral data into 1000 bins at 100 eV/bin. Similar to the HPGe

detector, the LEPS detector also operates at liquid nitrogen temperatures (Papka, 2013).

Figure 48: The LEPS Detector at iThemba LABS
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3.6.4 The Silicon Drift Detector

The Amptek Silicon Drift Detector (SDD) is a type of photodiode with a unique
electrode structure to improve performance (R Redus, 2006, Amptek, 2013, Amptek,
2014a). A series of drift rings produce a radial field in the detector, guiding the electrons
to a small anode. X-rays are incident as shown in the figure below, electrons are
produced throughout the active volume and drift to the signal anode. X-rays interacting
in the Silicon create an average of one electron/hole pair per 3.62 eV of energy lost in

the silicon.

Signal Anode Incident X-rays
N+ (FET) M

Radial drift field

Edge of active volume
Cathode

Thin P+ (-50V)

Inner Drift Ring
P+ (-20V)

"T— Outer Drift Ring
P+ (-100V)

Figure 49: Design of the Amptek Silicon Drift Detector as Shown in the Pamphlet (Amptek, 2015)

The X-123 unit includes an X-ray detector and preamplifier, a digital pulse processor
and multi-channel analyzer and a power supply in one small box that easily fits into the
palm of a hand. The aluminium box size is 7 cm x 10 cm x 2.5 cm.

The detector requires a5 V DC input and a USB connection to a computer. The X-123

is controlled by the Amptek ADMCA display and acquisition software.
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Figure 50: The X-123 Silicon Drift Detector

The SDD has a much lower capacitance than a conventional diode of the same area,
reducing electronic noise (i.e. better energy resolution) at short shaping times (i.e. high
count rates) (Amptek, 2014b). The energy resolution is quoted by the manufacturer as
145 eV - 260 eV FWHM at 5.9 keV, depending on the detector, peaking time and
temperature (Amptek, 2015). The SDD is thermoelectrically cooled and does not
operate at liquid nitrogen temperatures.

The entrance Be-window of the detector was specified as 0.5 mil (= 12,5 um) thick.
Over the range of 1-125 energies, an efficiency correction needs to be applied to the
measured spectra (Amptek, 2014c).

X-ray fluorescence (XRF) is widely used to measure the elemental composition of
materials (Amptek, 2011). This detector was able to detect a number of K and/or L shell
X-rays from lodine, Tellurium, Silver and Titanium, the materials present in the

OncoSeed 6711.
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3.7 Measurements of the OncoSeed 6711 1-125 Seed
Dosimetric Parameters

Two solid water phantoms were manufactured and used in the determination of various

TG-43 parameters of the OncoSeed 6711.

This was done using both TLD chips and Gafchromic film.

Figure 51: Solid Water Phantom with Slots for TLD Anisotropy Measurements for Different
Angles at Distances of 2, 3 and 5 cm

Figure 52: Solid Water Phantom with Slots for TLD Radial Dose Function Measurements

A special Perspex jig was also manufactured for the in-air measurements of the 1-125
seed spectrum at different angles and distances. The seed was placed on the rotational
axis of the arm. The arm could be positioned at different angles relative to the detector,
with lines scribed into the Perspex at 10° intervals. The detector was moved relative to

the rotation axis to obtain results at different distances from the seed.
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Figure 53: Perspex Jig for In-Air Measurements of the Seed Spectrum

3.7.1 Measurement of the Seed Anisotropy using Film

The OncoSeed 6711 anistropy was measured to a distance of 5 cm in solid water using
gafchromic film (EBT2 and EBT3). A small recess was cut into a solid water plate to
place a seed.

Film was sandwiched between solid water plates, with at least 10 cm of solid water on

either side of the film for adequate scattering.

Figure 54: Anisotropy Image in Gafchromic EBT2 Film (Size Reduced for Display Purposes)
(left) and EBT3 Film (Cropped for Display Purposes) (right)
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The film dimensions were scaled in ImageJ according to known distances. Usually
either the 8 inch or 10 inch side of the scanned film was used to set the global scale.
The x and y co-ordinates of the center point of the seed were determined. For arbitrary
r and 0 the x and y co-ordinates are given by:

X =r1'cos 0

y=r1-sinf

Equation 21: Determination of Co-ordinates

These were either added or subtracted from the center point to obtain co-ordinates for
the readings for the anisotropy. A 1 mm x 1 mm region of interest was drawn and moved
on the image to obtain the grayscales at each required position on the film.

The relative uncertainties were determined for each data point individually as follows:
The greyscale value in the red colour channel for each data point was determined in
ImageJ from the scanned films, together with its standard deviation. The greyscale
value was converted to dose using the predetermined calibration curve, as described in
Chapter 3.4.

The upper—lower bound method of uncertainty propagation was applied as part of the
error analysis (Deardorff, 2018).

Thus, the mean minus the standard deviation and the mean plus the standard deviation
of the greyscale value in each region of interest were also converted to dose. Half the
difference between the maximum and minimum dose was expressed as a percentage
difference from the dose of the mean greyscale value of the region of interest. This

gives an uncertainty for each data point. Since the anisotropy includes a ratio of two

doses (.D(r’g)), the final uncertainty for each data point was determined as the square
D(r,00)

root of the sum of squares of the individual uncertainties (Topping, 1972).
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3.7.2 Measurement of the Seed Anisotropy using TLDs

The phantom shown in Figure 51 was used to measure the anisotropy with TLDs

at distances of 2 cm, 3 cm and 5 cm. Doses were measured at 0°, + 30°, = 60° and 90°
at distances of 2 cm and 3 cm, and every 10 degrees at a distance of 5 cm.

The chip size was 3 mm x 3 mm x 0.9 mm.

The uncertainty was calculated individually for each data point. The standard deviation

for each dose average (based on four data sets) was expressed as a percentage of the

mean. The anisotropy includes a ratio of doses (];)((:ﬁ ))), therefore the final uncertainty
Yo
was calculated as the square root of the sum of squares of the data point in question, as

well as the one at 6 = 90° at that distance (Topping, 1972).

3.7.3 Measurement of the Radial Dose Function

The radial dose function was measured with gafchromic film and TLDs using the solid
water phantom shown in Figure 52, once again with adequate scatter material and either
side of the film or TLDs.

The radial dose function describes the dose fall-off in the medium along the transverse
axis of the source (0 = 90°), taking into account the effects of scatter and absorption.
The radial dose function was measured to 5 cm with film and to 7 cm with TLDs.

The error bars for the film data were determined as follows: 1 mm x 1 mm regions of
interest were drawn on the scanned film at distancesr = 0.5 cm, 1 cm, 2cm, 3cm, 4 cm
and 5 cm from the center of the seed. This was done in four directions on the film at
angles 90° apart. The value of the red colour channel was used to compute the dose at
each position and then the mean and standard deviation of the dose at each distance

were determined. The standard deviation was expressed as a percentage of the mean.

Since the radial dose function includes the ratio of two doses (DD((:—'Z"))), the uncertainties
0-Y0
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were added as the square root of the sum of squares of the individual uncertainties at

the given radius and at r = 1 cm (Topping, 1972).

The uncertainty for the TLD data was determined as follows: Six data sets of TLD
readings were combined to determine the radial dose functions. Four data sets
overlapped at 2.5 cm and three data sets overlapped at 5 cm to cover the whole range
to a distance of 7 cm. Once the data was normalized to a distance of 2.5 cm, the standard
deviation of the mean doses at each distance was determined. Once again, the
uncertainties were added as the square root of the sum of squares of the individual

uncertainties at the given distance and at r = 1 cm (Topping, 1972).

3.7.4 Dose Rate Constant

The dose rate constant is defined as the ratio of the dose rate at the reference position
(r=1 cm and 6 = 90°) in water and the air kerma strength Sk.

The units are cGy h™* U, which ends up being cm™.

A= b(ro.60) (Equation 10)

Sk

The air kerma strength conversion given in the manufacturer’s specifications was used
(5.2 mCi £ 6.60 uGy-m?-ht) and corrected to the date of measurement. TLD doses
were measured in the solid water phantom at 1 cm distance when the radial dose
function was measured. The measured doses were converted to dose rates, using the
equivalent time Teq described in Chapter 2.6. The average of three runs was used to
calculate A.

Additionally, the method described in (Chen and Nath, 2001) was applied to the
measured spectrum to obtain a calculated dose rate constant. They derived a formula

for calculating the dose rate constant of point sources with known energy spectra as:

106



. Xing B <Menngi))air “A(Ey)
S, E, - (un_(E))

p

Equation 22: Formula for Calculating the Dose Rate Constant
with a discrete energy spectrum Ei and ni denoting the number of photons emitted with

denotes the mass energy absorption

energy Ei per nuclear disintegration. (”e"T(E‘))
air

coefficient for that particular energy in air and A(E;) is the dose rate constant for a
mono-energetic photon source of energy Ei.

The formula (Chen and Nath, 2001) show for the dose rate constant for a mono-
energetic photon source, A(E), contains the ratio of the mass energy absorption
coefficients of water and air, a term that includes the effect of photon attenuation and
the buildup of scattered photons in water. They propose an eighth order polynomial

function of log (E) to be used to fit A(E), given by:

8

AGE) = ) a- [log(B)]

i=0

Equation 23: Polynomial Fit for a Monoenergetic Dose Rate Constant

The coefficients of ai are given in Table 9:

di
-27.204372
100.35773
-197.45012
238.76679
-175.76114
78.461086
-20.733211
2.9835859
-0.18021804

N[OOI WNIRFPO|=—

oo

Table 9: Coefficients for the Polynomial Fit of A(E)
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In addition, (Chen and Nath, 2001) also propose an eighth order polynomial function
of log (E) to fit an equation to the mass-energy absorption coefficient of air, given in

Equation 24:

8
.uen(E) _ . i
log< g >alf Zb log(E )]

Equation 24: Proposed Fitting Function to Mass-Energy Absorption Coefficient of Air

The fitting parameters are given in Table 10:

bi
759.01395
-3216.6698
5854.9415
-5963.47040
3714.66680
-1450.42860
347.23311
-46.67963
2.7023655

VNP |IWIN|FP|O|—

Table 10: Fitting Parameters for Mass-Energy Absorption Coefficient in Air

The units of energy are keV and the log = logio. The fitting functions are valid between
20 keV and 1 MeV and they explicitly state that all decimals should be used in the
fitting procedure.

