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Chapter 1

Introduction

1.1 Background

Uveal melanoma and retinoblastoma are the most common types of eye cancer affecting
adults and children, respectively (Nathan et al., 2015). Brachytherapy using 106Ru eye plaques
for small and medium melanomas and retinoblastomas yields, in general, good results in
terms of tumor control, local recurrences and preserving, to some extent, visual acuity (Brady
and Hernández, 1992; Shields et al., 2001; Schueler et al., 2006; Mossböck et al., 2007; Takiar
et al., 2014).

Nevertheless, the dose distribution produced by these plaques is still a challenge and fur-
ther improvements are needed. In the past, the manufacturer of these plaques, Eckert &
Ziegler BEBIG GmbH (Berlin, Germany), provided only the absorbed depth dose distribu-
tion along the symmetry axis given in the plaque certificate (Kaulich et al., 2004). Although
this is the most important dosimetrical information, it is insufficient for an accurate calcula-
tion of the dose distribution. Owing to the manufacturing procedure of these plaques, the
distribution of the emitter substance is not homogeneous and hot spots might be present in
some of them. The heterogeneities in a given plaque will affect the dose distribution sub-
sequently deposited in the eye. Currently, the manufacturer provides a sparse map of the
emitter substance that improves the situation respect to the past but it is still insufficient for
accurate dose calculations.

This thesis aims at improving the current knowledge on the effects produced on the dose
distributions by the aforementioned emitter heterogeneities. Monte Carlo simulations of ra-
diation transport are used to perform this study. First, the dose distribution tallied in water
produced by two actual eye plaques, named CCA1364 and CCB1256, for which there is a
measured emitter distribution, is simulated. A comparison is performed between the dose
distributions in water produced by generic plaque models, CCA and CCB, which consider
the radioactive substance homogeneously distributed on its surface, and the actual plaques.
Secondly, using a computerized axial tomography of an anonymized patient as a voxelized
anthropomorphic phantom, the absorbed dose distributions in the eye are computed. These
dose distributions are also obtained from simulations of different placements of the plaques
and for different rotations around the symmetry axis of the actual heterogeneous plaques. Fi-
nally, uveal tumors are modeled. The absorbed doses in the tumoral volumes are computed.
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The results are compared to determine the most effective treatment while minimizing the ab-
sorbed dose to the structures at risk as recommended by European and many national laws
(Council of the European Union, 2013).

1.2 Objectives

The aim of this thesis is to improve the knowledge on the dosimetry of 106Ru eye plaques and
their application to ocular tumors, by means of the general-purpose Monte Carlo radiation
transport code PENELOPE. The following partial objectives are defined in order to accomplish
this goal:

1. To compute the absorbed dose distributions in a water phantom for the generic CCA and
CCB eye plaque models using a source defined as a spherical cap. To compare computed
depth dose distributions against experimental data published by other researchers and
by the manufacturer.

2. To determine the influence of the measured emitter distribution of two actual plaques on
the absorbed dose distribution in a water phantom. To compare simulated depth doses
against the experimental data published by other researchers and by the manufacturer.
To compare simulated lateral profiles of the generic and actual eye plaques.

3. To compute absorbed dose distributions inside a voxelized anthropomorphic phantom
of the eye produced by the generic CCA and CCB plaques and their actual counter-
parts. To determine the influence of the distribution of the emitter map in the computed
absorbed dose.

4. To simulate uveal melanoma treatments of modeled tumors inside an anthropomorphic
phantom using the generic CCA and CCB eye plaques and their actual counterparts.
To determine the influence of the distribution of the emitter map of the plaques on the
structures at risk.

1.3 Ocular tumors

The eye is a quasi-spherical organ that consists of three main layers, three compartments and
three fluids (Galloway et al. (2006)). The outer layer is formed by the sclera, the cornea and
the lamina cribrosa. The cornea is transparent and allows the light to enter into the eye while
the sclera is white and opaque. The middle layer or uvea is mainly a vascular layer and it is
formed by the iris, the pupil, the ciliary body and the choroids. The iris, which is a circular
disk perforated centrally by the pupil, conforms the anterior part of the uvea. The ciliary body
is the intermediate part of the uvea while the choroids is its posterior part. The inner layer
or neurosensory layer is formed by the pigment epithelium of the retina, the retinal photo-
receptors and the retinal neurons. The space between the cornea and the iris corresponds to
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the anterior chamber and contains the aqueous humor, which is a solution of water and elec-
trolytes with a low protein content. The vitreous chamber corresponds to the space between
the lens, the ciliary body and the retina. This chamber contains the vitreous humor, which is a
transparent gel made of collagen fibres, hyaluronic acid and water. The posterior chamber is
the smallest and also contains the aqueous humor and is located between the iris, the anterior
part of the lens and the ciliary body. Finally, the last fluid corresponds to the blood whose
function is to maintain intraocular pressure and is found mainly in the choroid. The anatomy
of a human eye is shown in figure 1.1.

FIGURE 1.1: Anatomy of a human eye. Image published at MedicineNet ©2016,
WebMD, LLC. All rights reserved. Reproduced with permission.

Ocular tumours can appear on the eyelids, in the eye (conjunctiva, choroid or retina) and in
the orbit (the cavity that houses the eyeball). Apart from the choroidal hemangioma, which is
a benign tumour with no risk of metastasis, the most frequent malignant intraocular tumors
are uveal melanoma and retinoblastoma. Of the diagnosed intraocular tumors, 75% corre-
spond to uveal melanomas, 20% to retinoblastomas and the remaining 5% to other residual
type of tumors.

Uveal melanoma originates in melanocytes, with the most frequent location being the
choroids, accounting for 80% of all uveal melanomas, followed by ciliary body with 12% and
iris with 8% of incidence (Damato, 2001). The estimated incidence is of 4 to 5 cases per million
inhabitants per year in the United States (Singh et al., 2011) and of 5 to 7.4 cases in European
studies (Virgili et al., 2007).

Retinoblastoma is a congenital malignancy that affects the retina and in rare cases also the
pineal gland (trilateral retinoblastoma). It is the most frequent malignant intraocular tumor in
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childhood, of which 30% are bilateral and 40% hereditary. It is the first diagnosis found to be
result of a genetic defect of the 13q14 gene. Early diagnostic is crucial for therapeutic success.
This ocular tumor is usually diagnosed between the first and third year of life and rarely after
5 years of age (Olch, 2013).

(A) Choroidal melanoma. (B) Retinoblastoma.

FIGURE 1.2: These images were originally published in the Retina Image Bank.
Plot (A) corresponds to a choroidal melanoma of a 68-year-old white male. David
Callanan, MD. Texas Retina Associates. April 11, 2014; 16419. Plot (B) corresponds to
a fundus photograph of an 17-month-old female infant with retinoblastoma over the
optic nerve. Giselle DeOliveira, University of Miami, Bascom Palmer Eye Institute.
April 30, 2020; 53837. ©The American Society of Retina Specialists. Reproduced
with permission.

There are different types of treatments for all these tumors, which can be applied indi-
vidually or in combination, with the purpose of preventing metastatic spread and preserving
useful vision while minimizing the risk of collateral damage to adjacent tissues. The type of
treatment chosen depends on the type of tumor, its position, size, type of tissue, as well as the
personal conditions of each patient. For uveal melanomas, treatments involving ionizing ra-
diation are brachytherapy and external beam radiotherapy, usually with protons. Laser pho-
tocoagulation and transpupillary thermotherapy are other treatments recommended for small
and shallow tumors. Other surgical treatments less aggressive than enucleation are endore-
section and sclerouvectomy. Chemotherapy is only recommended as a palliative treatment
when the metastatic disease occurs. With respect to retinoblastoma, apart from brachyther-
apy, teletherapy with photons or protons, focal therapies such as transpupillary thermother-
apy, cryotherapy and laser photocoagulation, alone or in combination with chemotherapy,
may be used.
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1.4 Ocular brachytherapy

Surgical treatment with enucleation was the primary prescription applied for uveal melanoma
disease for more than 100 years. Nowadays, brachytherapy is the most common form of
radiotherapy for malignant intraocular tumors since it is less invasive than enucleation and
the absorbed dose into adjacent tissues is lower than the absorbed dose when using external
beam radiotherapy (Jager et al., 2011). The first successful treatment for uveal melanoma
using brachytherapy was performed by Deutschmann in Hamburg in 1915 (Brewington et al.,
2018). In 1929, Moore inserted a radon seed into a melanoma in the eye and, later, in 1948,
Stallard studied the retinoblastoma treatment by inserting radon seeds into wax and placing
it on the surface of the eye for a later removal (Brewington et al., 2018).

Over time, the following radioisotopes were used for brachytherapy treatments of uveal
melanomas and retinoblastomas:

• Radon seeds were used in the late 1960s by Willian Havener at the Ohio State University.
Later, in 1970 Davidorf published the first treatment of posterior uveal melanoma using
radon gas seeds encapsulated in gold as a radiation source (Davidorf, 1970).

• 60Co radioisotope was used as an evolution of Stallard’s technique for the treatment of
retinoblastoma (Stallard et al., 1966).

• 106Ru is the most common radioisotope used in Europe. It produces β-radiation and was
introduced by Peter Lommatzsch in the 1960s (Lommatzsch and Vollmar, 1966; Pe’er,
2012). It is easily shielded and has a limited depth of penetration.

• 125I produces γ-radiation and is the most common radioisotope used in the United
States. The use of this radioisotope is based on the results of the Collaborative Ocu-
lar Melanoma Study (COMS) (Hawkins, 2011).

• 103Pd is a low-energy photon emitter also used in the US from 1989 (Taylor, 1989).

This thesis focuses on brachytherapy with 106Ru plaques since it is one of the most effective
treatments intended to preserve the globe and to maintain the visual acuity to some extent
(Damato et al., 2005b; Simpson et al., 2014; Naseripour et al., 2016). Although there is a vast
literature on the adequacy of 106Ru plaques for the treatment of uveal melanomas (Pe’er, 2012)
and references therein) most published works base their conclusions on retrospective clinical
studies (Damato et al., 2005a; Verschueren et al., 2010). The lack of precise knowledge about
the dose distribution in the tumor volume and surrounding structures at risk hinders the
possibility to improve the clinical outcome (Astrahan, 2003; Nag et al., 2003; Jager et al., 2011).
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1.5 The 106Ru eye plaques

The 106Ru eye plaques studied herein are manufactured by Eckert & Ziegler BEBIG GmbH
(Berlin, Germany). All plaques consist of sealed radioactive sources whose encapsulating ma-
terial is pure silver. Plaques are supplied with certificates and measurement records of the
absorbed dose rate in water. The certificates corresponding to the calibration curve of the
dose rate were supplied by the ASMW (Amt für Standardisierung, Messwesen und Waren-
prüfung, GDR) until year 2002 when the manufacturer updated them by certificates with a
calibration based on the NIST (National Institute of Standards and Technology, USA) (Kaulich
et al., 2004). Measurements with a 95% of confidence level are made with a plastic scintilla-
tion detector with a high spatial resolution. For the depth dose rate distribution, the certificate
provides 11 measurement points along the symmetry axis of the plaques. The relative dose is
given with respect to the nominal absorbed dose obtained at a reference point 2.0 mm from
the surface. The certificate also includes 33 points around of the symmetry axis measured at a
distance of 1.0 mm from the surface of the plaque that provide information on the heterogene-
ity of the emitter distribution. Notice that these points around the symmetry axis provided in
the certificate are not used in this thesis.

Figure 1.3 shows the existing plaque models together with their therapeutical indication.
Eye plaques are produced in various sizes and shapes. In case of a difficult tumour location
or to protect relevant eye organs such as the macula, the optic nerve or the iris, special shapes
with cut-outs are also produced. In this thesis only the CCA and CCB generic models are
analyzed together with the actual CCA1364 and CCB1256 plaques. The CCB1256 eye plaque
was measured on June 1, 2005 while the CCA1364 eye plaque was measured on September
21, 2012.

1.6 The 106Ru/106Rh beta decay spectrum

106Ru/106Rh isotopes are pure β− emitters. For both emitters, the beta particles averaged over
many disintegrations have a continuous emission spectrum whose shape can be explained
through the Fermi theory of beta decay (see figure 1.4).

Both isotopes are in secular equilibrium (ICRU, 2004). 106Ru is the parent isotope which
decays via β− disintegration to the ground state of 106Rh with a half-life of 376.6 d and Q value
of (39.4± 0.2) keV. 106Rh is the daughter isotope which also decays via β− disintegration to
the ground state and excited levels of 106Pd. This last disintegration is used for therapeutic
purposes and it is characterized by a half-life of 29.8 s with a Q value of (3545.6± 5.3) keV.
Figure 1.5 shows the β− decay schemes of 106Ru and 106Rh. There are also contributions of a
gamma spectrum and minor contributions resulting from Auger emission and electron cap-
ture processes due to the transition from excited levels to the ground level of 106Pd that are
not considered in this thesis (De Frenne and Negret, 2008). The gamma component of the
dose becomes significant only for doses four orders of magnitude below the maximum dose,
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FIGURE 1.3: 106Ru available eye plaque models and therapeutical recommendations.
The hatched zone indicates the location of the emitter substance. Courtesy of Eckert
& Ziegler BEBIG, GmbH (Berlin, Germany).

therefore, it is only relevant for radiological protection studies (Hermida-López and Brualla,
2017).

1.7 The Monte Carlo method for radiation transport

The Monte Carlo method is a wide set of mathematical algorithms based on numerical in-
tegration and the use of stochastic techniques to solve problems whose complexity prevents
them to be analytically solved (Rubinstein and Kroese, 2016). The power of the method allows
to achieve numerical results using random (actually pseudo-random) numbers and since its
conception it has been applied to a wide range of disciplines such as physics, engineering or
finance (Kalos and Whitlock, 2009).
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(A) 106Ru beta spectrum. (B) 106Rh beta spectrum.

FIGURE 1.4: Beta spectra of 106Ru and 106Rh obtained from the International Atomic
Energy Agency (IAEA) Live Chart of Nuclides (https://www-nds.iaea.org/).
Reproduced with permission.

FIGURE 1.5: Decay schemes for 106Ru/106Rh pure β− emitters in secular equilib-
rium. 106Ru decays to the ground state of 106Rh that decays to excited states and
ground state of 106Pd. Plots taken from the IAEA Live Chart of Nuclides (https:
//www-nds.iaea.org/), based on data from De Frenne and Negret (2008). Re-
produced with permission.

The radiation transport term describes the physical process in which ionizing radiation
interacts with matter. Initially, the study of radiation transport was limited to the analytical
solution of the Boltzmann transport equation for simple geometries and semi-infinite me-
dia (Zheng-Ming and Brahme, 1993). The availability of computers and the use of Monte
Carlo techniques allowed the numerical solution of the Boltzmann equation in more complex
situations (Hayward and Hubbell, 1954).

Nowadays, the Monte Carlo computation of absorbed dose distributions in radiotherapy
is widely accepted as the most accurate approach. This is particularly true in the presence
of small radiation fields, like the ones involved in eye irradiation therapy. The Monte Carlo

https://www-nds.iaea.org/
https://www-nds.iaea.org/
https://www-nds.iaea.org/
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method exactly solves the transport equation and, in principle, its accuracy is only limited by
that of the employed interaction cross sections.

The Monte Carlo radiation transport method describes a process in which primary parti-
cles with an initial high energy interact with matter. In these interactions, primary particles
might transfer part of their energy to the medium while producing secondary particles and
changing their flight direction. The whole process occurs inside arbitrarily complex geome-
tries made by materials of varied chemical composition. The simulation process consists of
the following steps:

• A primary particle with a well defined initial state (type of particle, position, flight di-
rection and kinetic energy) is positioned inside a geometry.

• The distance at which the next interaction will occur (a Poisson process) is determined
by sampling the mean free path length probability density function which is characteris-
tic for each particle, energy and material. The particle is moved to a new position along
the straight line defined by the flight direction.

• The type of interaction is randomly selected by taking into account the probabilities
given by the available interaction cross sections.

• The interaction is simulated and relevant quantities are tallied. State variables of the
particle, including its energy, are updated. If secondary particles are created they are
stored to be subsequently simulated.

• The process returns to the second step until the energy of the primary particle falls below
a user-defined threshold or until it escapes the simulation geometry. The same process
is repeated for all secondary particles and their descendants. Once the process finalizes
a history has been simulated.

The simulation of a primary particle and its descendants is called a history or a shower.
By simulating a large number of histories it is possible to determine the average of observ-
ables with an uncertainty arbitrarily small. Owing to the stochastic nature of the Monte Carlo
method, all tallied quantities have an associated statistical uncertainty.

For the different quantities of interest, the estimated expected values are computed as the
arithmetic mean of the tallied values from a number of N independently simulated histories
as follows,

Q =
1
N

N

∑
i=1

qi, (1.1)

where qi is the contribution of the i-th history to the tallied quantity Q. For a large number
of N simulated histories, this mean converges to the expected value of 〈Q〉 which is normally
distributed with a standard deviation that can also be estimated by:

σQ =

√√√√ 1
N

[
1
N

N

∑
i=1

qi
2 −Q2

]
. (1.2)
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Notice that for a large N the standard statistical uncertainty associated to the tallied expected
value 〈Q〉, decreases approximately as 1/

√
N.

For a certain number of primary particles N, the simulation time depends on the number
of interactions that occur in the path of the particles. For high energy charged particles such as
electrons used in radiotherapy, the number of interactions per unit of path length is high and
the simulation becomes exceeding slow. This does not happen with photons since the num-
ber of interactions is relatively smaller. To manage with this feature, two different simulation
schemes are considered. The detailed simulation, useful for particles with few interactions such
as photons, in which all interactions are simulated in detail, and the so-called condensed trans-
port schemes, useful for charged particles such as electrons, in which the effect of multiple in-
teractions is artificially described in a single step (Fernández-Varea et al., 1993). The so-called
condensed transport schemes use multiple-scattering theories to determine the probability dis-
tributions of the step length (Goudsmit and Saunderson, 1940; Landau, 1944; Lewis, 1950).
Berger (1963) classifies the condensed transport algorithms into two types based on how the
value of the step length is determined as follows:

• Class I algorithms: This type of algorithm considers a fixed path length. This approach
presents problems when the length of the predefined path length is not contained in
a single material. That is, when the path length crosses the boundary between two
materials.

• Class II algorithms: In this case, the path length is calculated randomly. With this ap-
proach, when a particle arrives to an interface between contiguous media, it is stopped
and the simulation is resumed with the interaction properties of the new medium. The
interactions are defined as soft when the angular deviations and the loss of energy are
below the user-defined cut-off values. The rest of the interactions are defined as hard
and they are simulated in detail. Notice that the accuracy of the simulation could de-
pend on the selected step length and, consequently, on the selected cut-off values that
distinguish between soft and hard events.

1.8 The PENELOPE code

There exist several general-purpose Monte Carlo codes used for the simulation of radiation
transport in material media, such as EGSnrc (Kawrakow and Rogers, 2003), FLUKA (Fer-
rari et al., 2005), Geant4 (Agostinelli et al., 2003; Allison et al., 2006), MCNP (X-5 Monte
Carlo Team, 2005) and PENELOPE (Baró et al., 1995; Sempau et al., 1997; Salvat and Fernández-
Varea, 2009; Salvat, 2019). These codes are intended for the simulation of radiation transport
in a wide energy range and in arbitrarily complex geometries formed by materials composed
by a wide range of atomic number species. They have been successfully applied in numerous
fields including medical physics.

Simulations for this thesis were performed using the general-purpose Monte Carlo radia-
tion transport code PENELOPE-2008 (Salvat and Fernández-Varea, 2009) which simulates the
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coupled transport of electrons, photons and positrons in an energy range from 50 eV up to
1 GeV in materials with arbitrary chemical compositions. PENELOPE performs detailed trans-
port for photons while for electrons and positrons the transport is performed using a mixed
class II algorithm for the condensed scheme. If desired, detailed simulation of charged parti-
cles is also possible. The user-defined transport parameters that control the simulation are the
following:

• C1 determines the average angular deflection between consecutive hard events and pre-
vious soft collisions.

• C2 limits the maximum average fractional energy loss between consecutive hard events.

• WCC corresponds to the cutoff energy value that separates hard from soft inelastic in-
teractions.

• WCR corresponds to the cutoff energy value for Bremsstrahlung emission.

• DSMAX determines the maximum allowed step length for charged particles.

• EABS(e−,γ,e+) are the absorption energies at which the transport of the corresponding
particle (electron, photon or positron) is terminated and the particle is assumed to be
absorbed and its energy locally deposited.

These parameters determine the speed and accuracy of the simulation. To achieve a detailed
transport of all particles in a given material, the values must be set to C1=C2=WCC=0 and
WCR with a negative arbitrary value.

To model the geometry PENELOPE uses the package PENGEOM (Sempau, 1996) that allows
to define bodies by grouping quadric surfaces.

PENELOPE is a set of subroutines that needs a main steering program. In this thesis the
main program penEasy (version 2010-08-07) has been used (Sempau et al., 2011; Almansa
et al., 2016). penEasy gives to PENELOPE the source of the particles, the quantities of interest
to be tallied, the transport parameters and also the so-called variance-reduction techniques
(Bielajew and Rogers, 1988) aimed at increasing the simulation efficiency. A distinctive feature
of penEasy is that extends the geometrical capabilities of PENELOPE by means of the penVox
package which allows the combined simulation of voxelized and quadric geometries (Sempau
et al., 2011).

The PENELOPE code is open source and freely available from the Organisation for Eco-
nomic Co-operation and Development (OECD) Nuclear Energy Agency (NEA) Data Bank
(http://www.nea.fr) and, in North America, from the Oak Ridge National Laboratory
(http://rsicc.ornl.gov). The penEasy code is also open source and freely available at
the Institute of Energy Technologies (http://inte.upc.edu).

http://www.nea.fr
http://rsicc.ornl.gov
http://inte.upc.edu
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1.9 Thesis outline

The thesis is organized in seven chapters where the present chapter introduces the research
framework. It also establishes the general objective to be achieved through the formulation of
partial objectives. These partial objectives are developed in the subsequent chapters.

Chapter 2 presents the results of the absorbed dose distributions in water for the CCA
and CCB generic plaques computed through Monte Carlo simulations using the PENELOPE

code. To perform these simulations, the penEasy program is modified to allow the use of
hemispherical emission sources representing the eye plaques and also to allow the simulation
of beta decay spectra. For each plaque, depth dose and lateral profiles are computed. Depth
doses are compared with experimental data provided by the manufacturer and also with pre-
viously published works. Isodose lines are computed. Most of the content of this chapter
was published by the author of this thesis and coauthors in the journal Strahlentherapie und
Onkologie (Brualla et al., 2013).

In chapter 3 actual plaques CCA1364 and CCB1256 are simulated using the emission map
of the radioactive substance courtesy of Dr. rer. nat. M. Eichmann (Fakultät Physik, Technische
Universität Dortmund, Germany) and published in her doctoral dissertation. A further modi-
fication is needed on penEasy to compute the absorbed dose in water using the normalized
emission maps of the actual eye plaques as probability distributions. A comparison between
the generic homogeneous approximation and the actual heterogeneous plaques is presented
for the absorbed depth dose, the lateral profiles and the isodose lines. Results are also com-
pared with the experimental data given by the manufacturer and the data published in other
works. The contents of this chapter were published by the author of this thesis and coauthors
in the journal Ocular Oncology and Pathology (Zaragoza et al., 2017).