Measured and calculated dose rate constants are then compared to published data.
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3.8 The “Claws”

Each leg of the “Claws” is designed to take up to four 1-125 seeds. Standard seed co-
ordinates are used for the dose calculation, the nominal positions of the center of each

seed are given in the table below:

Polar Co-Ordinates Cartesian Co-Ordinates

r [cm] 0 [°] o[°] | X[cm] | Y[cm] | Z][cm]
Leg 1 Seed 1 1.2 60 -90 0.000 | -1.039 | 0.600
Leg 1 Seed 2 1.2 85 -90 0.000 | -1.195 | 0.105
Leg 1 Seed 3 1.2 110 -90 0.000 | -1.128 | -0.410
Leg 1 Seed 4 1.2 135 -90 0.000 | -0.849 | -0.849
Leg 2 Seed 1 1.2 60 0 1.039 0.000 0.600
Leg 2 Seed 2 1.2 85 0 1.195 0.000 0.105
Leg 2 Seed 3 1.2 110 0 1.128 0.000 | -0.410
Leg 2 Seed 4 1.2 135 0 0.849 0.000 | -0.849
Leg 3 Seed 1 1.2 60 90 0.000 1.039 0.600
Leg 3 Seed 2 1.2 85 90 0.000 1.195 0.105
Leg 3 Seed 3 1.2 110 90 0.000 1.128 | -0.410
Leg 3 Seed 4 1.2 135 90 0.000 0.849 | -0.849
Leg 4 Seed 1 1.2 60 180 -1.039 | 0.000 0.600
Leg 4 Seed 2 1.2 85 180 -1.195 | 0.000 0.105
Leg 4 Seed 3 1.2 110 180 -1.128 | 0.000 | -0.410
Leg 4 Seed 4 1.2 135 180 -0.849 | 0.000 | -0.849

Table 11: Seed Positions in the “Claws”

It should be noted that since the seeds are loaded into the “Claws” manually, the actual
seed positions may be subtly different from the ones in the Table 11.

The original “Claws” were planned with nominal seed activities of 3.0 mCi each. For
comparison purposes the “Claws” were planned with 3.0 mCi seeds for a treatment time
of 1 hour. In practice different seed activities can be loaded or certain seeds can be left
out to increase or decrease the dose to certain parts of the eye.

The seed positions from Table 11 were used to calculate the doses using TheraPlan
Plus (TPP) Version 3.8 Build 500, the current treatment planning system in use at the
hospital, as well as the Varian BrachyVision (version 15.6.05) treatment planning
system, which was purchased to replace TPP. Two sets of plans were calculated with

BrachyVision, one plan used the OncoSeed 6711 point source model, the other one
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the line source model, but both using the TG-43 formalism. The Acuros BV algorithm

was not available at the hospital.

3.9 Measurement of the Dose Distribution in the “Claws”

Two solid water phantoms to measure the dose distribution in the “Claws” were
manufactured in the hospital workshop. These consisted of two halves of a sphere of 22
mm diameter, which is the inside diameter of the “Claws”.

The first one of these phantoms had a small indent down the middle of the phantom on
both halves to accommodate TLD chips of 3 x 3 x 0.9 mm dimensions exactly in the

middle of the phantom (see Figure 55).

Figure 55: Solid Water Eye Phantom for TLD Measurements in the “Claws”

The second one of these phantoms had no additional modifications and was used for

Gafchromic film measurements in the “Claws” (see Figure 56).

Figure 56: Solid Water Phantom for Gafchromic Film Measurements in the “Claws”
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3.9.1 Thermoluminescent Dosimetry (TLD) and Gafchromic Film

TLD chips (Lot C-7-97-1) were used to measure to doses along the central axis of the
specially designed solid water phantom, which was placed inside the “Claws” and
irradiated.

The “Claws” have an inside diameter of 22 mm; therefore 7 chips could be placed side-

by-side in the phantom.

Figure 57: Seven TLDs in the Phantom

Figure 57 shows half of a solid water eye phantom loaded with seven TLDs (bottom of
the picture). Additionally, another seven TLDs are ready to be annealed in the TLD
annealing tray (as can be seen in the top of the picture).

Because of the inherent symmetry in the “Claws”, measurements were done in three
orientations of the phantom, namely with the TLDs positioned from leg to leg (Figure
58 ), along the central anterior — posterior axis from the cornea of the eye to the retina
(Figure 59), and with the TLDs rotated by a 45 ° angle with respect to the legs, which
corresponds to the superior-inferior or lateral plane in the patient (Figure 60).

Measurements were done with gafchromic film in the same planes.

111



Figure 58: “Leg-to-Leg” Measurement on the Central Plane

() (b) (©)

Figure 60: Sup/Inf or Lateral Measurement (Cylindrical Symmetry)
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3.10 The CAD Model of the “Claws”

Computer Aided Design (CAD) drawings allow for easy replication of the design object
in various file formats and would be needed for any commercialization of the “Claws”.
The “Claws” were initially manufactured by a jeweller based on the instructions of the
oncologist. No formal drawings existed.

The “Claws” were carefully measured out with a Vernier Caliper and CAD drawings
of the “Claws” were put together. The main programme used for this was AutoDesk
Inventor 2013 and later 2015. However, during various stages of the project other
drawing programmes were also tried and used, e.g. SolidEdge Student Edition (V105)
when attempting to cut the “Claws” into slices, Blender 2.78b (for some of the graphics
(and rendered by Unity 2018.2.10f1)), or the AutoDesk package (Inventor View,
123D_Make).

The drawings were saved and can be made available in a number of different file
formats, either as a whole unit or as parts (four legs and a ring), e.g. .stl
(stereolithography), .stp (STandard for the Echange of Product format), .iam (Autodesk
Inventor Assembly file format), .ipt (part created with AutoDesk Inventor), .dwg

(native CAD format), .igs (Initial Graphics Exchange Specification standard).
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Figure 61: Images of the “Claws” Model

A method was also found to convert the CAD model of the “Claws” into an input file

for Monte Carlo simulations, as described in Chapter 3.13.

3.11 Manufacture of PVC “Claws”

A “Claws” model was needed as input for the Monte Carlo simulations. One way of
doing this in the egs_nrc code is to input a CT scan. A CT scan of the gold “Claws”

would lead to severe artifacts, therefore PVVC “Claws” were manufactured.

A model of the “Claws” was manufactured using a Haas VF8 CNC milling machine
using PVC as the material. The South African Astronomical Observatory graciously
allowed the use of their CNC milling machine for the manufacture of one PVC sample
of the “Claws”. The milling machine took the completed CAD drawing as input in the

.stp format, using the Edgecam software.
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This also involved trial and error. The half millimetre thickness of the “Claws” resulted

in a very fragile PVC “Claws” that was already damaged during the manufacture and

had to be redone.

Figure 62: The Ballnose Cutters used during the Manufacture of the PVC “Claws”

The solution that eventually worked involved the milling of half of the ring and the legs
of the “Claws”, filling the cast with Woods alloy, a low-melting point alloy, before
resuming the milling process on the other side of the model. The alloy stabilized the
model and prevented the collapse of the “Claws” during the milling process.

The 2 mm ballnose cutter was used initially during the milling process, the 1 mm

ballnose cutter was used to finish off the “Claws”.

Figure 63: Images showing the Manufacture of the PVC Legs of the “Claws”
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Figure 65: The Original PVC Block, the Woods Metal Insert Added for Stabilization and the
Ring

Figure 67: (a) PVC Legs and Ring (b) PVC “Claws” Glued Together and Loaded with Seeds

Because of the complexity of the manufacturing process, the availability of the CNC

milling machine and the cost involved, only a single PVC model was manufactured.
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3.12 Attempts at Micro-CT Imaging of the “Claws”

Stellenbosch University has a micro-CT scanner (du Plessis et al., 2016) as part of the
Central Analytical Facility of the university. The General Electric Vtomex L240 micro-
CT scanner is situated in a walk-in cabinet and contains two X-ray tubes, which can be
selected depending on the required task. Scanning of the PVC “Claws” was done at
various resolutions: 20 pum, 50 pm, 100 pum and 200 pm. The micro-CT scan of the

“Claws” was intended to be used as input for the Monte Carlo simulations.

(a) (b)

Figure 68: The micro-CT scanner at Stellenbosch University: (a) the Cabinet (b) the Two X-Ray
Tubes inside the Cabinet
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Figure 69: Various Micro-CT Projection Angles
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Figure 70: Image Reconstruction at 20 um Resolution

Unfortunately very severe image artifacts became visible at all resolutions and at all

tube potentials, due to the silver rods in the 1-125 seeds.

Figure 71: Severe Image Artifacts

Attempts to remove the 1-125 seeds from the legs and to replace the seeds with a
substitute were only partially successful; the PVC “Claws” with the substitute seeds
were somewhat deformed and this meant that another attempt at micro-CT scanning the

“Claws” was also unsuccessful.
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The image analysis was performed with the software package Volume Graphics
VGStudioMax 2.2. Fortunately this software package was able to use the CAD drawing
as input and cut the “Claws” into DICOM slices.

This could be done at various resolutions:

(a) (b)

(©)

Figure 72: Sagittal View of the “Claws” at (a) 17 um (b) 100 um and (c) 200 pm

It was decided to use the 100 pum slices as input for the Monte Carlo simulations.

For the “Claws’” inner diameter of 22 mm this equates to 220 slices and a total of almost
10.000.000 voxels. Thinner slices meant an even higher number of voxels, thicker slices
led to degraded resolution and problems in the creation of the Monte Carlo input

phantom file because of the blurring of the edges, as is visible in Figure 72c.
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Figure 73: 100 um Slices of the “Claws” Shown Every 1 mm

3.13 Conversion of the CAD Model to a Phantom File

The CAD model was cut into 0.1 mm slices in the DICOM image format.

The sliced Dicom images of the “Claws”, as shown in section in the previous figure
(Figure 73), first had to be converted into a readable egsphant file. This was done as a
two-step process: first the Dicom images were converted to a *.txt file using Matlab.
The following materials of the “Claws” had a greyscale assigned in the Dicom images:
the background (water), the gold of the “Claws” and the acrylic, which is used to fill
the legs once the seeds are glued into position. The text file now contained the
greyscales as text, but with more than one greyscale value in the transition zone from
one material to another one, because of partial voluming.