Chapter 4 presents the computation of the absorbed dose inside an anthropomorphic
phantom of a computerized tomography scan of an anonymized adult patient. Taking advan-
tage of the feature of penEasy that allows the use of quadric geometries inserted in voxelized
geometries, the quadric geometry of the eye plaques is embedded into the computerized to-
mography. The anatomical volumes corresponding to eye structures where the absorbed dose
is computed are segmented. Simulations of the anterior, posterior and equatorial placement
of the plaques are computed for the generic homogeneous CCA and CCB plaques and for
the actual heterogeneous CCA1364 and CCB1256 eye plaques. For the CCB1256 eye plaque,
three possible rotations are also simulated depending on the location of the hot spot present
in this plaque. Results are given in terms of cumulative dose-volume histograms of each se-
lected volume. The content of this chapter corresponding to the homogeneous distribution of
the radioactive substance was published in the journal Strahlentherapie und Onkologie (Brualla
et al., 2013). The code used for segmenting the anatomical structures in the computerized
tomography was developed and first employed by the author in an article published in the
International Journal of Radiation Oncology, Biology, Physics (Brualla et al., 2012a). The results
related to the heterogeneous distribution are currently in press in the journal Ocular Oncol-
ogy and Pathology (Zaragoza et al., 2020).
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Chapter 5 presents the simulation of uveal melanoma treatments for tumors in anterior,
posterior and equatorial locations. Volumes corresponding to modeled tumors are defined
in the same geometry employed in the previous chapter. Simulations are performed for tu-
mors in anterior, posterior and equatorial locations of both, the generic homogeneous CCA
and CCB plaques and the actual heterogeneous CCA1364 and CCB1256 plaques. For equato-
rial tumors, only centric treatments, those in which the symmetry axes of the plaque and the
tumor are aligned, are simulated. For posterior tumors only eccentric treatments are simu-
lated while for anterior tumors eccentric treatments are simulated, too. For the anterior and
posterior tumors, rotations of the CCA1364 and CCB1256 plaques around its symmetry axis
are considered taking into account the distribution of their emitter substance. For each tumor,
treatments are compared using cumulative dose-volume histograms. Most of the content of
this chapter was published by the author of this thesis and coauthors in the journal Ocular On-
cology and Pathology (Brualla et al., 2014; Zaragoza et al., 2018).

Chapter 6 presents a discussion where the scope and limitations of the results obtained are
analyzed.

Finally, chapter 7 briefly summarizes the conclusions of the doctoral dissertation, and the
major findings regarding the objectives outlined in chapter 1.
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Chapter 2

Monte Carlo computation of absorbed
dose distributions produced by
homogeneous CCA and CCB eye
plaques in a water phantom

2.1 Introduction

Measurements of absorbed dose distributions produced by beta-ray eye plaques can be done
using thermoluminescence dosimeters (Soares et al., 2001; Kovačević et al., 2005; Krause et al.,
2019), alanine pellets (Soares et al., 2001), plastic (Soares et al., 2001; Kaulich et al., 2004; Eich-
mann et al., 2012; Flühs et al., 2016) and liquid scintiallators (Kirov et al., 2005), extrapola-
tion ionization chambers (Soares et al., 2001; Davelaar et al., 1992; Hansen et al., 2019), small
fixed-volume ionization chambers (Soares et al., 2001), magnetic resonance imaging of BANG
polymer gel (Chan et al., 2001), diode detectors (Soares et al., 2001), p-type silicon detector
(Lax, 1991), diamond detectors (Soares et al., 2001) and radiochromic films (Taccini et al., 1997;
Soares et al., 2001; Kirov et al., 2005; Hermida-López and Brualla, 2018; Trichter et al., 2018).
Due to the curvature of the plaques, the small radiation field produced and the high dose
gradient, measurements are difficult and prone to large uncertainties.

From a theoretical perspective, the absorbed dose distributions in water produced by eye
plaques were initially calculated using a point-source numerical method (Loevinger, 1950;
Vynckier and Wambersie, 1982; Hokkanen et al., 1997). The method mixes a finite size source
of small dimensions with experimental results to obtain a point source equation, which by
numerical integration over the plaque surface determines the dose distribution. A modifica-
tion of the point-source method, called patch-source model (Astrahan, 2003) was developed
to determine with better accuracy the dose distribution in water.

The Monte Carlo method yields more accurate dose distributions with respect to those
computed with analytical methods (Reynaert et al., 2007), such as those mentioned above,
particularly in the presence of small fields (Chetty et al., 2007; Fernández-Varea et al., 2007;
Das et al., 2007). In a first attempt to use the Monte Carlo method for the computation of dose
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distributions from ruthenium eye plaques, Davelaar et al. (1992) programmed a combined
point-source and Monte Carlo algorithm to model the CCA and CCB plaques. The dose results
obtained were on average 15% lower than the manufacturer’s experimental data.

The first simulation using only a general-purpose Monte Carlo code for computing dose
distributions in water obtained from eye plaques was done by Sánchez-Reyes et al. (1998).
Unfortunately, some inconsistencies in the geometric description of the eye plaques were de-
tected (Brualla et al., 2012a) compromising part of the results obtained.

Monte Carlo computations of beta-ray dose distributions in water from ophthalmic eye
plaques using various codes were presented by Cross et al. (2001). The researchers studied a
non-clinical planar plaque and a CCB eye plaque. Simulated results for the CCB eye plaque
showed non-negligible differences among the Monte Carlo codes employed. Of all codes only
the results from ACCEPT 3.0 were in good agreement with experimental data. The authors
concluded that differences among the Monte Carlo codes might be accountable to differences
on the physic transport parameters.

The Monte Carlo code MCNPX was used to perform a comparison between a proton ther-
apy and a CCB 106Ru eye plaque (Mourtada et al., 2005). Simulation results were in agree-
ment with those obtained by Cross et al. (2001) using MCNP4B and Taccini et al. (1997) using
GEANT3 but differences observed by Cross et al. (2001) between MCNP4B and ACCEPT 3.0
are similar to those found between MCNPX and ACCEPT 3.0 and radiochromic film data
(Soares et al., 2001). A more exhaustive study was conducted by Hermida-López (2013), who
used the PENELOPE code to model 12 eye plaques from the manufacturer BEBIG (Eckert &
Ziegler). All these studies the emitter distribution of the radioactive substance was consid-
ered homogeneous and the dose was deposited in water phantoms (Hermida-López, 2013).

The work presented in this chapter consists of the accurate determination of the dose dis-
tributions produced by two generic eye plaques, models CCA and CCB, in a water phantom
using a modified version of the penEasy code. Simulation results are compared with previ-
ously published data. This chapter follows closely the work presented in Brualla et al. (2013)
which was published one year before the work of Hermida-López.

2.2 Methods

2.2.1 Sampling a probability distribution over a spherical cap

The way in which the main steering program penEasy can simulate a source with the shape
of a spherical cap, such as that of a ruthenium eye plaque, is by inserting the mathematically
defined spherical cap in a parallelepiped. penEasy then samples initial positions of particles
inside the parallelepiped and only those which fall inside the volume of the cap are subse-
quently simulated. This approach is inefficient since a particles falling outside the cap imply
a waste of random numbers.
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To improve the simulation efficiency, a routine to sample the probability distribution over
a spherical cap was programmed in penEasy. This modification ensures that the particle sam-
pling process is carried out completely at the source and that all random numbers sampled
are used.

Let us derive the probability distribution over a spherical cap. To do so, let us consider a
spherical cap of unit radius. The surface

S =
∫ θ0

0

∫ 2π

0
sin θ dθ dφ, (2.1)

represents the inner surface of the plaque models simulated herein in which θ0 varies accord-
ing to the specific plaque model. This value is 32◦ for the CCA eye plaque model and 40◦

for the CCB plaque model. The probability distribution function obtained for this spherical
truncated surface is

p(θ, φ) =

[
sin θ

1− cos θ0
dθ

] [
1

2π
dφ

]
, (2.2)

where θ and φ are independent normally distributed random variables. The position of a
particle from an isotropic source is generated by applying the inverse-transform method to
the probability distribution function,

θ = arccos (1− ξ1[1− cos θ0]) , φ = 2πξ2, (2.3)

where ξ1 and ξ2 are uniformly distributed random numbers between 0 and 1.
It is useful to replace the variable of the polar angle θ by the variable

µ =

(
1− cos θ

1− cos θ0

)
, (2.4)

which varies from 0 (θ= 0) to 1 (θ = θ0). Taking into consideration that the probability distri-
bution function is isotropic, both variables are related as follows,

pµ(µ) = pθ(θ)

(
dµ

dθ

)−1

. (2.5)

Finally, the probability distribution function is expressed as follows

p(µ, φ) = [dµ]

[
1

2π
dφ

]
, (2.6)

where a set of random points (µ, φ) uniformly distributed on the rectangle (0,1) x (0,2π) cor-
respond to the coordinates (θ,φ) of a particle sampled on the inner cap surface of unit radius.
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2.2.2 Geometric modeling of the CCA and CCB eye plaques

The modeled plaques correspond to a generic CCA and CCB eye plaques. These plaques are
shaped as spherical caps. Table 2.1 shows the geometrical characteristic parameters of these
plaques. Both have the same inner radius of 12.0 mm but the outer diameter of the caps across
the rim is different, being 15.3 mm for the CCA model and 20.2 mm for the CCB model. The
thickness of both plaque models is 1.0 mm.

Figure 2.1 shows the generic structure of 106Ru eye plaques. It is made by three pure silver
layers. The most external layer is 0.7 mm of thickness and corresponds to the shielding of the
plaque. The second layer, or active layer, is 0.2 mm of thickness and it is on its inner surface
where the radioactive substance has been electrolytically deposited. This second layer does
not cover the whole surface of the plaque, as it only extends up to 0.7 mm from the cap rim.
The thickness of the radioactive substance (Astrahan, 2003) is neglected in the simulations
since it amounts to 0.1 µm. The third layer, or window layer, is 0.1 mm of thickness.

FIGURE 2.1: Cross section of a generic eye plaque showing its inner structure: base,
active and window layer. The diameter D, the radius R and the height h are also
observed.

TABLE 2.1: Geometrical features of the CCA and CCB eye plaque models. All fea-
tures are obtained from the ICRU 72 Report (ICRU, 2004).

Model
diameter height active diameter radius of curvature
D (mm) h (mm) Da(mm) R (mm)

CCA 15.3 3.3 13.0 12.0
CCB 20.2 5.4 17.8 12.0

2.2.3 Beta decay spectra code

The PENELOPE code cannot directly simulate beta radiation spectra from a radionuclide. For
this reason a modification is needed. The modification is carried out in the penEasy code
by programming the decay of 106Rh to 106Pd using the five decay paths with highest yields,
namely, 3.450 MeV (78.6%), 3.050 MeV (8.1%), 2.410 MeV (10.0%), 2.000 MeV (1.77%) and
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1.539 MeV (0.46%). The endpoint energy for each primary particle previously sampled is
chosen at random taking into consideration the probabilities given by the yields. The initial
energies of the electrons are then sampled randomly from the corresponding beta decay spec-
trum. This last part is the one that has been introduced into penEasy using an adapted version
of the EFFY code (García-Toraño and Grau, 1985). The code uses the Fermi theory to describe
the beta decay.

2.2.4 Simulation geometry

The geometry of the simulation consists of the eye plaque considered and the water phan-
tom that surrounds it. Both elements are modeled using the geometric package PENGEOM

contained in PENELOPE. The package allows to define different bodies grouping quadric sur-
faces. The plaques were modeled in PENGEOM according to the dimensions given by the
manufacturer (see section 2.2.2). The modeled plaques are located at a distance to the center
of the water phantom equal to the radius of curvature of the plaques, that is, the focus of the
plaques coincides with the geometrical center of the water phantom. The water phantom is
defined as a sphere of 3.0 cm of radius. The material files used to characterize the bodies of
the simulated geometry are obtained from the PENELOPE material library. The three bodies of
the plaques are defined using silver with a mass density of 10.5 g cm−3. For the phantom, the
material is water with a mass density of 1.00 g cm−3. Although the mean excitation energy
for liquid water recommended by ICRU Report 90 is 78 eV (ICRU, 2016), the value used in
the PENELOPE code version 2008 for all simulations performed in this thesis is 75 eV, which
corresponds to the previous value recommended by ICRU Report 37 (ICRU, 1984).

2.2.5 Simulation parameters

The simulation transport parameters used in all the simulations performed are shown in ta-
ble 2.2.

TABLE 2.2: Values of the PENELOPE simulation transport parameters for each mate-
rial and type of particle transported.

Material
EABS (e−) EABS (γ) EABS (e+)

C1 C2
WCC WCR DSMAX

(keV) (keV) (keV) (keV) (keV) (cm)
Water 100 10 100 0.1 0.1 100 10 1.0×1030

Silver 100 10 100 0.005 0.005 100 10 1.0×1030

For each run 108 primary histories are simulated and no variance-reduction techniques
are applied in the simulations performed. That amount of initial particles assures that the
standard statistical uncertainty is lower than 0.5% for the simulation of both plaques. The
absorbed dose is tallied in a grid of 60×60×30 bins of 0.5×0.5×0.5 mm3 using a system of
reference in Cartesian coordinates and centered at the focus of the plaques, that is the center
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of the water phantom. The grid ranges from −15.0 mm to 15.0 mm on the x and y axes that
correspond to the direction perpendicular to the symmetry axis of the plaques, whose grid
ranges from 0.0 mm to 15.0 mm.

For reporting depth dose distributions along the symmetry axis of the plaques the origin
of the profile is located at the inner surface of the plaques. Lateral profiles are determined at
specific depths of 1.25 mm, 2.25 mm, 3.75 mm, 5.25 mm, 6.75 mm and 8.25 mm. The lateral
profiles range from−12.0 mm to 12.0 mm at depths greater than 3.75 mm for the CCA plaque,
and at depths greater than 6.75 mm for the CCB plaque. For shallower depths, the lateral
profiles are inside the plaque height h (see section 2.2.2) and a partial-volume effect is observed.
This effect occurs when a bin is partly filled with water and silver and is not taken into account
for reporting the lateral profiles.

Doses tallied in PENELOPE are expressed in eV g−1 per primary history while the units
of the experimental data are given in mGy min−1. It is necessary to express the dose in
the same units to compare the simulation results with the manufacturer data. The factor
5.7678353532×10−4 transforms eV g−1 into mGy h−1 MBq−1. When the irradiation time is
expressed in mGy min−1 MBq−1 the conversion factor is 9.613058922×10−6. Notice that the
simulated dose is expressed in terms of primary particles, therefore it is necessary to know
the activity of the plaques to give the dose in mGy min−1. The nominal activities given by
the manufacturer are 13.7 MBq and 25.9 MBq for the generic CCA and CCB plaques (Eckert
& Ziegler BEBIG, 2011).

2.3 Results

Simulated depth dose profiles are compared to experimental data for both plaques. Simulated
lateral profiles and isodose lines are plotted without comparison to experimental results since
they were not available.

2.3.1 CCA plaque

For the CCA plaque the depth dose experimental data used to compare with the simulation
are courtesy of Prof. G. Taccini (Department of Medical Physics, S. Martino Hospital, Genoa, Italy)
(Taccini et al., 1997) and those provided by the manufacturer in the certificate of the CCA1364
plaque. Plot (A) of figure 2.2 shows the comparison among the three data sets in terms of
relative dose normalized at a depth of 2.0 mm, which is the usual normalization depth for
ruthenium plaques. It is observed that the data from the manufacturer matches the simula-
tion results along the whole curve while the comparison with Taccini shows a lower degree
of agreement for depths greater than 3.0 mm. The percentage local differences with the sim-
ulated data are 11% at 3 mm, 11% at 4.0 mm, 20% at 5.0 mm and 29% at 6.0 mm of depth.
Plot (B) of figure 2.2 shows the comparison between the simulated and manufacturer data in
terms of absolute dose rate. To obtain the absolute dose rate per unit of activity the afore-
mentioned conversion factor is used. The data from Taccini does not appear in this plot since
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the activity of his plaque was not provided. Vertical lines indicate depths at which the lateral
profiles are computed.

(A) Relative depth dose distribution. (B) Depth dose rate per unit of activity.

FIGURE 2.2: Relative depth dose and depth dose rate per unit of activity distri-
butions along the symmetry axis. Simulation results correspond to a generic CCA
plaque and are plotted with blue histograms. Standard statistical uncertainty bars
are smaller than the symbol size used for experimental data, and in all cases smaller
than 0.5%. Experimental data for the specific CCA1364 plaque are plotted with or-
ange crosses. Experimental data for a specific CCA plaque (number unknown) from
Taccini are plotted with red diamonds.

Figure 2.3 (A) shows lateral profiles tallied along distances perpendicular to the symmetry
axis at different depths for a generic CCA plaque. Lateral profiles at a depth larger than the
height h of the plaque (see table 2.1) are plotted along a length wider than the diameter of
the plaque. Lateral profiles at a depth smaller than the height of the plaque are only plotted
within the boundaries of the spherical cap to avoid partial volume effects.

Figure 2.4 (A) shows the isodose lines in mGy h−1 MBq−1 for the generic CCA plaque. The
lines plotted correspond to 120%, 100%, 80%, 60%, 40% and 20% of the value of the reference
dose measured by the manufacturer at a depth of 2.0 mm.

2.3.2 CCB plaque

For the CCB plaque, the depth dose experimental data used to compare with the simulation
are courtesy of Prof. Theodor W. Kaulich (Department of Medical Physics, University of Tübingen,
Germany) (Kaulich et al., 2004) and those provided by the manufacturer on the certificate of
the CCB1256 plaque. Plot (A) of figure 2.5 shows the comparison among the three data sets
in terms of relative dose normalized at 2.0 mm. It is observed that the data provided by the
manufacturer and the values obtained by Kaulich match the simulation results at all depths.
Plot (B) shows the comparison between the simulated and manufacturer data in terms of
absolute dose. To obtain the absolute doses the aforementioned conversion factor and activity
are used. The data from Kaulich does not appear in this plot since the activity of his plaque
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(A) CCA eye plaque. (B) CCB eye plaque.

FIGURE 2.3: Lateral profiles perpendicular to the symmetry axis for a generic CCA
and CCB plaques. Simulation results are plotted with blue histograms.

was not provided. In this case, the agreement at shallow depths is lower. The simulated doses
are 14% lower at 1.0 mm of depth, 10% at 2.0 mm, 8% at 3.0 mm and 5% at 4.0 mm with respect
to the local values of the experimental data given by the manufacturer. Vertical lines show the
depth at which lateral profiles are computed.

(A) CCA eye plaque. (B) CCB eye plaque.

FIGURE 2.4: Isodose lines in mGy h−1 MBq−1 for a generic CCA and CCB plaque
models.

Figure 2.4 (B) shows the simulated isodose lines for the generic CCB plaque. The lines
plotted correspond to 120%, 100%, 80%, 60%, 40% and 20% of the value of the reference dose
measured by the manufacturer at 2.0 mm of depth in mGy h−1 MBq−1. For this plaque it is
observed that the isodose line corresponding to the 120% of the reference dose is contained
inside the plaque volume. This is a consequence of the discrepancy between the experimental
and simulated data at shallow depths.
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(A) Relative depth dose distribution. (B) Depth dose rate per unit of activity.

FIGURE 2.5: Relative depth dose and depth dose rate per unit of activity along the
symmetry axis. Simulation results correspond to a generic CCB plaque and are plot-
ted with blue histograms. Standard statistical uncertainty bars are smaller than the
symbol size used for experimental data, and in all cases smaller than 0.5%. Experi-
mental data for the specific CCB1256 plaque are plotted with orange crosses. Exper-
imental data for a specific CCB plaque (number unknown) from Kaulich are plotted
with red diamonds.

2.4 Discussion

For all the eye plaques analyzed, the simulated relative depth doses match the relative exper-
imental results provided in the certificate of the plaques and also reproduce the experimen-
tal results obtained in previous works for two specific CCA and CCB eye plaques (numbers
unknown). The simulated distributions of the dose rate per unit of activity for the generic
CCA and CCB plaques reproduce the corresponding experimental values with good agree-
ment, with the exception of the CCB plaque near the surface where slight differences appear
between experimental and simulated data. These differences become evident owing to the
absolute dosimetry employed and reflect the discrepancies between the actual heterogeneous
emitter substance distribution and the homogeneous approximation. The relative dosimetry
hides these discrepancies.
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Chapter 3

Monte Carlo computation of absorbed
dose distributions produced by the
heterogeneous CCA1364 and CCB1256
eye plaques in a water phantom

3.1 Introduction

The simulation of absorbed dose distributions from ruthenium plaques whose emitter sub-
stance is considered to be homogeneously deposited has been widely studied (Sánchez-Reyes
et al., 1998; Cross et al., 2001; Fuss et al., 2011; Hermida-López, 2013; Brualla et al., 2013).
However, it is also well known that the manufacturing process results in an heterogeneous
distribution of the emitter substance. Consequently, there are not two identical plaques. The
presence of heterogeneities is consistent with the appearance of hot or cold areas over the
inner surface of the plaques. The activity of these hot spots can exceed the average by about
25% (e.g., in the case of the CCB1256 plaque presented in this thesis). These hot and cold spots
have a clear effect on the dose distribution, which is neglected when the simulation considers
the radioactive substance as homogeneously distributed. To the best of our knowledge the
only treatment planning system for 106Ru eye plaques that takes into account, to some ex-
tent, the inhomogeneities of the plaques is Plaque Simulator (version 6.4.3 or later) (Astrahan,
2003) considering the sparse measurements provided by the manufacturer in the certificate
of the plaques. This program uses analytical models to perform the simulation of radiation
transport.

This chapter presents the simulations of two actual plaques, named CCA1364 and CCB1256,
inside a water phantom using the Monte Carlo code PENELOPE while considering the actual
heterogeneous distribution of each plaque. Results are compared with experimental data and
the corresponding homogeneous approximations. The contents of this chapter were pub-
lished by the author of this thesis and coauthors in the Ocular Oncology and Pathology jour-
nal (Zaragoza et al., 2017).
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3.2 Materials and methods

The plaques considered in this chapter are the specific CCA1364 and CCB1256 from the Es-
sen University Hospital. The geometric parameters of these plaques are the same that were
defined in section 2.2.2.

3.2.1 Normalized experimental distributions of the CCA1364 and CCB1256 eye
plaques

The distribution of the emitter substance for the CCA1364 and CCB1256 plaques were mea-
sured using a specific device developed at TU Dortmund (Eichmann et al., 2009). The device
measures the dose rate profile over the inner surface of the plaques at a constant small distance
covering the whole surface. To achieve this, the device uses a guiding system linked to a scin-
tillation detector. The whole process assures a high density of measured surface points and a
gapless coverage of the surface of the plaque, in contraposition with the sparse measurements
provided in the certificate of the plaques and used by Plaque Simulator.

The experimental emitter distributions of the plaques used in this thesis are courtesy of
Dr. rer. nat. M. Eichmann (Fakultät Physik, Technische Universität Dortmund, Germany). The raw
emitter distributions from the plaques are transformed into normalized probability distribu-
tions taking as reference the maximum value of the dose emission rate for both plaques.

(A) CCA1364 eye plaque. (B) CCB1256 eye plaque.

FIGURE 3.1: Normalized experimental surface distribution of the emitter substance
for both eye plaques.

Plot (A) in figure 3.1 shows the normalized experimental emitter map for the CCA1364
plaque. The largest heterogeneity for this plaque is about 18% with respect to the average
value. The area covered by hot spots in this plaque is rather small, thus yielding a quite homo-
geneous distribution. Notice that the emitter map is off-centered with respect to its symmetry
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axis. This off-center is maximum along the diameter that forms an angle of 18◦ with respect to
the positive horizontal axis. The normalized emitter map for this plaque contains 16×30 polar
bins of 2.5◦×12.0◦ corresponding to the polar and azimuthal angles, respectively. Polar an-
gle ranges from 0.0◦ to 37.5◦, while azimuthal angle ranges from 0◦ to 360◦. The normalized
emitter map corresponding to the CCA1364 plaque contains a total of 480 measured points
which means a factor 14.5 greater than the 33 measured values provided on the certificate of
the plaque.