A sharpening filter / ramp filter was applied to the data to sharpen the edges and remove
the partial voluming. This was done in IDL by assigning a single greyscale value per
material across a range of greyscale values that each material had. The ramp filter was

applied in the following way for a 256 greyscale image:
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For each voxel
If that voxel had a greyscale value between 0 and 10 - water
If that voxel had a greyscale value between 10 and 101 - acrylic
Else - gold
End For Loop
Initially there were a few other greyscale levels in between, to distinguish between the
different materials of the 1-125 seed. However, the egs_brachy built-in seed model was
used for the simulations.
The correct densities were then assigned to each greyscale.
The final phantom file had dimension of 301 x 301 x 301 voxels for a total of
27.270.901 voxels, with the “Claws” centered in the phantom.

The first and last 25 voxels in the X, Y and Z directions had dimensions of 1.0 mm x

1.0 mm x 1.0 mm. All the other voxels had dimensions of 0.1 mm x 0.1 mm x 0.1 mm.

The final egsphant file had a size of 453.465 kB.

Figure 74: Image of the Monte Carlo “Claws” Model. One seed is included, but not yet in the
right position or orientation.
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3.14 Description of Monte Carlo Parameters Used
(egs_brachy parameters)

Chapter 3.13 describes how the egsphant file was put together.

The “lib/media/material.dat” file included all materials needed for the simulations,
therefore all simulations could be run in “pegsless” mode. The file
egs_brachy/lib/muen/brachy_xcom_1.5MeV.dat contained the required mass energy
absorption coefficients.

The media of importance are:

medium = WATER_0.998 (water)
rho = 0.998

elements = H, O

number of atoms = 2, 1

medium = acrylic (acrylic)
rho = 1.18

elements = H, C, O
number of atoms = 8, 5, 2

medium = Au (gold)

rho = 19.32

elements = Au

The OncoSeed 6711 is included as a standard seed in egs_brachy (Chamberland et al.,
2016). This means that Titanium, Silver, Air and the AgBr/Agl mixture from the
radioactive layer of the seed are also included for modelling.

The proposed spectrum (1125 _NCRP_line) was used; it is shown in Figure 75. The

spectrum includes the Te characteristic X-rays, but excludes the silver X-rays, as these

will be produced during the Monte Carlo simulations.
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Figure 75: NCRP Report No. 58 Spectrum for 1-125

The spectrum shows the Koz X-rays at 27.202 keV, as well as the Ko X-rays at 27.472
keV. The Kp X-rays are averaged to 31 keV. The peak at 35.5 keV corresponds to the

photopeak energy of 1-125.

The seed co-ordinates and rotation angles of the seeds are user supplied. A large number
of “geometry errors” occurred initially, because of overlap of the various geometries of
the “Claws” with the seeds. This was a software bug and Marc Chamberland, one of
the authors of egs_brachy, proposed creating a wrapper around each seed (with radius
= 0.045 cm) when contacted by email. This solved the problem.

The upper and lower energy thresholds for the creation of electrons (AE, UE) and
photons (AP, UP) were set at:

AE = 0.512 MeV (i.e. electron rest energy of 511 keV plus 1 keV)

UE =2.012 MeV

AP =0.001 MeV (cut-off at 1 keV)

UP =1.500 MeV
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The fluorescent photon cutoff was also set at 1 keV. Rayleigh scattering and electron
impact ionization were switched on. The standard NRC bremsstrahlung cross section

database was used for the simulations.

Transport parameter and cross section options
Photon cross sections xcom
Pair cross sections BH
Pair angular sampling Simple
Triplet production Off
Bound Compton scattering Norej
Radiative Compton corrections Off
Rayleigh scattering On
Atomic relaxations ead|
Photoelectron angular sampling On
Photonuclear attenuation Off
Brems cross sections NRC
Brems angular sampling KM
Spin effects On
Electron Impact lonization ik
Boundary crossing algorithm EXACT
Electron-step algorithm EGSnrc
“ see description of parameters below

Table 12: Monte Carlo Transport Parameter and Cross Section Options

No variance reduction was applied. The maximum fractional energy loss per step was
set to 0.25 (25 %).

The following option descriptions are taken from (Rogers et al., 2009) and (Kawrakow
etal., 2019):

Photon cross sections: The “xcom” setting uses the Berger and Hubbell XCOM photon

cross section database (Berger and Hubbell, 1987).

Pair cross section refers to paid production cross sections, which are irrelevant for the

low energies of 1-125. BH refers to Bethe-Heitler pair production cross sections.

Pair _angular sampling set to “Simple” turns on the leading term of the angular

distribution, which is sufficient for most applications. It is irrelevant for the low

energies of 1-125, as is triplet production.
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Bound Compton scattering should be switched on for low-energy applications. In the

setting “Norej” the actual total bound Compton cross section is used.

Radiative Compton corrections were switched off (default).

Rayleigh scattering should be turned on for low energy applications.

Atomic relaxations: Relaxations of vacancies with binding energies above 1 keV are

explicitely modeled. Such vacancies can be created in photo-absorption, bound
Compton scattering, and electron impact ionization events. All radiative and non-
radiative transitions from/to the K, LI, LIl and LIII shells are taken into account.
Transitions from/to M and N shells are taken into account using “average” M and N
shell binding energies.

If photoelectron angular sampling is “on”, Sauter’s formula (Sauter, 1931) is used to

determine the angle of the photoelectron. If it is “off”, photo-electrons get the direction
of the “‘mother’-photon.

Photonuclear attenuation is not relevant for the low energies of 1-125 and was switched

off.

There are various options for the bremsstrahlung cross-section database: the Bethe-

Heitler cross sections are used if “BH” is selected, when “NIST” is selected the NIST
bremsstrahlung cross section data base is used, which is the basis for the ICRU radiative
stopping powers. If “NRC” is selected, the NIST data includes additional corrections
for electron-electron bremsstrahlung. “NRC” was selected for this work.

The bremsstrahlung angular sampling is set to KM (Koch-Motz) (Koch and Motz,

1959), which shows an improvement of handling kinematics at low energies, compared
to the “Simple” option.
The spin effects should be switched on for electron elastic scattering and are necessary

for good backscattering calculations.
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Electron impact ionization: EGSnrc has the ability to simulate the creation of inner shell

vacancies by electron impact for all K- and L-shells with binding energies above 1 keV.
The setting “ik” makes use of Kawrakow’s theory to derive electron impact ionization
cross-sections (Kawrakow, 2002).

The EXACT boundary crossing algorithm means that the algorithm will cross

boundaries in a single scattering mode. This is the default selection.

The default EGSnrc electron-step algorithm has been shown to produce artifact free

results at the sub 0.1 % level. According to an EGSnrc summary (Kawrakow and

Rogers, 2007) it is the most accurate electron-step algorithm currently known.

3.15 egs_brachy

After the model was fine-tuned and all the bugs were fixed, the final Monte Carlo run
was done on the High Performance Computing Cluster (HPC) at the University of the
Free State.

No variance reduction was applied.

64.000.000.000 particle histories were simulated on 32 cores at the HPC. The
simulation took 11 days to complete (CPU time = 266.6 hours).

Each core calculated 2.000.000.000 histories, divided into 10 batches each. Each batch
had an average uncertainty of ~ 1.50 % (range: 0.94 % - 2.96%), as given by the
simulation information output file.

It is somewhat sobering to realize that 64 billion histories corresponds to an actual

irradiation time (with 16 x 3 mCi seeds) of just over 36 seconds.
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CHAPTER 4 RESULTS

4.1 The OncoSeed 6711 1-125 Seed
For this study, 11 decayed seeds were cut open and magnified under a microscope
(Figure 76). The bevelled edge is clearly visible, but not consistent.

(Dolan et al., 2006) observed the beveling angle to be 45 ° + 10 %.
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Figure 76: The Ends of 11 Seeds Magnified 100 Times under a Microscope

Macro photography also shows the beveled edge (Figure 77a). It also gives an idea of

the slightly grainy consistency of the coating on the seed (Figures 77b, c):

Figure 77 a, b, ¢: Macro Photographs of the Silver Rod

In Figure 77b damage to the silver rod is visible. This happened when the seed was cut

with a scalpel. For interest’s sake, a whole seed is also shown in Figure 78.
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Figure 78: The Titanium Casing

Seed dimensions of 20 seeds were confirmed with a Vernier Caliper accurate to 0.02

mm.

These are given in the Table 13:
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Titanium

Titanium

Seed Casing Casing Silver Rod _Silver Rod
Length [mm] | Diameter [mm] Length [mm] | Diameter [mm]
1 4.62 0.80 2.86 0.52
2 4.64 0.82 2.88 0.50
3 4.58 0.80 2.86 0.50
4 4.62 0.80 2.86 0.54
5 4.64 0.78 2.88 0.50
6 4.68 0.80 2.86 0.52
7 4.62 0.78 2.80 0.48
8 4.54 0.80 2.86 0.54
9 4.52 0.80 2.84 0.50
10 4.56 0.80 2.84 0.56
11 4.60 0.82 2.84 0.50
12 4.70 0.84 2.88 0.52
13 4.66 0.78 2.84 0.50
14 4.64 0.78 2.88 0.52
15 4.72 0.78 2.88 0.50
16 4.66 0.80 2.86 0.48
17 4.64 0.78 2.80 0.54
18 4.60 0.78 2.80 0.50
19 4.52 0.80 2.86 0.50
20 4.52 0.78 2.90 0.50
Average [mm] | 461+1.28% | 0.80+2.09% |285+0.99% | 051+4.11%

Table 13: Measured Seed Dimensions

These dimensions agree with the dimension given in (Dolan et al., 2006) to within a

standard deviation. A CAD drawing of the seed was made (Figure 79), based on the

dimensions of (Dolan et al., 2006):

0.80 mm

Figure 79: The OncoSeed 6711

.

—

A-A(50:1)

Similar to the data from the CLRP TG-43 parameter database, the radioactive coating

was assumed to have a thickness of 1.75 um over the entire surface of the rod.

130



4.1.1 The Geometry Function for the OncoSeed 6711

The geometry function is simply given by the inverse square correction for the point
source approximation, but for the line source approximation is given by Equation 12 in
Chapter 2.7.3.