Plot (B) in figure 3.1 shows the normalized emitter map for the CCB1256 plaque. It is ob-
served the presence of a well-defined hot spot whose heterogeneity amounts to 25% with re-
spect to the average value. The bin with highest rate of the hot spot is located at an azimuthal
angle of 132◦ measured with respect to the positive horizontal axis. The normalized emitter
map for this plaque contains 23×30 polar bins of size equal to 2.5◦×12.0◦. For this plaque
model the polar angle ranges from 0.0◦ to 55.0◦. For this plaque, the normalized emitter map
contains a total of 690 measured points which means a factor 21 greater in contradistinction
with the sparse map provided in the certificate of the plaque.

Because penEasy (version 2010-08-07) is not prepared to simulate a spectrum emitted from
a heterogeneous source distributed on a spherical cap a modification in the code is needed.
The algorithm implementing this source is the following:

• For each primary electron, an initial position is sampled at random over the inner layer
of the spherical cap according to the probability distribution explained in section 2.2.1.

• An emission probability is sampled using a normalized, uniformly distributed random
number. The primary particle is accepted only if the uniformly distributed sampled ran-
dom number is equal to or lower than the normalized experimental distribution yielded
for the region where the particle has been previously located; otherwise, the particle is
rejected and the algorithm returns to the first step.

• The initial energy of the primary electron is sampled from the corresponding beta decay
code explained in section 2.2.3.

• The initial isotropic flight direction is sampled at random.

The probability emission map cover the entire inner surface of the plaques. However, the
emitter substance, as it was explained previously, does not reach the rim of the plaque. This
is evident from figures 3.1 where a blue ring circles the active area of each plaque. When
sampling the initial position of a primary electron the entire surface of the plaque must be
considered. In contradistinction, notice that the simulation of the homogeneous plaque only
considers as possible initial positions of primary particles those over the active surface.
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3.2.2 Simulation geometry

For the eye plaques as well as for the water phantom the considered geometries are the same
as the ones employed in the previous chapter (see section 2.2.4). The material files are also the
same.

Notice that the hot spot of the CCB1256 plaque breaks the axial symmetry present in the
homogeneous case. Rotations around the main symmetry axis of the plaque will yield differ-
ent lateral distributions tallied along the x axis (horizontal positive axis perpendicular to the
main symmetry axis). To observe the effect of the hot spot in the lateral profile the plaque is
rotated 48◦ counterclockwise .

For the case of the CCA1364 it was observed that rotations around the symmetry axis
produced no statistically significant differences in the lateral profile.

3.2.3 Simulation parameters

The number of histories simulated are 108. The standard statistical uncertainty achieved
is lower than 0.5%. The transport parameters are also the same used previously (see ta-
ble 2.2). The absorbed dose distribution is tallied in the same grid of 60×60×30 bins of
0.5×0.5×0.5 mm3 centered at the focus of the plaques, that is coincident with the center of
the water phantom. The grid ranges from −15.0 mm to 15.0 mm on the axes perpendicular to
the symmetry axis which ranges from 0.0 mm to 15.0 mm. Doses tallied are transformed into
mGy h−1 MBq−1 using the aforementioned factor (see section 2.2.5).

3.3 Results

Simulated depth doses from the actual CCA1364 and CCB1256 plaques are compared with
their corresponding homogeneous simulated depth doses and also with the experimental data
provided by the manufacturer in the certificates of the plaques. Although there is no exper-
imental data for lateral profiles and isodose lines, a comparison between the homogeneous
and heterogeneous simulations is also presented.

3.3.1 Comparison between the ideal homogeneous CCA and the actual heteroge-
neous CCA1364 eye plaques

Figure 3.2 shows the comparison between the ideal homogeneous CCA plaque (CCA plaque
from now on) and the actual heterogeneous CCA1364 plaque (CCA1364 from now on) in
terms of absolute dose rate per unit of activity. The comparison of the depth dose among the
experimental data and the simulations of the CCA and the CCA1364 is shown in figure 3.2 (A).
The simulated depth dose obtained from CCA1364 plaque reproduces better the experimental
data than the simulated dose from the CCA plaque. At the reference depth of 2.0 mm the dose
for the CCA1364 eye plaque is 7.9% higher than the dose of the CCA plaque. Vertical lines
on the plot indicate the depths at which lateral profiles are computed. Comparison between
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(A) Depth dose. (B) Lateral profile.

FIGURE 3.2: Depth dose and lateral profiles comparison for the CCA eye plaque
model. The simulated ideal homogeneous distribution corresponding to the CCA
plaque is plotted with dashed blue histograms, the simulation of the actual hetero-
geneous distribution corresponding to the CCA1364 plaque is plotted using red his-
tograms and the manufacturer experimental data is plotted with orange crosses. The
standard statistical uncertainty of the simulated data is smaller than the thickness of
the lines.

simulated lateral profiles are shown in plot 3.2 (B). Lateral profiles at a depth larger than the
height h of the plaque (see table 2.1) are plotted along a length wider than the diameter of the
plaque. Lateral profiles at a depth smaller than the height of the plaque are only plotted within
the boundaries of the spherical cap to avoid partial volume effects. Notice in the lateral profile
that the slight asymmetry mentioned before is revealed (see section 3.2.1). It is also observed
the shorter lateral coverage of the heterogeneous plaque with respect to the homogeneous
assumption at the relevant shallow depth of 2.25mm. The disagreement between the CCA
and the CCA1364 distributions is greater near the symmetry axis. Regarding each depth,
the differences along the symmetry axis are 8% observed on the lateral profile computed at
1.25 mm, 7% at 2.25 mm, 6% at 3.75 mm, 3% at 5.25 mm, 4% at 6.75 mm, and 1% at 8.25 mm.

3.3.2 Comparison between the ideal homogeneous CCB and the actual heteroge-
neous CCB1256 eye plaques

Figure 3.3 shows the comparison between the ideal homogeneous CCB plaque (CCB from
now on) and the actual heterogeneous CCB1256 plaque (CCB1256 from now on) also in terms
of absolute dose rate per unit of activity. The comparison of the depth dose among the ex-
perimental data and the simulations of the CCB and CCB1256 is shown in figure 3.3 (A). The
simulated depth dose obtained for the CCB1256 plaque matches the experimental data. Due
to the greater heterogeneity observed in figure 3.1 (B), there are greater discrepancies on the
simulations of the depth doses along the symmetry axis between the CCB1256 and the CCB
plaques. At the reference depth of 2.0 mm the dose for the CCB1256 amounts 22% with respect
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FIGURE 3.3: Depth dose and lateral profiles comparison for the CCB plaque model.
The simulated ideal distribution corresponding to the CCB plaque is plotted in
dashed blue line histograms, the actual simulated distribution corresponding to the
CCB1256 plaque is plotted in red histograms and the manufacturer experimental
data is plotted in orange crosses. The standard statistical uncertainty of the simu-
lated data is smaller than the thickness of the lines.

to the CCB plaque. Vertical lines on the plot also show the depths at which lateral profiles are
computed. Comparison between simulated lateral profiles are shown in figure 3.3 (B). Lat-
eral profiles at a depth larger than the height h of the plaque (see table 2.1) are plotted along
a length wider than the diameter of the plaque. Lateral profiles at a depth smaller than the
height of the plaque are only plotted within the boundaries of the spherical cap to avoid par-
tial volume effects. The disagreement between the CCB and the CCB1256 distributions is
greater near the symmetry axis. Regarding each depth, the differences along the symmetry
axis are 24% observed on the lateral profile computed at 1.25 mm, 23% at 2.25 mm, 20% at
3.75 mm, 18% at 5.25 mm, 14% at 6.75 mm, and 8% at 8.25 mm.

3.3.3 Isodose

Figure 3.4 shows the comparison between the ideal and the actual simulated isodose curves
for each plaque model. Plot 3.4 (A) of this figure shows the comparison between the CCA
and the CCA1364 eye plaques with isodose lines corresponding to 120%, 100%, 80%, 60%,
40% and 20% of the reference dose measured by the manufacturer at 2.0 mm of depth. The
differences between isodose lines are smaller at a greater distance from the plaque surface
and become very similar for a value of 225 mGy h−1 MBq−1, which corresponds to 60% of the
reference dose. The difference in depth between the ideal and the actual isodose lines corre-
sponding to 450 mGy h−1 MBq−1 (120%) and 375 mGy h−1 MBq−1 (100%) is 0.2 mm, while
for 300 mGy h−1 MBq−1 (100%) and 225 mGy h−1 MBq−1 (60%) is 0.1 mm. Notice that the
asymmetry of the emitter map is also observed in the isodose lines. Plot 3.4 (B) of this fig-
ure shows the comparison between the CCB and the CCB1256 eye plaques with isodose lines
corresponding to 120%, 100%, 80%, 60%, 40% and 20% of the reference dose measured by the
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manufacturer at 2.0 mm of depth. The differences between simulated isodose lines also de-
crease with distance to the plaque surface. The isodose line from both the ideal and the actual
plaque are compatible within the statistical uncertainty for a value of 48 mGy h−1 MBq−1, that
is, at 20% of the reference dose. The isodose line of 288 mGy h−1 MBq−1, which corresponds to
120% of the reference dose, is plotted exclusively for the CCB1256 due to for the homogeneous
assumption this line is inside the eye plaque. At the same time, this isodose line coincides with
the isodose line of 240 mGy h−1 MBq−1 for the CCB that is the isodose line corresponding to
the 100% of reference dose. The difference in depth between the ideal homogeneous CCB
and the heterogeneous CCB1256 isodose lines corresponding to 240 mGy h−1 MBq−1 (100%)
is 1.8 mm, for the 192 mGy h−1 MBq−1 (80%) is 0.6 mm, for the 144 mGy h−1 MBq−1 (60%)
is also 0.6 mm, for the 96 mGy h−1 MBq−1 (40%) is 0.3 mm, and for the 48 mGy h−1 MBq−1

(20%) is 0.2 mm.

(A) CCA1364 eye plaque. (B) CCB1256 eye plaque.

FIGURE 3.4: Isodose lines for generic CCA and CCB eye plaques compared to the
corresponding CCA1364 and CCB1256 plaques, respectively. Thin lines correspond
to the generic plaques while thick lines correspond to the actual plaques. Percentage
values of the isodose lines are computed according to the reference dose measured
given by the manufacturer at a depth of 2.0 mm. Isodose line units are given in
mGy h−1 MBq−1.

3.4 Discussion

Simulations using the actual emitter maps reproduce the experimental data provided by the
manufacturer better than the simulations which consider ideal homogeneous emitter maps.

For both plaque models, the differences observed in the depth dose, the lateral profiles
and the isodose lines between the ideal homogeneous assumption and the actual hetero-
geneous distribution of the radioactive substance are inversely proportional to the distance
to the plaque. These differences become relevant for distances lower than 4.0 mm for the
CCA1364 plaque and lower than 6.0 mm for the CCB1256 plaque. The spatial extent of the
discrepancies coincides with the range of treatment of uveal tumors for each of these plaques,
therefore, it is evident that the homogeneous approximation produces results that bias the
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dosimetry in the clinically relevant region. Consequently, for the plaques studied in this the-
sis, simulations that consider homogeneous distributions of the radioactive substance imply
an overdosage to both the tumor and the adjacent tissues.
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Chapter 4

Monte Carlo estimation of absorbed
dose distributions produced from the
CCA1364 and the CCB1256 eye plaques
computed in an anthropomorphic
phantom

4.1 Introduction

Although 106Ru eye plaques have been used for decades (Brady and Hernández, 1992; Lom-
matzsch and Vollmar, 1966; Lommatzsch, 1977, 1986; Schueler et al., 2006; Mossböck et al.,
2007), the determination of the dose distributions produced by eye plaques is still a challenge
and further improvements are needed (Flühs et al., 1997; ICRU, 2004; Schueler et al., 2006;
Thomson et al., 2019). Regarding the dose distribution provided by a given plaque, the man-
ufacturer only provides the depth dose along the symmetry axis. Additionally, an scarce ac-
tivity map of 33 points are provided in the certificate. Of these points, only 25 are determined
on the surface of the plaques studied in this dissertation. This information is insufficient for
an accurate determination of the absorbed dose distribution taking into consideration actual
heterogeneities of a given plaque.