B

L r sin6

ifg #0°
1 Equation 12

GL(r,0) = (rz - é) o0

with L, B and r defined in Figure 32 in Chapter 2.7, but also shown below for quick

reference:

P(r,0)

Using simple trigonometry it can be shown that:

01 = tan! (L“‘”) and 0 = tan™ <i")L> with B = 02— 01

r-cos(9)+§ r-cos(6)—

Equation 25: Determination of 01 and 0
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(King et al., 2001) goes on to show that B can be expressed as:

1) __[r-sin(8)]
[r - cos(0) — %]

L - sin(tan™

1

B = sin~

2

l\\/[r -sin(0)]? + [r - cos(0) + %] /

Equation 26: Determination of f§

Using the line source approximation with L = 2.85 mm, the following was calculated:

rd\0>] 0° 10° 20° 30° 40° 50° 60 ° 70° 80° 90 °

0.5cm 4.3536 | 4.3369 | 4.2900 | 4.2215 | 4.1426 | 4.0642 | 3.9950 | 3.9416 | 3.9081 | 3.8967
lcm 1.0207 | 1.0199 | 1.0174 | 1.0136 | 1.0091 | 1.0043 | 0.9999 | 0.9964 | 0.9941 | 0.9933
2cm 0.2513 | 0.2512 | 0.2511 | 0.2508 | 0.2506 | 0.2503 | 0.2500 | 0.2498 | 0.2496 | 0.2496
3cm 0.1114 | 0.1114 | 0.1113 | 0.1113 | 0.1112 | 0.1112 | 0.1111 | 0.1111 | 0.1110 | 0.1110
4cm 0.0626 | 0.0626 | 0.0626 | 0.0626 | 0.0625 | 0.0625 | 0.0625 | 0.0625 | 0.0625 | 0.0625
5cm 0.0400 | 0.0400 | 0.0400 | 0.0400 | 0.0400 | 0.0400 | 0.0400 | 0.0400 | 0.0400 | 0.0400
6 cm 0.0278 | 0.0278 | 0.0278 | 0.0278 | 0.0278 | 0.0278 | 0.0278 | 0.0278 | 0.0278 | 0.0278
7 cm 0.0204 | 0.0204 | 0.0204 | 0.0204 | 0.0204 | 0.0204 | 0.0204 | 0.0204 | 0.0204 | 0.0204
8cm 0.0156 | 0.0156 | 0.0156 | 0.0156 | 0.0156 | 0.0156 | 0.0156 | 0.0156 | 0.0156 | 0.0156
9cm 0.0123 | 0.0123 | 0.0123 | 0.0123 | 0.0123 | 0.0123 | 0.0123 | 0.0123 | 0.0123 | 0.0123
10 cm 0.0100 | 0.0100 | 0.0100 | 0.0100 | 0.0100 | 0.0100 | 0.0100 | 0.0100 | 0.0100 | 0.0100

Table 14: The Geometry Function for the OncoSeed 6711

This data matches data from a nominal 3 mm source to within 1 % at 0.5 cm, 0.23 % at
1 cm and less than 0.06 % from 2 cm onwards.

While 01 will always be less than 90°, 62 will be greater than 90° for certain angles when
0 approaches 90°. This will make cos 0 < 0. For these angles 180° will have to be added

to 0 to make cos 6 > 0, as shown in Figure 80.
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Sin All

Cuadrant 2 Quadrant 1

Tan Cos
Quadram 3 Quadrant 4

Figure 80: Trigonometry Ratios that are Positive in the Four Quadrants

Table 15 shows the calculated normalized geometry function for a 2.85 mm line source,

G(r,0)

iven 2. .
given by 7 - ooy

In this way the value in the table shows the deviation of a line

source versus a point source, with reference distance 1 cm and 6o = 90°.

rY\e>] 0° 10° 20° 30° 40° 50° 60 ° 70° 80° 90°

0.5cm 1.0957 | 1.0915 | 1.0797 | 1.0625 | 1.0426 | 1.0229 | 1.0055 | 0.9920 | 0.9836 | 0.9807

lcm 1.0276 | 1.0267 | 1.0242 | 1.0204 | 1.0159 | 1.0111 | 1.0067 | 1.0031 | 1.0008 | 1.0000

2cm 1.0119 | 1.0117 | 1.0111 | 1.0101 | 1.0090 | 1.0078 | 1.0067 | 1.0058 | 1.0052 | 1.0050

3cm 1.0090 | 1.0089 | 1.0087 | 1.0082 | 1.0078 | 1.0072 | 1.0067 | 1.0063 | 1.0061 | 1.0060

4cm 1.0080 | 1.0080 | 1.0078 | 1.0076 | 1.0073 | 1.0070 | 1.0067 | 1.0065 | 1.0064 | 1.0063

5cm 1.0076 | 1.0075 | 1.0074 | 1.0073 | 1.0071 | 1.0069 | 1.0067 | 1.0066 | 1.0065 | 1.0065

6 cm 1.0073 | 1.0073 | 1.0072 | 1.0071 | 1.0070 | 1.0069 | 1.0067 | 1.0066 | 1.0066 | 1.0065

7cm 1.0071 | 1.0071 | 1.0071 | 1.0070 | 1.0069 | 1.0068 | 1.0067 | 1.0067 | 1.0066 | 1.0066

8cm 1.0071 | 1.0070 | 1.0070 | 1.0069 | 1.0069 | 1.0068 | 1.0067 | 1.0067 | 1.0066 | 1.0066

9cm 1.0070 | 1.0070 | 1.0069 | 1.0069 | 1.0068 | 1.0068 | 1.0067 | 1.0067 | 1.0067 | 1.0066

10 cm 1.0069 | 1.0069 | 1.0069 | 1.0069 | 1.0068 | 1.0068 | 1.0067 | 1.0067 | 1.0067 | 1.0067
Table 15: The Normalized Geometry Function for the OncoSeed 6711 (Active Length = 2.85 mm)

If the source were a true point source, then all entries in Table 15 would be unity. The
largest deviations from unity are seen for small angles and small distances.

This calculated table is in agreement with the data published in TG43 (Nath et al., 1995)
and the correction provided by (Rivard, 1999), with similar percentage differences as
Table 14, because of the use of 2.85 mm vs nominal 3 mm as active seed length. The
geometry function is used in the calculation of the radial dose function and the

anisotropy of the seed.
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4.1.2 Measured Spectrain Air

The spectrum of the OncoSeed 6711 was measured with a number of different detectors

in air.

4.1.2.1 Nal(Th) Scintillation Detector

The detector is described in Chapter 3.6.1. The detector was calibrated with Co-57.
The spectrum of the OncoSeed 6711 taken with the Nal(Th) scintillation detector at a

distance of 200 mm is shown below:

2500 -

Seed Spectrum with
the Nal detector

2000 -
Characteristic X-Rays

|e—

/

Silver Characteristic X-Rays

Photopeak

e

500 +

30 35 40 45 50
Energy [keV]

Figure 81: Seed Spectrum Measured with a Nal(Th) Scintillation Detector

It is very obvious that the energy resolution of this scintillation detector cannot
distinguish between the different energies that are expected (see Chapter 2.3).
This type of detector can potentially be used for radio-immuno-assay counting of 1-125,

where the total area under the peak is of interest as a relative measurement.
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4.1.2.2 HPGe Detector
The HPGe detector is described in Chapter 3.6.2. The spectrum obtained with the HPGe
detector shows more structure than the one measured with Nal(Th).

The 35.5 keV photopeak is clearly visible.
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Figure 82: Seed Spectrum Measured with a HPGe Detector

Some tellurium characteristic X-rays are visible, but the detector is operating at its

lower energy limit, therefore concealing some structure in the spectrum.
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4.1.2.3 The Low-Energy Photon Spectrometer

The Low-Energy Photon Spectrometer (LEPS) is described in Chapter 3.6.3.
The Low-Energy Photon Spectrometer shows an improved energy resolution when

compared to the HPGe detector.

140000 -
120000 -
LEPS Detector
100000 -
Te X-Rays
BOOOD - 4
3
S 60000 -
8
Silver ¥X-Rays
40000 -
Ge Escape Peak
20000 - \
: A JA_A
0 10 20 Energy [keV] 30 40

Figure 83: Seed Spectrum Measured with the Low-Energy Photon Spectrometer

The photopeak is clearly visible, as are some tellurium and silver characteristic X-rays.

A germanium escape peak is also visible.
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4.1.2.4 The Silicon Drift Detector

The Silicon Drift Detector is described in Chapter 3.6.4.
The energy resolution of the silicon drift detector is by far the best of the detectors used

in this study, with a number of peaks visible on the measured spectra.
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Figure 84: Seed Spectrum Measured with the Silicon Drift Detector

Figure 84 shows the obtained spectrum of the OncoSeed 6711. The spectrum was
corrected for detector efficiency. More characteristic X-rays for both tellurium and
silver become visible. The low energy characteristic X-rays of titanium also show up
very clearly in this spectrum.

If a gold backing is added to the 1-125 seed, the L-shell characteristic X-rays of gold

also become visible.
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Figure 85: The Gold Backing of the “Claws” Introduces Gold Characteristic X-Rays

The SDD was also used to measure the spectra of the OncoSeed 6711 at different
angles and distances. There are obvious spectral differences when the seed is measured
atangles of 0° or 90° in air, as shown in Figure 86 (no corrections applied). Both spectra
in Figure 86 were measured for the same amount of time and the height of the peaks at

0° are indicative of reduced counts through the ends of the seeds.
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Spectraat 10 mm: 6 =0 ° (red) vs. 8 =90 ° (blue)

Relative Peak Height - linear scale
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Energy [keV]

Figure 86: Spectral Changes at 10 mm for 6 = 0° (red) vs 6 = 90° (blue)

It is very obvious that the red spectrum (0°) shows a spectrum that has been attenuated
more. This is because of the seed end-effect / anisotropy.

The spectrum obtained in Figure 84 was used to determine the average energy of the
Oncoseed 6711 in Chapter 4.1.2.5, and also to get an estimate of the dose rate constant

numerically in Chapter 4.1.5.

4.1.2.5 Determination of the Average Energy of the OncoSeed 6711

(Usher-Moga et al., 2009) used the spectral output to determine the average energy of

the OncoSeed 6711 emissions using Equation 27:

?:1 E;- d)(Ei)
=1 P(Ep)

Eqpe =

Equation 27: Determination of the Average Energy

where Ei is the energy of the resolved peak i, and ®(Ei) is the photon fluence of the

same peak.
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This was applied to the detector efficiency corrected spectrum of Figure 84, once with

the titanium characteristic X-rays included and once without them.