Models used in dosimetry calculations of 106Ru eye plaques approximate the anatomy of
the eye to an homogeneous water sphere (Sánchez-Reyes et al., 1998; Brualla et al., 2009; Fuss
et al., 2011; Hermida-López, 2013; Stöckel et al., 2018). Even the available treatment planning
system for these plaques considers the eye as a homogeneous water sphere using an idealized
segmentation of the eyeball (Astrahan, 2003).

In 2012 Brualla et al. (2012b) used for the first time a voxelized eye phantom based on com-
puted tomography images from a patient for the Monte Carlo simulation of an eye irradiation.
This study considered the external electron beam irradiation of a conjunctival lymphoma. The
segmented voxelized eye phantom produced for this study was subsequently used by this
group for all publications related to ruthenium plaques.
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Plaque simulator, the commonly used treatment planning system for ruthenium plaques,
had usually considered the emitter substance to be homogeneously distributed over the in-
ner surface of the plaques. From version 6.4.3 the program allows to take into account the
scarce measurement map found in the plaque certificate although the algorithm uses analyti-
cal methods for the radiation transport.

In this chapter, dose distributions produced by the two 106Ru eye plaques CCA1364 and
CCB1256 are simulated in the voxelized anthropomorphic phantom first published in Brualla
et al. (2012b). For both plaques, two configurations are considered depending on the distri-
bution of the radioactive substance; ideal CCA and CCB eye plaques where the radioactive
substance is homogeneously distributed and the actual CCA1365 and CCB1256 eye plaques
where the radioactive substance is heterogeneously distributed. For the simulations differ-
ent placements of the plaques are considered as well. Results for all the defined structures in
the eyeball are plotted using cumulative dose-volume histograms, which plot the percentage
of the volume of the segmented anatomical structure that receives a dose equal to or greater
than the value in the abscissa. Comparisons are also made between these two plaque con-
figurations and different placements to determine the differences between the absorbed dose
especially at the structures at risk. The content of this chapter corresponding to homogeneous
distribution of the radioactive substance was published in the Strahlentherapie und Onkologie
journal (Brualla et al., 2013). Additionally, the data corresponding to actual distributions of
the CCA1364 and CCB1256 are also presented in this chapter and currently accepted for pub-
lication in the Ocular Oncology and Pathology journal (Zaragoza et al., 2020).

4.2 Materials and methods

4.2.1 Voxelized geometry

The main steering program penEasy, using the geometry-handling subroutine penVox, allows
to simulate quadric geometries superimposed on voxelized geometries simultaneously. This
feature is employed for the simulation of the eye plaque, represented with quadric surfaces,
on top of the voxelized anthropomorphic phantom of the eye.

Although only one phantom is used throughout this work, general conclusions can be
derived, owing to the fact that the size of an emmetropic eye ball does not differ from one
individual to another (Atchison et al., 2004).

The original computerized tomography scan of an anonymized patient had 512×512×59
voxels of size 0.015625×0.015625×0.1 cm3. This original DICOM file was converted into
ASCII format file grouping voxels. The resulting conversion yielded an ASCII file that has
256×256×59 voxels of size 0.03125×0.03125×0.1 cm3. This last voxelized ASCII file is the one
used as a phantom in PENELOPE simulations. Hounsfield units are converted into mass den-
sity values using the calibration curve of the computerized tomography scanner (Reynaert
et al., 2007). The calibration curve used (continuous line) is shown in figure 4.1. Three materi-
als are considered: water, air and bone. Figure 4.2 shows the transformation from Hounsfield
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numbers into material density for the axial plane where the eye globe shows its maximum
diameter, which corresponds to the slice 21 of the computerized tomography scan.

FIGURE 4.1: Calibration curve (continous line) used to transform Hounsfield num-
bers from the CT into material-density.

Table 4.1 shows the intervals for the Hounsfield units to material conversion.

TABLE 4.1: Conversion intervals of Hounsfield units into material.

Material Hounsfield units interval Material number
Air [−1024, −724) 2

Water [−724, 216) 1
Compact bone [216, 3000] 3

4.2.2 Segmentation of anatomical structures in the eye

The human eye is a complex organ formed by different anatomical structures (Valentin and
Streffer, 2002). Figure 4.3 shows the segmentation of the eye used in this thesis. To segment
the anatomical structures of the eye two methods are used. For segmenting the sclera, the
cornea, the anterior globe and the posterior globe, volumes are defined by grouping quadric
surfaces (spheres and planes) and then selecting the voxels included within the volumes. For
segmenting the eye lens, the papilla, the optic disk, the optic nerve and the lachrymal gland
the voxels belonging to these volumes were manually identified and its coordinates (i,j,k)
given to the segmentation program.
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FIGURE 4.2: Material map obtained from the Hounsfield unit interval table 4.1. Val-
ues on the horizontal and vertical indicate voxel index. Three materials are consid-
ered: water (purple), air (orange) and bone (yellow).

The eyeball is defined as a sphere of 1.215 cm of radius centered at 3.825×3.452×2.100 cm3

in a Cartesian coordinate system whose origin is the lower left posterior vertex of the to-
mography scan. The equatorial plane of the eyeball is determined by a plane 15◦ above the
horizontal axis of the computerized tomography that intersects the center of the eyeball. The
sclera and the cornea are parts of the volume contained in two concentric spheres of outer
radius the eyeball and inner radius of 1.045 cm. The cornea is the volume of a cap of outer di-
ameter parallel to the equatorial plane of the eyeball of 1.100 cm across the rim of the external
sphere. The rest of the volume contained between the spheres corresponds to the sclera. The
equatorial plane also defines two internal volumes called anterior globe and posterior globe.

Although spheres and planes are used as boundary surfaces in the segmentation process
for the sclera, the cornea, the anterior globe and the posterior globe, these structures are also
defined in the voxelized tomography. This means that a voxel divided by a boundary surface
needs to be assigned either the corresponding structure or to the outside. The selected crite-
rion to decide if a voxel belongs or not to a segmented structure is if its center is inside it. An
immediate consequence of this definition is that the thickness of the sclera and the cornea are
not constant. Both range from approximately 1.2 mm to 2.1 mm depending on the number of
voxels contained between the two boundary spherical surfaces used for defining them. The
chosen value for the thickness is in agreement with the default value of 1.5 mm employed in
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FIGURE 4.3: Plot of the axial plane where the eye shows its larger diameter. Notice
that the lachrymal gland does not appear since it is located on other slices of the
tomography.

the code EYEPLAN (Goitein and Miller, 1983) and gives a safety margin of 0.5 mm.

4.2.3 Placement of the plaques

Eye plaques are placed with its symmetry axis coplanar to the axial plane of the computer-
ized tomography scan where the eyeball shows its largest diameter, which corresponds to the
slice 21 of the tomography scan.

For the simulation of the CCA and CCA1364 plaques three different locations with re-
spect to the equatorial plane of the eyeball previously defined are considered. Figure 4.4
shows these locations, which are named anterior, equatorial and posterior. Plot (A) shows
the anterior location that is set 15◦ above the equatorial plane of the eye, that is 30◦ above
the horizontal axis of the computerized tomography scan. Plot (C) and plot (D) show the
equatorial location for the CCA and CCB plaques, respectively. The symmetry axes of the
plaques coincide with the equatorial plane of the eye, that is 15◦ above the horizontal axis of
the tomography scan. On plot (B) it is shown the posterior location of the CCA and CCA1364
plaques. It is set 30◦ below the equatorial plane of the eyeball, that is 15◦ below the horizontal
axis of the tomography scan. For the simulations of the CCB and CCB1256 eye plaques only
the equatorial location is considered.
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(A) Anterior location for a CCA plaque. (B) Posterior location for a CCA plaque.

(C) Equatorial location for a CCA plaque. (D) Equatorial location for a CCB plaque.

FIGURE 4.4: Axial images of the computerized tomography (Slice 21) where the
plaques location is embedded.

4.2.4 Orientation of the plaques

The influence of the heterogeneities on the emission map of the plaques (see section 3.2.1)
is also studied. Rotations about the symmetry axis of the plaques allow to take advantage
of these heterogeneities. The CCB1256 has a well-defined hot spot (see figure 3.1 (B)). Al-
though the CCB1256 is placed only equatorially the effect of the relative position of the hot
spot with respect to the segmented structures is determined. Three rotations are considered
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taking into account the position of the hot spot with respect to the segmented structure under
consideration. In the original rotation, the hot spot is located 42◦ degrees below the axial plane
corresponding to the slice 21 of the tomography scan. In the proximal rotation the hot spot is
oriented close to the segmented structure under consideration, while for the distal rotation the
contrary holds. For both, the proximal and distal orientations, the polar bin of the hot spot with
the largest activity is placed in the axial plane.

4.2.5 Transport parameters

The simulation transport parameters for all materials used in the simulations performed are
shown in table 4.2.

TABLE 4.2: Values of PENELOPE simulation transport parameters used for each ma-
terial.

Material
EABS (e−) EABS (γ) EABS (e+)

C1 C2
WCC WCR DSMAX

(keV) (keV) (keV) (keV) (keV) (cm)
Water 10 1 10 0.02 0.02 10 1 0.1

Air 10 1 10 0.02 0.02 10 1 0.1
Bone 10 1 10 0.02 0.02 10 1 0.1
Silver

10 1 10 0.02 0.02 10 1 0.008
(Applicator)

Silver
10 1 10 0.02 0.02 10 1 1.0×1030

(Emitter)

As in previous chapters, a number of 108 histories have been simulated assuring that
the average standard statistical uncertainty of all voxels scoring more than 50% of the max-
imum dose is lower than 0.5% for all simulations. The simulated absorbed dose is tallied in
a grid of 256×256×59 corresponding to the voxels of the computerized tomography. PENE-
LOPE yields the tallied absorbed dose in eV g−1 per primary particle. These units are con-
verted into mGy h−1 MBq−1 using the aforementioned factor (see section 2.2.5) and also
into mGy min−1 using the activities of the plaques. For the generic plaques the nominal activ-
ity for each model is used, while for the actual plaques the activities used are those reported
in their certificates. Table 4.3 shows the nominal and reported activities.

4.3 Results and discussion

Comparisons of the absorbed dose in the segmented volumes are made using cumulative
dose-volume histograms of, on the one hand, the absorbed dose rate per unit of activity and,
on the other hand, the absorbed dose rate. Notice that the scale factor between these dose-
volume histograms is proportional to the activity of each plaque which provides differences
that must be taken into account. For the actual CCB1256 plaque, the existence of a located hot
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TABLE 4.3: Nominal and reported activities of the generic and actual eye plaques,
respectively.

Plaque Activity (MBq)

CCA 13.7
CCA1364 11.6

CCB 25.9
CCB1256 27.3

spot allows also comparisons of the absorbed dose depending on the location of the hot spot
with respect to the segmented volume analyzed.

4.3.1 Sclera

The sclera is the only segmented anatomical structure that is irradiated for all plaques and
placements. Dose-volume histograms for equatorial placements are plotted on figure 4.5
while anterior and posterior placements appear in figure 4.6. Plaques and placements are
compared via the maximum absorbed dose per unit of activity and the maximum absorbed
dose rate.

Plot (A) in figure 4.5 shows the absorbed dose rate per unit of activity for plaques placed
equatorially. The maximum dose rate per unit of activity is reached by the CCA1364 plaque.
For the CCB1256 the absorbed dose rate per unit of activity is 43% lower. With respect to
the CCA1364, the absorbed dose per unit of activity for the CCA and CCB homogeneous
plaques are 40% and 64% lower, too. On plot (B), where the absorbed dose rate is plotted, the
maximum is achieved by the CCB1256 which is 35% higher than the dose rate delivered by
the CCA1364. Notice that for the homogeneous CCA and CCB plaques, the absorbed dose
rates are lower than their respective actual plaque. That is, for the CCA it is 29% lower than
the CCA1364 and, for the CCB it is 40% lower than the CCB1256.