The data is given in Table 16 :

Relative Relative (Usher-Moga et (Chen and
Energy E [keV] Intensity [%] Intensity [%] al., 2009) - Nath, 2001)
with Tiin air without Ti in air in vacuo
4.51 Ti-Ka 0.73 X X
4.93 Ti-KB 0.13
22.10 Ag-Ka 12.20 12.30 16.58 15.3
24.93 Ag-KB 3.98 4.01 4.11 4.3 (averaged
25.46 Ag-KpB 0.95 0.96 0.49 at 25.2 keV)
27.20 Te-Ka 23.20 23.41 60.67 (averaged | 61.4 (averaged
27.47 Te-Ka 41.04 41.39 at 27.38 keV) at 27.4 keV)
30.98 Te-KpB 11.51 11.61 12.31 15.3 (averaged
31.70 Te-KpB 2.68 2.70 2.81 at 31.4 keV)
35.49y 3.58 3.62 411 3.7
Average Energy 27.24 keV 27.44 keV 27.34 keV 27.40 keV

Table 16: Relative Intensity of Emissions

The obtained values of 27.24 keV (including the titanium characteristic X-rays) or
27.44 keV (excluding the titanium characteristic X-rays) are in good agreement with

published data.

Measured spectra in air can potentially be used as input for Monte Carlo calculations,
e.g. this seed spectrum can be used as in input spectrum for use in DOSXYZnrc. It
already includes all the characteristic X-rays that are formed when the 1-125 decays in

the OncoSeed 6711 and can be made available as a .txt file.
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4.1.3 Anisotropy in Air

The anisotropy was measured in air using the silicon drift detector. The spectra of three
different seeds were measured at different angles (0 - 90°) and different distances (5 —
30 mm) from the detector. Figure 86 shows that the spectrum varies with relative seed
angle because of the end-effect. A region of interest (ROI) ranging from 21.07 — 36.85
keV was set on the multi-channel analyzer (i.e. including all significant peaks, but
excluding the low-energy titanium characteristic X-rays below 5 keV) and the seed
spectra were measured. Counts over the ROI were compared for the same counting time
at different distances and angles from the seed. The dead time of the detector at 6 kHz
was 0.24 % and at 15.5 kHz it was 1.15 %. Low-activity seeds were used to keep the
dead time low. Spectra were counted for 30 s each, giving count uncertainties of less
than 1 % over the region of interest. Results of three seeds were averaged.

The anisotropy is defined in water and takes into account the attenuation and scatter
inside the medium as well. It should be pointed out that these measurements were done
in air; therefore differences are expected when comparing the anisotropy in air to that
in water.

These differences will become visible at smaller angles (i.e. where the end-effect is
more pronounced) and larger radii, since anisotropy data is normalized to 1 at 6 = 90°
at each radius r and larger radii mean that there is more scatter and attenuation than for

smaller radii.
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Figure 87: Anisotropy in Airatr=0.5cm
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Figure 88: Anisotropy in Airatr =1cm
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Figure 89: Anisotropy in Airatr =3 cm
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4.1.4 Apparent Activity Measurements with the Sourcecheck 41
Chamber

The chamber is described in Chapter 3.1.

Measurements were made in terms of apparent activity to be consistent with the implant
protocol in use at the hospital; however, calibration factors for both apparent activity
and air kerma strength were supplied.

An apparent activity of 5.20 mCi corresponds to air kerma strength of 6.60 uGym?h,
Seven batches of 25 seeds were measured. Seeds were counted for 10 s each and the
collected charge was converted to a current. Temperature and pressure corrections were
applied to the data, as shown in Chapter 3.1. The average apparent activity for each
batch was compared to the stated decay corrected apparent activity. The source strength
of the radiation source is given by the product of the measured value, the chamber

calibration factor (given by 5.095 - 108 Ci-A) and an air density correction factor.

Seed Batch 1 2 3 4 5 6 7
Average Measured
Apparent Activity 492 | 299 | 196 | 093 | 062 | 0.34 | 0.20

[mCi]
Standard Deviation

[%]

Stated Decay

Corrected Activity 491 | 301 | 200 | 096 | 059 | 0.33 | 0.20

217 | 232 | 239 | 273 | 167 | 596 | 3.05

[MCi]
% Difference 020 | -052 | -2.00 | -331 | 540 | 2.35 | -2.49
Range [mCi] 460—|284—|1.89—|089— 060031019
g 502 | 307 | 206 | 097 | 064 | 038 | 021
Meas“ézc:ig Stated | 4 502 | 0.095 | 0.980 | 0.967 | 1.054 | 1.023 | 0.975
Average Ratio over 7 0.999 + 0.031
Batches ' -

Table 17: Measurement Results

The variability in the readings for a single seed was also investigated. This was done

by measuring five individual seeds from batch 1 twenty times each.
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Average of 20 Measurements
Seed A 485Ci+0.14 %
Seed B 494 Ci£0.11 %
Seed C 489Ci+0.14 %
Seed D 497Ci+0.15%
Seed E 501Ci+0.13%

Table 18: Measurement Results

A total of 175 seeds were measured from 7 batches of seeds. The ratio of measured to
stated apparent activities ranged from 0.967 — 1.054, with an average over all batches
0f 0.999 + 0.031. This confirms the measurement accuracy of the 4w chamber.

Five individual seeds from batch 1 were measured 20 times each. The precision (stated
as the ratio of the standard deviation and the mean, expressed as a percentage) ranged
from 0.11 — 0.15 %, which confirms the measurement precision of the chamber.
Uncertainties for lower activity seeds (0.2 — 1.0 mCi) were larger than for higher
activity seeds (1.0 — 5.0 mCi), which is consistent with a larger uncertainty in the
electrometer reading for the very small currents (< 1 pA) that low activity seeds

produce.

4.1.5 Dose Rate Constant

The dose rate constant is defined as the ratio of the dose rate at the reference position
(r=1cmand 6 =90°) in water and the air kerma strength Sk.

The units are cGy h™* U, which ends up being cm™.

A= D(ro.6o) (Equation 10)

Sk

The air kerma strength conversion given in the manufacturer’s specifications was used
(5.2 mCi £ 6.60 pGy-m?-h't) and corrected to the date of measurement.

TLD doses were measured in the solid water phantom at 1 cm distance when the radial
dose function was measured. The measured doses were converted to dose rates, using

the equivalent time Teq described in Chapter 2.6. The average of three runs was used

144



and A was calculated to be A = 0.96 + 0.20 cGy h* U in solid water. Unfortunately

the uncertainty in the measurement is quite large, but due to the non-availability of the
6711 seed during the latter part of this study these measurements could not be repeated
any more. This large uncertainty may be in part due to the size of the TLDs used (3 mm
x 3 mm x 0.9 mm), which is quite substantial at the measurement distance of 1 cm.
Additionally, the method described in (Chen and Nath, 2001) was applied to the
detector efficiency corrected spectrum of Figure 84 to obtain a calculated dose rate
constant.

Applying Equations 22 — 24 to the data from the measured spectrum in Figure 84, which
Is also shown in Table 16, a dose rate constant for the OncoSeed 6711 of

A =0.978 cGy h'* U is obtained.
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Both obtained values for the dose rate constant are in good agreement with published

values for A in water, as shown in the following table:

Author Method Dose Rate Constant
[cGy h't U1
(Taylor and Rogers, Monte Carlo 0.942 + 0.003
2008a)
(Rivard et al., 2004) Consensus Value in 0.965
TG43-U1
(Kennedy et al., 2010) TLD in PMMA 0.921 + 0.055
(Kennedy et al., 2010) Monte Carlo (MCNP) 0.921 + 0.0037
WAFAC Geometry
(Kennedy et al., 2010) MCNP with pointlike 0.939 + 0.0037
detector
(Rivard, 2009) MCNP WAFAC 0.904 + 0.021
(Rivard, 2009) MCNP with pointlike 0.929 + 0.021
detector
(Chiu-Tsao et al., 1990) TLD 0.853
(Nath et al., 1990) TLD 0.85 +0.03
(Weaver et al., 1989) TLD 0.83
(Sahoo et al., 2009) Monte Carlo EGSnrc 0.931 + 0.004
(Sahoo et al., 2009) TLD 0.971 £ 0.061
(Dolan et al., 2006) Monte Carlo (ptran) 0.942+1.76 %
(Dolan et al., 2006) TLD 0.971+£6.1%
(Nath and Chen, 2007) HPGe Spectroscopy 0.960 + 0.037
(Melhus and Rivard, 2008) Monte Carlo 0.924£2.6 %
(Williamson, 2000) Monte Carlo (MCPT) 0.964
(Williamson, 2000) MCPT WAFAC 0.925
(Chen and Nath, 2001) Analytic / Calculated 0.971
This work TLD in Solid Water 0.96
This work Analytic / Calculated 0.978

Table 19: Dose Rate Constants for the OncoSeed 6711
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4.2 Differences in Gafchromic Film with Time and Scanner

Early dosimetric testing with gafchromic film led to a number of inconsistencies, which
were investigated. These included different film optical densities when different
scanners were used, differences in optical density between portrait and landscape mode
scanning for the same film, as well as film response over time and variation of optical
density with position on the scanning surface. The findings are briefly described here:

Different scanners exhibit potentially very different greyscale values for the red colour
channel for the same film. Initial tests were done on EBT2 film calibrated in the 70 kV
X-ray beam using a Canon MP600 and an Epson Stylus CS4300 scanner. Their
response was markedly different (see Figure 90 below), making it very obvious that the

same scanner should be used for film readout all the time.

Film Density Comparison for Two Different Scanners

1.000
= —@—Epson —@—Canon
‘@
c
)
o
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Figure 90: Film Density Comparison for Two Different Scanners
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Scanning the film in portrait mode reduced the greyscale value by an average of 9.0 %
when compared to the landscape mode.

Density in Landscape vs Portrait Orientation - EBT2 Film
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Figure 91: Optical Density vs. Dose when Scanning in Landscape vs Portrait Orientation

As described in the literature review, the EBT2 film does show some post-irradiation

darkening.

EBT2 Film Response Changes after 1 Day
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Figure 92: EBT2 Film Response Changes after 1 Day

148



A piece of irradiated gafchromic film was also scanned on the Canon MP600 scanner
at 11 different time points over 166 hours post-irradiation. It seems like the most
significant contributor to relative response was if the scanner had been warmed up or
not, with relative responses over time varying by about + 1 % relative to the scan at 1

hour post irradiation.

Relative EBT3 Film Response Over Time - 5.0 Gy

1.005

Relative Response

an (4] RO 100 120 140 160 180

Hours Post-Irradiation

Figure 93: Relative Gafchromic Film Response Over Time

The gafchromic films were eventually scanned with a flatbed MICROTEK ScanMaker
9800XL (TMA 1600) scanner in 48 bit colour mode at 50 points per inch resolution.
No image corrections were applied during scanning, consistent with the recommended
protocol. The red channel was extracted using ImageJ Version 1.52a (Rasband, 1997-
2018, Schneider et al., 2012, Abramoff et al., 2004). Regions of Interest were drawn to
obtain the greyscale values of the red colour channel.

To obtain an indication of variation of scanner response over the area of the scanner,
the same piece of film was scanned at the top of scanner window in the middle of the
window, and at increments of 5 cm up to 20 cm (Table 20). It can be seen that the
relative response of the film varies between 0.991 and 1.026 over the length of the

scanner.
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Distance from Top of

Red Channel Greyscale

Relative Response to Top

Scanner Window [cm] Value of Scanner Window
0 20465 1.000
5 20290 0.991
10 20581 1.006
15 20996 1.026
20 20976 1.025
Standard Deviation: 314 1.52 %

Table 20: Scanner Response

This makes it abundantly clear that the film should be scanned on the same scanner, at

the same position, under the same conditions and at the same time post-irradiation as

the calibration film was scanned, to reduce any uncertainties.

Gafchromic film was used to determine seed anisotropy and radial dose function, as

well as dose distributions in solid water inside the “Claws”.
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4.3 Measured Anisotropy and Radial Dose Function in Solid
Water

The anisotropy and radial dose function were measured in specially designed solid

water phantoms, as described in Chapter 3.7.

4.3.1 Anisotropy

The anisotropy measured with film is shown first. One should bear in mind that a

1 mm x 1 mm region of interest, as was used for the film dosimetry, has a substantial
dose gradient across it at small distances of 0.5 cm or 1 cm. This results in a relatively
large standard deviation (around 10 % at 1 cm, around 25 % at 0.5 cm), as can be seen
in the results.

The results are shown oin Figures 94 - 98:
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Figure 94: Anisotropy at 0.5 cm
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Anisotropy: 1 cm
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Figure 95: Anisotropy at 1 cm
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Figure 96: Anisotropy at 2 cm
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Anisotropy: 3 cm
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Figure 97: Anisotropy at 3 cm
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Figure 98: Anisotropy at 5 cm
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The TLD-measured results are shown below in Figure 99 - 101. The measured data is
shown together with the data from TG-43U1, as well as the data from the Carleton
Laboratory for Radiotherapy Physics (CLRP) database of TG-43 brachytherapy

dosimetry parameters (https://physics.carleton.ca/clrp/seed database).
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Figure 99: Anisotropy Measured with TLDs at 2 cm
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Figure 100: Anisotropy Measured with TLDs at 3 cm
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Figure 101: Anisotropy Measured with TLDs at 5 cm

It can be seen that there is good agreement between measured data and published data.
The uncertainty for the anisotropy measured with film is larger than for the anisotropy

determined with TLDs.
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4.3.2 Radial Dose Function

The combined film / TLD results are shown in Figure 102.

Radial Dose Function
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Figure 102: Radial Dose Function Measured with Film (green) and TLDs (blue)

Measured and published data match quite well to within one standard deviation.
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4.4 Measured Doses in the “Claws”

Doses and dose distributions were measured in the “Claws” using gafchromic film, as
well as TLDs. Comparison to planned and Monte Carlo simulated doses follow later in

the chapter.

441 TLD Measurements

It was found that the TLD measured dose at the center was 81.5 + 1.4 % of the planned
dose from TheraPlan Plus. One of the main reasons for this discrepancy is a historical
one: when the change was made from “activity” to “apparent activity” in the dosimetry,
a factor of 0.897 was introduced. However, the clinicians at Groote Schuur Hospital did
not want to have any dosimetric changes to their plans, therefore the apparent activities
of all seeds that are received at the hospital are divided by 0.897, making all plans “hot”
by 11.5 %. Another reason for this discrepancy is that measurements were done in solid
water and not liquid water. (Williamson, 1991) published a conversion factor of 1.043
for the Solid Water to water conversion of dose for the 6711 source, while (Meigooni
et al., 2006) calculated a 4 % difference for an 1-125 seed with a silver marker. The
combination of these two factors brings the measured and calculated values much closer
together.

Doses were normalized to 100 % at the center of the “Claws” for display and
comparison purposes. Dose profiles were drawn through the measurement planes.

The error bars correspond to the standard deviation of the averaged and normalized

readings at the measurement points.
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Dose Normalized to 100 % at Center
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Figure 103: “Leg-to-Leg” Measured Doses on the Central Plane

Sup/Inf or Lateral Measurement
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Figure 104: Sup/Inf or Lateral Measurement on the Central Plane

Each measurement point corresponds to the center of a TLD chip at that position.

Relative doses are interpolated between data points.
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4.4.2 Gafchromic Film Measurements

Film measurements were also done in the “Claws” along various orientations.

Figure 105 (left) shows an inverted red channel image after exposure in the “Claws”.
This is an image of the film placed into the “Claws” with the film sandwiched from leg-
to-leg (Figure 105 — right), the higher doses near the seeds are clearly visible on the
image. Films were cut with a “handle” for labelling and to keep track of film orientation.

It was not practical to suture the legs into position in the measurement set-up, they were

kept in position using a re-useable putty adhesive.

Figure 105: Inverted Red Channel Image and Measuring Plane of the Film

Dose points were added on the films during the image analysis at the same positions as
the TLD measurement positions, as shown in Figure 107. Data was normalized to 100
% at the center of the eye. Error bars represent the standard deviation of the average of

the readings at the respective dose points.
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Gafchromic Film: Normalized Doses on Central
Plane Orthogonal to Legs
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Figure 106: Measurements from Leg-to-Leg on Central Plane

Figure 106 is averaged from five data sets.

Figure 107: Inverted Red Channel Image on the Central Plane of the “Claws”

Figure 107 shows another inverted red channel image on the central plane of the
“Claws”. The position of the legs is clearly visible at angles of +45 ° and £135°, where
the film appears brighter. The yellow regions of interest correspond to the positions and

sizes of the TLDs for comparison purposes.
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Gafchromic Film: Sup/Inf or Lateral Measurement
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Figure 108: Measured Sup/Inf or Lateral Doses on Central Plane

Relative doses from the lens to the posterior of the eye are shown in Figure 1009.
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Figure 109: Measured Doses from Lens towards the Posterior of the Eye at 3 mm Intervals
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45 Planned Doses in the “Claws”

The “Claws” were planned with 3.0 mCi seeds for a treatment time of 1 hour for both
TPP and BrachyVision planning systems.

Points of interest were drawn into each plan at the TLD measurement positions in the
phantom for comparison purposes. Comparison to measured and Monte Carlo

simulated doses follow later in the chapter.

45.1 TheraPlan Plus

The following plan images show the dose distribution as calculated by TheraPlan Plus
Version 3.8 Build 500 (TPP). The blue isodose-rate line corresponds to 40 cGy/h, the
green one to 50 cGy/h and the red one to 60 cGy/h. The calculation grid size was 0.05
cm in all three dimensions, which is the grid size used for clinical cases at the hospital.
The colours of the seeds correspond to whether they are in the viewing plane (red),
behind the viewing plane (blue) or in front of the viewing plane (green). If the seeds
fall on top of each other in any projection, the displayed colour depends on which seeds

were added first to the plan.

[}
]

Figure 110: Dose Distribution (Anterior View) on the Central Plane at z = 0.
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Figure 111: Dose Distribution (Anterior Views) at z=0.5 cm, -0.5 cm, 1 cm, -1 cm (Clockwise
from Top Left)

Lateral

I » [F=Tem]

Lateral

Xx=0.0cm

g + [F=iem]

Xx=0.5cm

Figure 112: Dose Distribution (Lateral View) on the x =0 cm and x = 0.5 cm Planes
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In Figure 112 the lens is on the right side of the image (+Z direction), while the optic
nerve is on the left side of the image (-Z direction). The transverse image also looks
like Figure 112 because of the inherent symmetry in the “Claws”.

The dose distribution at x = -0.5 cm is identical to the one at x = 0.5 cm and is therefore
not shown.

Theraplan Plus calculated the dose to the center to be 0.459 Gy with 3 mCi seeds in-
situ for one hour. The dose at the posterior end of the “Claws” (0, 0, -1.1) was calculated
as 0.400 Gy and the dose at the optic nerve (0.201, 0.201, -1.063) was 0.430 Gy.

For display and comparison purposes of the dose points, the dose at the center was
normalized to 100 %. Dose points were placed at the TLD measurement positions.

Results are shown in the next three figures.

TPP Calculated Dose from Leg-to-Leg
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Figure 113: Calculated Dose from Leg-to-Leg on the Central Plane

It can clearly be seen that the dose directly next to each leg is highest, with the center

receiving a substantially lower dose.
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TPP Calculated Dose from Lens to Posterior
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Figure 114: Calculated Dose from Lens to Posterior, Normalized to 100 % at the Center

Doses near the lens are lower than at the posterior of the eye.

Sup/Inf or Lateral Planned Dose Profile
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Figure 115: Dose on Central Plane

Planned doses on the sup/inf or lateral profile show very little variation, in contrast to

the measured doses.
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4.5.2 BrachyVision

For plans calculated with BrachyVision the 0.4 Gy, 0.5 Gy and 0.6 Gy isodoses are
displayed. The calculation grid size used was 1.0 mm in the x and y directions and 1.25
mm in the z direction, which was the default grid size.

Figures 116 — 120 refer to the point source dose calculations. Data comparison to

measured, other planned and Monte Carlo data follows later in the chapter.

Figure 116: Anterior View: Dose Calculated with Point Source Model of 6711 Seed

Figure 117: Transverse View: Dose Calculated with Point Source Model of 6711 Seed
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The central dose was calculated to be 0.394 Gy. Once again, this was normalized to 100
%. Dose points were placed at the at the TLD measurement positions. The calculated
dose at the “Post” point (0, 0, -1.1) was 0.375 Gy and the dose at the “Nerve” point
(0.201, 0.201, -1.063) was 0.407 Gy.

Results for the point source calculation are shown in the next three figures.

BrachyVision Calculated Dose from Leg-to-Leg on
Central Plane
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Figure 118: Calculated Dose from Leg-to-Leg on the Central Plane

BrachyVision Calculated Dose: Lens to Posterior
for Point Source Model
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Figure 119: Calculated Dose from Lens to Posterior
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BrachyVision Calculated Dose on Central Plane
for Sup/Inf or Lateral View
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Figure 120: Dose Profile on Central Plane for Sup/Inf or Lateral View

A very similar pattern is observed for the point source calculations of BrachyVision as
for TheraPlan Plus. For the leg-to-leg profiles, the dose distribution shows a dip near
the center and is higher closer to the legs, as expected. The sup/inf or lateral dose profile
is fairly flat, and the dose near the lens is lower than at the posterior of the “Claws”.
The calculated dose at the center is only 85.8 % of the dose calculated by TheraPlan
Plus. Once again, the largest contributor to this difference is the 0.897 factor in the
conversion of apparent activity that is used (incorrectly) at Groote Schuur Hospital and

described in Chapter 4.4.1.
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The TG-43 line source model of the 6711 seed was also used for BrachyVision dose
calculations. The line source model requires two sets of co-ordinates, one

for each end of the seed. Line sources are displayed as little cylinders in the treatment
planning system. The same calculation grid size as for the point sources was used, and

the same dose points were calculated.