For anterior and posterior placements, the maximum absorbed dose rate per unit of activ-
ity is reached with the CCA1364 eye plaque. Plot (A) in figure 4.6 shows that when the plaque
is placed anteriorly, the absorbed dose rate per unit of activity is 6% higher than the same
plaque in a posterior placement. It is also observed that the homogeneous distribution of the
radioactive substance results in a lower absorbed dose for both placements. These absorbed
dose rates are 37% and 44% lower than those obtained with the actual CCA1364 in the anterior
and posterior placements, respectively. Plot (B) shows that the maximum absorbed dose rate
is also reached by the CCA1364 plaque. For the anterior placement, the absorbed dose rate for
the CCA is 25% lower than the CCA1364 plaque while for the posterior placement it is 33%
lower, too.
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(A) Dose rate per unit of activity. (B) Dose rate.

FIGURE 4.5: Dose-volume histograms for the sclera according to different plaques in
an equatorial placement. The standard statistical uncertainty of the simulated data
is smaller than the thickness of the lines.

(A) Dose rate per unit of activity. (B) Dose rate.

FIGURE 4.6: Dose-volume histograms for the sclera using the CCA and CCA1364
plaques in the anterior and posterior placement. The standard statistical uncertainty
of the simulated data is smaller than the thickness of the lines.

For all plaques, regardless of their emitter surface map, generic or actual, and also for
the placements, all the cumulative dose-volume histograms for the sclera present a quasi-
spherical symmetry. Therefore, the dose-volume histograms are nearly independent of the
plaques position and also their emitting map. Consequently, dose-volume histograms for the
sclera provide a confirmation of the correctness of the simulation performed.
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4.3.2 Cornea

Figure 4.7 shows the absorbed dose in the cornea using plaques in an anterior and equatorial
placement. The CCB1256 plaque is studied only originally rotated. Notice in this case that the
posterior placement is not considered.

(A) Dose rate per unit of activity. (B) Dose rate.

FIGURE 4.7: Dose-volume histograms for the cornea according to the different
plaques and placements considered. The standard statistical uncertainty of the sim-
ulated data is smaller than the thickness of the lines.

Plot (A) in figure 4.7 shows that the maximum absorbed dose rate per unit of activity in
the cornea corresponds to the CCA1364 plaque using an anterior placement which is 71%
higher than the CCA using the same placement. In an equatorial placement, when using the
CCB and CCB1256 the absorbed dose per unit of activity is 41% and 30% lower than the CCA
with an anterior placement, respectively. The CCA equatorially placed yields the minimum
absorbed dose rate per unit of activity in the cornea that is 75% lower than the same plaque
with an anterior placement. For the equatorial placement of the CCA plaque, the absorbed
dose per unit of activity is 37% lower than the CCA1364 equatorially placed. Notice that the
absorbed dose per unit of activity for the CCA1364 with the equatorial placement and the
CCB1256 originally rotated are almost the same. The difference between them amounts to 4%
higher for the CCB1256.

Plot (B) shows that the maximum absorbed dose rate in the cornea corresponds to the
CCA1364 with the anterior placement and the CCB1256 eye plaques. The difference be-
tween them is lower than 3%. The absorbed dose using the CCB plaque is 20% less than
using the CCB1256. With the CCA plaque in an anterior placement the absorbed dose rate
is 31% less than with the CCA1364 in the same placement. The lowest absorbed dose rate of
1.58 mGy min−1 is yielded for the CCA with the equatorial placement. For the CCA1364 in
the same placement the absorbed dose rate is 33% higher.
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Figure 4.8 shows the comparison of the absorbed dose at the cornea for the CCB and the
CCB1256 plaque depending on the location of the hot spot. The proximal rotation is set when
the hot spot is placed at the axial plane closer to the cornea while the distal placement is set
when it is placed on the same plane but opposite to the cornea. For the CCB1256, that is the
plaque in original rotation, the hot spot is located 138◦ away from the proximal orientation.

(A) Dose rate per unit of activity. (B) Dose rate.

FIGURE 4.8: Dose-volume histograms for the cornea according to the CCB and
CCB1256 plaques taking into account the hot spot location. The standard statisti-
cal uncertainty of the simulated data is smaller than the thickness of the lines.

Plot (A) in figure 4.8 shows that the maximum dose rate per unit of activity corresponds to
the CCB1256 with the proximal rotation. For the CCB and the CCB1256 originally rotated, the
absorbed dose per unit of activity is 44% and 30% lower, respectively. For the CCB1256 with
the distal rotation the absorbed dose per unit of activity is 20% lower. Notice that the effect
of the hot spot becomes evident when it is closer to the cornea, when it is placed at the distal
location its presence behaves on average as the actual CCB1256 originally rotated. Plot (B)
shows the dose rate for the CCB and the CCB1256 plaque with respect to the placement of the
hot spot.

4.3.3 Eye lens

Figure 4.9 shows the absorbed dose in the eye lens for plaques in an anterior and equatorial
placement. As it occurs with the cornea, the posterior location is not considered and the
CCB1256 is studied only originally rotated.

Plot (A) in figure 4.9 shows that the maximum absorbed dose rate per unit of activity in
the lens corresponds to the CCA1364 plaque with an anterior placement. The absorbed dose
is 48% higher than the CCA in the same placement. When using the CCB and the CCB1256
plaques, the absorbed dose is 38% and 30% lower than the CCA in an anterior placement,
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(A) Dose rate per unit of activity. (B) Dose rate.

FIGURE 4.9: Dose-volume histograms for the eye lens according to the different
plaques and placements considered. The standard statistical uncertainty of the sim-
ulated data is smaller than the thickness of the lines.

respectively. Notice that minimum absorbed dose rate per unit of activity corresponds to the
CCA1364 in an equatorial placement.

Plot (B) shows that the maximum absorbed dose rate in the lens is given by the CCB1256
plaque originally rotated. Plots of the CCA1364 in an anterior placement and the CCB are sim-
ilar. For the CCA in an anterior placement the absorbed dose is 29% lower than the CCB1256.
The absorbed dose for the CCB is 17% less than the CCB1256. As expected, the equatorial
placement for the CCA and the CCA1364 results in doses lower than that obtained with the
CCB1256.

Figure 4.10 shows the comparison of the absorbed dose in the cornea for the CCB and the
CCB1256 plaques depending on the location of the hot spot. The proximal rotation is set when
the hot spot is placed at the axial plane closer to the lens while the distal rotation is set when it
is placed at the axial plane but opposite to the lens. As it occurs with the cornea, the CCB1256,
that is the plaque in original rotation, has the hot spot located 138◦ away from the proximal
orientation.

Plot (A) in figure 4.10 shows that the maximum absorbed dose rate per unit of activity
corresponds to the CCA1256 in the proximal rotation. With respect to the CCB1256 with a
distal rotation and the CCB, the absorbed dose per unit of activity is 17% and 37% higher,
respectively. As it happens with the cornea the effect of the hot spot is only observable when
it is closer to the lens, when it is placed with the distal rotation its presence is not detected and
the plaque behaves on average as the CCB1256 originally rotated. Plot (B) shows the absorbed
dose rate for the CCB and the CCB1256 plaque with respect to the placement of the hot spot.
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(A) CCA1364 eye plaque. (B) CCB1256 eye plaque.

FIGURE 4.10: Comparison of the dose-volume histograms of the absorbed dose in
the eye lens between the generic CCB plaque and CCB1256 plaque depending on
the hot spot location. The standard statistical uncertainty of the simulated data is
smaller than the thickness of the lines.

4.3.4 Papilla

Figure 4.11 shows the absorbed dose rate per unit of activity in the papilla only by the plaques
in equatorial placement. The posterior placement of the plaques implies a 2.4 mm coverage
of the papilla, thus, producing the highest absorbed dose rate. Posterior placements are com-
pared in figure 4.12. Notice that for this segmented structure the anterior placement is not
considered.

(A) Dose rate per unit of activity. (B) Dose rate.

FIGURE 4.11: Dose-volume histograms for the papilla according to the different
plaques and placements considered. The standard statistical uncertainty of the sim-
ulated data is smaller than the thickness of the lines.
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(A) Dose rate per unit of activity. (B) Dose rate.

FIGURE 4.12: Comparison of the dose-volume histograms of the absorbed dose in
the papilla between the CCA and the CCA1364 plaques placed in a posterior loca-
tion. The standard statistical uncertainty of the simulated data is smaller than the
thickness of the lines.

Plot (A) in figure 4.11 shows that the maximum absorbed dose rate per unit of activity
in the papilla corresponds to the actual CCB1256 plaque in the proximal placement, that is
with the hot spot closer to the papilla. The absorbed dose per unit of activity is 41% higher
than the CCB plaque. For the CCB1256 originally rotated, that is, with the hot spot located
42◦ away from the proximal rotation, the absorbed dose is 21% lower. For the CCB1256 with a
distal rotation, the absorbed dose per unit of activity is 20% lower, too. As it happens with the
cornea and the lens, the effect of the hot spot becomes evident with the plaque in the proximal
rotation. It is also observed that the minimum absorbed dose rate per unit of activity is given
by the CCA1364 and the CCA plaques. Plot (B) shows the absorbed dose rate in the papilla.
As expected, the equatorial placement for the CCA1364 and CCA plaques results in absorbed
doses lower than all other plaques and placements.

Figure 4.12 shows the comparison between the CCA and CCA1364 plaques in a posterior
placement. Plot (A) shows that the maximum absorbed dose rate per unit of activity corre-
sponds to the CCA1364 and it is 47% higher than the CCA plaque. Plot (B) shows that this
difference is reduced to 25% in the absorbed dose rate.

4.3.5 Optic nerve

As it occurs with the papilla, the anterior placement for the optic nerve is not considered.
Figure 4.13 only shows the comparison for plaques in an equatorial placement. The effect of
the 2.4 mm of coverage for the posterior location is shown in figure 4.14.

Plot (A) in figure 4.13 shows that the maximum absorbed dose rate per unit of activity in
the optic nerve corresponds to the CCB1256 plaque with a proximal rotation. The absorbed
dose is 84% higher than for the CCB plaque. For the CCB1256 originally rotated, which has
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(A) Dose rate per unit of activity. (B) Dose rate.

FIGURE 4.13: Dose-volume histograms for the optic nerve according to the differ-
ent plaques and placements considered. The standard statistical uncertainty of the
simulated data is smaller than the thickness of the lines.

the hot spot 42◦ away from the proximal orientation, the absorbed dose is 15% lower. For the
CCB1256 with a distal rotation the absorbed dose is 18% lower, too. As it happens with the
previous segmented structures the effect of the hot spot is only measurable with the proximal
rotation of the plaque. It is also observed that for the CCA1364 and CCA plaques the mini-
mum absorbed dose rate per unit of activity is given. Plot (B) shows the absorbed dose rate
in the papilla. As expected, an equatorial placement of the CCA and CCA1364 results in an
absorbed dose lower than that obtained with other placements.

(A) Dose rate per unit of activity. (B) Dose rate.

FIGURE 4.14: Comparison of the dose-volume histograms of the absorbed dose in
the optic nerve between the CCA and the CCA1364 plaques with a posterior place-
ment. The standard statistical uncertainty of the simulated data is smaller than the
thickness of the lines.
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Figure 4.14 shows the comparison between the CCA and CCA1364 in a posterior place-
ment. It is observed that only a few voxels of the segmented structure receive a high dose as
a consequence of its coverage. For the CCA plaque, only 2% of the voxels receive more than
10 mGy h−1 MBq−1 while for the CCA1364 the volume increases to 5% of the voxels.

4.3.6 Lachrymal gland

The lachrymal gland is the smallest anatomic structure segmented in the modeled eye. In ad-
dition, this is the furthest organ from all plaques and placements and consequently the gland
receives the minimum absorbed dose for all simulations performed as shown in figure 4.15.

(A) Dose rate per unit of activity. (B) Dose rate.