Figure 121: Display of the Line Sources in the BrachyVision Treatment Planning System

The seeds are visualized very nicely in BrachyVision, but the gold shielding of the

“Claws” cannot be taken into account.

Figure 122: Anterior View: Dose Calculated with Line Source Model of 6711 Seed
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Figure 123: Transverse View: Dose Calculated with Line Source Model of 6711 Seed

The dose at the center (0, 0, 0) was calculated to be 0.425 Gy, the dose at the optic nerve
(0.201, 0.201, -1.063) was 0.370 Gy and at the posterior of the eye (0, 0, -1.1) it was
0.333 Gy.

Once again, doses were normalized to the central dose and are displayed as profiles in

the next three figures:

BrachyVision Calculated Dose from Leg-to-Leg on
Central Plane for Line Source Model
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Figure 124: Calculated Dose from Leg-to-Leg on the Central Plane
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BrachyVision Calculated Dose: Lens to Posterior
for Line Source Model
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Figure 125: Calculated Dose from Lens to Posterior

BrachyVision Calculated Dose Profile on Central
Plane for Sup/Inf or Lateral Views
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Figure 126: Dose on Central Plane for Sup/Inf or Lateral Views

The central dose for the line source model of BrachyVision (0.425 Gy) is lower than

the TPP dose at that point (0.459 Gy) by 7.4 %. Once again, this difference can mostly

be explained away by that 0.897 factor that is used at Groote Schuur Hospital.
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4.6 Monte Carlo Dose Distributions
MCSHOW was used to display obtained dose distributions. The software is somewhat
limited in its display normalization options, but an attempt was made to get the

equivalent of the 40 (blue), 50 (green) and 60 cGy/hour (red) isodoserate lines.
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Figure 127: Anterior View on the Central Plane (z=0)
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Figure 128: Lateral View
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It should be noted that in Figure 128 the same isodose lines are activated as in Figure
127. However, the Monte Carlo phantom has a 45 ° rotation compared to the lateral
views from TPP and BrachyVision. In this view the 50 cGy/hr and 60 cGy/hr isodose
lines are not visible. Therefore some code was written in IDL to rotate the dose file by
45 ° and to then display these isodose lines (Figure 129). Since only the dose file was
rotated, the “Claws” and seeds are not visible, therefore the approximate seed positions
were added manually in one leg in Figure 129. The isodose lines are as before (40

cGy/hr — blue, 50 cGy/hr — green, 60 cGy/hr — red).
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Figure 129: “Leg-to-Leg” Doses — Monte Carlo Simulated Results

As before, dose points were selected for comparison purposes with measured and
calculated data. Data was normalized to 100 % at the center of the “Claws”.
The same profiles were drawn as for the measured and planned “Claws” dose

distributions, based on point dose data in the Monte Carlo dose file.
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Figure 130: Egs_brachy Calculated Profile from Leg-to-Leg
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Figure 131: Egs_brachy Calculated Profile from Lens to Posterior
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Figure 132: Egs_brachy Calculated Profile for Sup/Inf or Lateral Views
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Additionally, the Monte Carlo simulation of the “Claws” now allows the visualization
of isodose lines outside of the eye, with the gold shielding of the applicator taken into
account. For Figures 133 and 134 the MCSHOW normalization is the same as Figures

127 and 128.

Figure 133: Anterior View on the z = 0 Plane
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Figure 134: Lateral View on the X = 0 Plane
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4.7 Comparison of Dose Profiles in the “Claws”

The dose profiles measured with gafchromic film and TLDs were compared to the
planned data (TPP, BrachyVision — Point Source, BrachyVision — Line Source), as well
as the Monte Carlo simulated data, as described in Chapters 4.4, 45 and 4.6
respectively.

In this section all the measured data is displayed in a single figure per profile.
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Figure 135: Comparison of “Leg-to-Leg” Profiles

Measured data between the legs on the central plane is a good match throughout. There
is a slight mismatch near the seeds closest to the legs, with the biggest difference being
between TLD data (233.0 %) and the BrachyVision Point Source data (212.7 %), a

maximum difference of 8.7 %.
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Lens-to-Posterior Doses
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Figure 136: Comparison of Lens-to-Posterior Doses

All the treatment planning systems show different results to the measured and Monte
Carlo data near the lens and posterior of the applicator, but all the treatment planning

systems match each other very well.
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Figure 137: Sup/Inf or Lateral Profile Comparison
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Figure 137 represents one of the most interesting results of this thesis.

The three treatment planning systems (TPP, BrachyVision — Point Source,
BrachyVision — Line Source) match each other almost perfectly and indicate an almost
flat dose response hovering near the central prescription dose, but never less than the
prescription dose.

However, the TLD and film measured data match the egs_brachy simulated data, but
do not match the planned data near the periphery of the eye.

Differences of up to 20 % are seen at distances of + 9 mm from the center of the eye.
Figure 138 is a cross-section of the “Claws”, with the seeds in the legs of the applicator.
It can be seen that the seeds are recessed in the legs, and that there is a geometric
occlusion of regions near the periphery of the eye, leading to a significant dose
reduction.

The treatment planning systems cannot take the gold shielding into account and
therefore calculate significantly higher doses in those regions. However, both
measurements and Monte Carlo simulations clearly show a dose reduction, which may
have potential clinical implications in that any tumour may potentially be underdosed,

if it is located near the periphery of the eye.

Reduced Dose in Red Regions

Figure 138: Cross-Section Through the “Claws”, Showing the Recessed Seeds in the Legs
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4.8 Doses to Critical Structures

4.8.1 Nerve

When the “Claws” are planned, usually the dose at the posterior of the eye (0, 0, -1.1)

and the optic nerve (0.201, 0.201, -1.063) are also calculated. These are given in the

Table 21 below, normalized to 100 % at the center of the eye.

TPP BrachyVision | BrachyVision Egs_brachy
(Point Source | (Line Source)
Post 87.1% 95.2 % 78.4 % 58.0 %
Nerve 93.7 % 103.3 % 87.1% 64.8 %

Table 21: Comparison of Relative Doses

The original “Claws” Monte Carlo phantom only included 0.1 mm x 0.1 mm x 0.1 mm
voxels.

The phantom was extended from the original phantom by 25 1 mm x 1 mm x 1 mm
voxels in each direction to get to the final 301 x 301 x 301 voxel cube. This was done

particularly to allow the determination of the dose to the bony orbit.

4.8.2 Bony Orbit

The eye socket is quite a complex structure, consisting of seven bones around the eye,
namely the frontal bone, the lacrimal bone, the ethmoid bone, the zygomatic bone, the
maxillary bone, the palatine bone and the sphenoid bone (Marieb, 2001). The superior
margin is made up of the frontal bone and sphenoid, the inferior margin is made up of
the maxillary bone, the palatine and the zygomatic bone, the medial margin is made up
of the lacrimal, ethmoid and maxillary bones and the lateral margin consists of the

zygomatic and sphenoid bones.
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The indicator of the dose to the bony orbit is taken as the dose at a distance of 0.5 cm
outside of the eye, on the central axis of the sup/inf and lateral axes (Hering, 2019).

Relative dose data was obtained from the Monte Carlo dose file.

Figure 139: Dose Point for the Bony Orbit Dose

The relative dose to the bony orbit is 11.3 % of the dose to the center of the eye.
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4.8.3 Lens of the Eye

Figure 140, taken from (Damato, 2000), indicates a distance of about 6 mm from the

center of the eye to the lens for an adult eye of 24 mm diameter.

Ora Equator

129

Figure 140: Chart for Estimating Lengths in Millimetres in an Emmetropic (Normal) Eye

This is in good agreement with Figure 141 (adapted from (Stannard et al., 2001)),
which shows a simplified diagram that was used at Groote Schuur Hospital to show the

approximate lens position in the eye for a 22 mm eyeball of a child.

Figure 141: Simplified Diagram of an Eye Used at Groote Schuur Hospital
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Dose data was obtained in millimeter intervals from the Monte Carlo dose file on the
anterior/posterior central axis. Data was normalized to a dose of 100 % at the center of
the eye.

The results are shown in Table 22.

Distance from Center of the Eye Relative Dose [%]
Center of the Eye 100.0
1.0 mm 99.1
2.0 mm 08.1
3.0 mm 95.9
4.0 mm 93.1
5.0 mm 89.0
5.5 mm (Lens edge near center of eye) 86.3
6.0 mm 83.5
7.0 mm 77.4
8.0 mm (Lens edge near cornea) 72.0
9.0 mm 60.2
10.0 mm 48.5
11.0 mm 38.2

Table 22: Lens Dose in the “Claws”

Relative Dose from Center of Eye to Cornea in 1 mm Steps
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Figure 142: Dose Gradient from Center of Eye to Cornea towards the Cornea on Central Axis
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It can be seen that there is a dose gradient across the lens of the eye. The lens dose on
the central axis varies from 72.0 % - 86.1 % of the central dose according to the Monte
Carlo calculations, while it varies from 73.0 % - 84.3 % for the TheraPlan Plus planned

doses.

4.9 Qualitative Comparison of TPP Planned Dose Distribution
and egs_brachy Results

For the images in Figures 143 & 144 an attempt was made to match the isodose-rate
lines from the Monte Carlo simulations to the TPP calculated ones. Calculated dose
distributions were superimposed on an X-ray of the “Claws” in-situ. This was done by
removing the background of the isodose distribution image, adding the remainder (i.e.
the isodose-rate lines) as a layer to the X-ray image in the image manipulation
programme GIMP (Version 2.10.10), and scaling that layer to best match the outline of
the “Claws” with the outline of the “Claws” in the X-ray image. Once this was done,

the two layers were merged and the image saved.
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Figure 143: TPP Planned Dose Distribution

Figure 144: Egs_brachy Calculated Dose Distribution

It can clearly be seen that the Monte Carlo simulated dose distribution conforms much

better to the eye, with much less dose reaching the bony orbit than would be expected
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from the TPP plan. This is a clear indication that the gold shielding is very effective in
sparing the bony orbit. A Monte Carlo dose atlas of the “Claws” dose distribution in
and around the eye is superior to the dose distribution calculated by the treatment
planning systems, because the gold shielding is clearly taken into account by the Monte
Carlo simulations. Now that the “Claws” model is also formalized, it would be possible

to manufacture “Claws” reproducibly for use elsewhere on a bigger scale.
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CHAPTER 5 DISCUSSION AND CONCLUSION

This thesis described the OncoSeed 6711 1-125 seed in terms of the TG-43 protocol and
measured spectra in air.
The thesis also described the “Claws”, a unique gold applicator loaded with 1-125 seeds,

that is used for whole-eye radiotherapy in the treatment of retinoblastoma.

5.1 The OncoSeed 6711 1-125 Seed

The OncoSeed 6711 1-125 seed has been widely described in literature.

For this study, different detectors were used for spectral measurements in air. The
Nal(TI) detector had the worst energy resolution of all the detectors used; the HPGe
detector showed a substantial increase in spectral structure, with more improvement
evident when the Low-Energy Photon Spectrometer (LEPS) detector was used. The
most suitable detector for the 1-125 seed proved to be the silicon drift detector (SDD),
which showed a lot of fine detail, including the characteristic X-rays of the titanium
casing of the seed. A special jig was constructed for the measurement of the spectra in
air at different distances and angles. The spectrum obtained with the SDD was used to
determine the average energy of the OncoSeed 6711 spectrum (27.44 keV), as well as
a calculated dose rate constant (A = 0.978 c¢Gy h** U), both of which are in good
agreement with published data. The spectrum could potentially be used as input when

using the dosxyz_nrc module of the egs_nrc Monte Carlo code.

Apparent activity / air kerma measurements using the PTW SourceCheck 4n chamber

proved that the chamber is an accurate and precise measuring device for 1-125 seeds.

Additionally, the geometry function for the OncoSeed 6711 was calculated, based on

measured seed data.
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The dose rate constant was determined to be A = 0.96 + 0.20 cGy h™* U in solid water,
which is in good agreement with published data.

The anisotropy and radial dose functions of the OncoSeed 6711 seed were determined
with gafchromic film and thermoluminescent dosimeters (TLDs) in specially designed
and manufactured solid water phantoms.

Calibration of film and TLDs was initially done on a 70 kV X-ray unit with an unusual
anode angle of 45 ° and 1.25 mm added filtration. Later on a Co-60 teletherapy unit was
used. Film dosimetry was done on the red colour channel after a suitable calibration
curve was determined. It was clearly shown that there is a scanner dependence on the
greyscale value of the red colour channel, that there is post-irradiation darkening of the
film and that there is a difference between portrait and landscape scanning of the film
(around 9 % difference in greyscale). It was also shown that a £ 1 % difference in signal
can be expected if the scanner is not warmed up before use, and that a maximum
difference in greyscale of 3.8 % can be expected for the scanner used in this study,

depending on the position of the film on the scanning surface.

Measured anisotropy and radial dose function data matched published data very well.
The uncertainty estimation for the film was done based on the standard deviation of the
greyscale within a 1 mm x 1 mm region of interest at each measurement position on the
film. High dose gradients are evident through a larger standard deviation. The
greyscales of the mean + the standard deviation were converted to maximum and
minimum doses using the relevant calibration curve. The upper-lower bound method of
uncertainty propagation was used to determine a percentage uncertainty for each

reading. Since both the anisotropy and radial dose function include a ratio of doses (or
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dose-rates), the final uncertainty was calculated as the square root of the sum of squares
of the individual uncertainties.
For the TLD measurements the uncertainty was obtained from the standard deviation

from four sets of measurements.

The two hypothesis formulated in Chapter 1.3 for the Oncoseed 6711 were:
Hypothesis 1: Measured 1-125 spectra will vary depending on the detector. A detector
with a better energy resolution will show more detail.

Hypothesis 2. Measured dosimetric and physical characteristics of the 1-125 seeds

match published data

Hypothesis 1 was found to be true: the silicone drift detector has the best energy
resolution and showed the most detail in the spectrum, allowing the calculation of the
average energy, as well as the dose rate constant of the 1-125 seed.

Hypothesis 2 was also found to be true. The measured physical dimensions matched
the published data to within one standard deviation. Measured anisotropy, radial dose

function and dose rate constant also matched published data well.

5.2 The “Claws”

The original “Claws” were manufactured by a jeweller, based on the clinician’s
description. The “Claws” were formalized in this study. Each component was carefully
measured out with a Vernier caliper and a CAD drawing was put together, describing
each component exactly. These drawings are available in a range of different formats.

A PVC model of the “Claws” was manufactured using a CNC milling machine. The

PVC model was micro-CT scanned at the Central Analytical Facility of Stellenbosch
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University. The PVC model was loaded with decayed 1-125 seeds and the silver in the
seeds led to severe CT artefacts, which made the scan unusable as input for egs_brachy.
The CAD drawing of the scan was cut into different slice thicknesses, eventually the
100 um slices were used to create the Monte Carlo phantom file.

Two solid water phantoms were manufactured for dose distribution measurements in
the “Claws” — one for film measurements and one for TLD measurements.

Dose distributions in the “Claws” were calculated with the TheraPlan Plus (Version 3.8
Build 500) treatment planning system, which is still in use at Groote Schuur Hospital
for low dose-rate brachytherapy calculations. Additionally, dose distributions were
calculated with BrachyVision Version 15.6.05, once using the point source
approximation and once using a line-source approximation.

It was found that the TPP treatment planning system overestimates the dose to the center
of the eye by 14.2 % when compared to the BrachyVision point source model and by
7.4 % when using the line source model of BrachyVision. TLD measured doses at the
center were 81.5 * 1.4 % of the planned dose from TheraPlan Plus.

Two significant factors contribute to these differences: when the change was made from
“activity” to “apparent activity” in the dosimetry, a factor of 0.897 was introduced.
However, the clinicians did not want to have any dosimetric changes to their plans,
therefore all apparent activities at Groote Schuur Hospital are divided by 0.897, making
all plans “hot” by 11.5 %. Another reason for this discrepancy is that measurements
were done in solid water and not liquid water, which leads to an additional 4.3 %
difference.

An input phantom file for egs_brachy was created, consisting of a 301 x 301 x 301
voxel cube. The first 25 voxels in each direction had dimensions of 1 mm on each side,

all other voxel dimensions were 0.1 mm on each side. After some bug fixing a large
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simulation of 64.000.000.000 histories was run on 32 cores of the high performance
computing cluster at the University of the Free State. The simulation took a little over
11 days to complete, but yielded some interesting results, particularly when looking at
the various profiles.

“Leg-to-Leg” profiles (Figure 135) showed good correlation between measured,
calculated and Monte Carlo simulated dose distributions.

The profiles down the center of the eye from the cornea to the posterior of the eye
(Figure 136) showed reasonable agreement, but with some differences near the lens and
posterior of the “Claws”.

The profiles along a Sup/Inf or Lateral cut, identical because of the cylindrical
symmetry of the “Claws”, showed substantial differences of up to 20 % between
calculated data vs. measured and simulated data (Figure 137). The reason for this is the
partial occlusion of the 1-125 seeds, because they are recessed in the legs of the “Claws”.
Neither TPP nor BrachyVision have the ability to include the gold shielding in their
brachytherapy dose calculation. This substantial dose difference was not known and
may have clinical implications, with potential underdosing of cancerous tissue near the

periphery of the eye.

The Monte Carlo simulations allowed an estimation of the dose to critical structures
outside of the eye for the first time.

The optic nerve dose was determined to be only 64.8 % of the central dose, compared
to a previous TPP estimate of 93.7 %.

The relative dose to the lens of the eye was also determined using Monte Carlo

simulations and ranged from 72.0 % - 86.1 % of the central eye dose on the central axis.
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There is very little dose that “spills” out of the eyeball into the bony orbit, as is evident
by a low dose of 11.3 % at a distance of 5 mm on the lateral and sup/inf sides of the
eye. The TPP planned dose at that point is 54.7 %.

For TPP calculations the dose crossing the patient midway lies around 25 % and is thus

a much higher estimate.

The two hypothesis formulated in Chapter 1.3 for the “Claws” were:

Hypothesis 3: Dose distributions inside the eye will be similar for measured data,
planned data and Monte Carlo simulated data.

Hypothesis 4: Simulated doses to critical organs will be less than planned doses,

because of the gold shielding of the applicator.

Hypothesis 3 was rejected, because the observed results show large discrepancies of up
to 20 % in certain regions of the eye. It was shown that the seeds are partially shielded
by the gold of the legs, leading to an underdose near the periphery of the eye.

Hypothesis 4 was shown to be true. Gold shields the low-energy radiation from the I-
125 seeds very effectively, leading to marked dose reductions to the bony orbit and the

optic nerve when comparing Monte Carlo simulated with planned data.

5.3 Future Work

A discussion with the ophthalmic oncologist is needed to decide whether the “Claws”
design needs some changes to reduce the gold shielding to the periphery of the eye.
Shallower legs will reduce the partial shielding of the sides of the eye, which could
potentially improve the clinical outcome of patients. However, this is a clinical decision

that should be made by an oncologist.
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A methodology was developed to allow the creation of a Monte Carlo phantom file
from a CAD drawing. This process could potentially be streamlined to allow for Monte
Carlo simulations of other plaques and implants used at Groote Schuur Hospital. It
remains to be seen whether this is a feasible option, since every other plaque is custom-

made for a patient.

Egs_brachy has been found to be an excellent tool for modelling the “Claws” and has
proved to be quite versatile. A graphic user interface may be useful for some users of
the code. It may also be useful to create a “CAD to egs_phant” conversion tool, but this

was outside of the scope of this work.

It can be concluded that the “Claws” applicator was extensively described and
characterized in this work. The Curie Institute in Paris requested a prototype at one
point and a group in Essen, Germany, requested the CAD drawings to manufacture their
own “Claws”. The “Claws” offer a good way of doing whole-eye radiotherapy when it
is clinically indicated. It should be noted that this process is very specialized and
requires input from multiple disciplines, including oncology, ophthalmology, medical
physics and a mould room. Additionally, the use of newer chemotherapy drugs, like
e.g. intra-arterial administration of Melphalan, delivered into the eye under fluoroscopic
guidance, offer feasible alternatives, but also require a highly specialized team of

clinicians and expensive imaging capabilities to deliver the therapy.
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