FIGURE 4.15: Comparison of the dose-volume histograms of the absorbed dose in
the lachrymal gland for all plaques and placements. The standard statistical uncer-
tainty of the simulated data is smaller than the thickness of the lines.

Plot (A) in figure 4.15 shows that the dose rate per unit of activity delivered to the gland
ranges from 0.05 mGy h−1 MBq−1, which corresponds to the CCB1256 plaque in an equatorial
location, to 0.74 mGy h−1 MBq−1 that corresponds to the CCA plaque in the same location.
Plot (B) in figure 4.15 shows that the dose rate ranges from 0.02 mGy min−1, which corre-
sponds to the CCA1364 in an equatorial placement, to 0.17 mGy min−1 which corresponds to
the CCA plaque in the same location.
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Chapter 5

Monte Carlo simulation of uveal
melanoma treatments using the
measured CCA1364 and CCB1256 eye
plaques

5.1 Introduction

Radiotherapy and, in particular, brachytherapy are techniques used in the treatment of in-
traocular malignancies like uveal melanomas and retinoblastomas. Heterogeneities on the
emission maps of the plaques result in differences on the dose delivered to the segmented
structures of the eye as it has been shown in the previous chapter. The aim of this chapter
is to determine the influence of these heterogeneities on the treatment of uveal melanomas.
The treatment of idealized uveal tumors is simulated using a realistic description of two 106Ru
plaques, namely, CCA1364 and CCB1256 (see section 2.2.2), embedded in a computerized to-
mography scan of the eye (see figure 4.4). For all the tumors modeled, results are compared
with those obtained from the CCA and CCB plaques. Comparisons are done using cumula-
tive dose-volume histograms. Most of the content of this chapter was published by the author
of this thesis and coauthors in the Ocular Oncology and Pathology journal (Brualla et al., 2014;
Zaragoza et al., 2018).

5.2 Materials and methods

5.2.1 Voxelized geometry and eye segmentation

The voxelized geometry and the segmentation of the structures of the eye used in this chapter
are the same as those used in section 4.2.1 and section 4.2.2, respectively.
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5.2.2 Tumor modeling

Idealized tumors are modeled as independent target volume structures within the eye, allow-
ing to tally the dose absorbed in them. In general, the prescription criteria for choosing a given
106Ru plaque model is based on:

• The basal diameter of the tumor, which determines the plaque size.

• The apical height of the tumor, which determines the irradiation time.

Tumors are modeled with a constant basal diameter of 10.0 mm while varying the apical
height. Tumors are mathematically segmented in the computerized tomography scan with
a paraboloid truncated by a sphere representing the inner scleral surface. Notice that the
height of the tumor does not include the thickness of the sclera. As with all mathematically
segmented structures defined, the boundary surface divides voxels so that the tumor height
lies within ± 0.5 mm of the defined value. The voxel criterion to determine if a voxel belongs
or not to the target volume is the same used in section 4.2.2.

Tumors are positioned with their main symmetry axis coplanar to the axial plane of the
computerized tomography where the diameter of the eye is maximum, which corresponds to
the slice 21 in the computerized tomography. Three tumor positions are selected as follows:

• Equatorial; the symmetry axis of the tumors is along the eyeball equator. For this lo-
cation, tumors of apical height of 3.0 mm, 5.0 mm, 6.5 mm, 7.0 mm and 7.5 mm are
modeled.

• Anterior or pre-equatorial; the symmetry axis of the tumor is set 15◦ above the equator,
which means 30◦ over the horizontal axis. For this location only a 3.0 mm apical height
tumor is modeled.

• Posterior or post-equatorial; the symmetry axis of the tumor is set 45◦ below the equator,
that is, 30◦ below the horizontal axis. For this location, only a 3.0 mm apical height tumor
is modeled.

5.2.3 Placement of the plaques

To simulate the treatments of the considered tumor volumes the plaques are placed according
to the tumor locations. Depending on the relative position between the symmetry axis of the
tumors and the symmetry axis of the plaques a centered or eccentric placement is defined.
A plaque is placed centrically when the symmetry axes of both, the tumor and the plaque,
are coincident, whereas it is placed eccentrically if the contrary holds. Equatorial tumors are
treated centrically with the CCA, CCA1364, CCB and CCB1256 plaques. Figure 5.1 shows an
example of the treatment of tumors equatorially located. Plot (A) shows a CCA plaque model
placed centrically with respect to the tumor of 3.0 mm of apical height while plot (B) shows a
CCB plaque model also placed centrically but irradiating a tumor of 6.5 mm of apical height.
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(A) Equatorial tumor of 3.0 mm of apical height
treated with a CCA plaque placed centrically.

(B) Equatorial tumor of 6.5 mm of apical height
treated with a CCB plaque placed centrically.

FIGURE 5.1: Axial images of the computerized tomography with modeled tumors in
an equatorial location irradiated with 106Ru plaques placed centrically with respect
to the tumors.

Treatments for anterior tumors are simulated with the CCA plaque placed centrically, the
CCA1364 placed both centrically and eccentrically and the CCB1256 placed eccentrically. For
the CCA1364, when the eccentric placement is set, the border of the plaque is made tangent
to the basal edge of the tumor at a point. Notice that for this placement the commonly used
safety margin of 2 mm between the plaque and the basal edge of the tumor is not respected. In
this case, the symmetry axis of the plaque is set 2◦ above the equator, which means 17◦ above
the horizontal axis. Figure 5.2 shows the placement of CCA plaque models with respect to an
anterior tumor. Plot (A) shows the CCA plaque with its axis of symmetry aligned with the
axis of the tumor while in plot (B) the axes of symmetry are not aligned, which corresponds to
an eccentric placement. The CCB and CCB1256 are placed eccentrically respect to the anterior
tumor because they are placed equatorially. With this configuration these plaques cover the
whole anterior tumor and the edge of the plaque overlaps the basal edge of the tumor by at
most 2.8 mm.

For tumors located in a posterior placement all treatments are simulated with the plaques
placed eccentrically. As it occurs with the anterior location, the treatment of the CCB and
CCB1256 plaques is only simulated in an equatorial placement. In this case, the CCB and
CCB1256 do not fully cover the whole posterior tumor. Their edge falls short of the basal edge
of the tumor by at most 2.6 mm. For the CCA1364 plaque model two eccentric placements
are considered. Plot (A) on figure 5.3 shows a first eccentric placement for the CCA and
CCA1364 where the border of the plaque was made tangent to the basal edge of the tumor
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(A) Anterior tumor treated with a centered CCA
plaque model.

(B) Anterior tumor treated with a CCA plaque
model placed eccentrically.

FIGURE 5.2: Axial images of the computerized tomography with a modeled tumor
in an anterior location treated with a CCA 106Ru plaque.

at a point. Notice that this placement is anatomically difficult to attain owing to the presence
of the optic nerve (see figure 5.3 (A)). In this case, the symmetry axis of the plaque is set 17◦

below the horizontal axis, which means 32◦ below the equator. Plot (B) on figure 5.3 shows a
second eccentric placement that respects the presence of the optic nerve and it is considered
anatomically feasible. The treatment corresponding to this placement is simulated only for
the CCA1364 and corresponds to the original location for the CCA plaque (see section 4.2.3).
Notice that for this treatment the plaque does not cover the whole basal surface of the tumor,
it falls short of covering the basal surface of the tumor by a maximum distance of 0.3 mm. In
this case, the symmetry axis of the plaque is set 15◦ below the horizontal axis, which means
30◦ below the equatorial plane.

5.2.4 Orientation of the plaques

Rotations around the symmetry axis of the plaques allow to take advantage of the hetero-
geneities in the treatment of the tumors. Three rotations, original, proximal and distal, are sim-
ulated with respect to the tumor location.

For the CCB1256 irradiating anterior or posterior tumors, these rotations take the location
of the hot spot as reference (see figure 3.1 (B)). As it occurs in the previous chapter 4, the
original rotation locates the hot spot 42◦ below the axial plane where the eye globe shows its
maximum diameter, which corresponds to the slice 21 in the computerized tomography. The
proximal rotation is set when the hot spot is closer to the tumor while the distal occurs in the
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(A) Posterior tumor treated with a CCA plaque
tangent to the basal edge of the tumor.

(B) Posterior tumor treated with a CCA plaque
placed in an anatomically feasible location.

FIGURE 5.3: Axial images of the computerized tomography with a modeled tumor
in a posterior location treated with a CCA 106Ru plaque placed eccentrically.

opposite case. As occurs in chapter 4, the polar bin of the hot spot with the largest activity is
placed in the axial plane.

For the CCA1364 placed eccentrically, that is when it is used for irradiating anterior or pos-
terior tumors, the direction along the maximum asymmetry on the off-centered distribution
of the emitter, which is 18◦ with respect to the positive horizontal axis, is taken as reference
(see section 3.2.1). The proximal rotation is set when the asymmetry covers better the anterior
or posterior basal line of the tumors while the distal rotation occurs in the opposite case. For
equatorial tumors these rotations are not considered.

5.2.5 Prescription method

The prescription method determines the irradiation time that a specific point on a segmented
volume needs to absorb a given dose. Therefore, determining the point where the dose should
be computed is essential to allow comparisons between the treatments (Stöckel et al., 2018).
The points considered to determine the irradiation time are at the sclera and the tumor apex.
At the apex, the absorbed dose is obtained from the voxel belonging to the tumor volume
further from the plaque along its symmetry axis. For the sclera, the absorbed dose was ini-
tially obtained from the closest voxel to the plaque along the symmetry axis of it. Considering
that the scleral thickness is not constant (see section 4.2.2) and that the dose delivered to it
depends on the heterogeneities of the plaque (see section 3.1), irradiation times can signifi-
cantly vary depending on the placement of a given plaque. For this reason, to determine the
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irradiation time at the sclera the chosen value corresponds to the absorbed dose simulated at
a depth of 2.0 mm along the symmetry axis for the heterogeneous plaques. At this distance
variations on the irradiation time are smaller and do not affect the outcome of the prescrip-
tion procedure described below. The irradiation time obtained with this method is used for
the corresponding homogeneous plaques. Notice that when the placement of the plaques is
eccentric, these points are not located on the same axis of symmetry. The process to determine
the dose prescription is the following:

• To determine the time needed to reach 700 Gy at the sclera using the activities of the
plaques. The time determined for the CCA1364 plaque is 133 h and 94 h for the CCB1256
plaque.

• For this time, check if the dose delivered at the apex of the tumor is greater than 100 Gy.
Then the treatment is performed.

• If not, the initial time is extended until the dose delivered to the apex reaches 100 Gy.

• For this new time, if the dose at the sclera exceeds 1500 Gy the brachytherapy treatment
with this plaque is discarded.

The value of 100 Gy for the absorbed dose at the apex is a compromise between the com-
monly prescribed doses at many hospitals, which range between 80 Gy and 100 Gy, and that
prescribed at the Universitätsklinikum Essen that corresponds to 130 Gy.

5.2.6 Geometry of the simulation

Apart from the geometries exposed on section 2.2.4 two more geometries corresponding to the
CCA1364 plaque are needed to simulate the treatments. One of them places the plaque eccen-
trically with respect to the anterior tumor while the other places the plaque also eccentrically
but in a feasible location for tumors in a posterior location (see section 5.2.3).

5.2.7 Transport parameters

There are no changes with respect to the previous chapter. The transport parameters used in
section 4.2.5 and the values of the activities given by table 4.3 are the same.

5.3 Results and discussion

Comparisons of the absorbed dose in the tumor volumes and the structures-at-risk considered
are made using cumulative dose-volume histograms of the absolute absorbed dose.
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5.3.1 Anterior tumor

The anterior tumor treatment is simulated centrically when using the CCA and CCA1364
eye plaques and eccentrically when using the CCA1364 (see figure 5.2 (B)), and the CCB1256
plaques. Isodose lines for an anterior tumor irradiated centrically using the CCA1364 plaque
is shown on figure 5.4 (A) while figure 5.4 (B) shows isodose lines for the same tumor but
eccentrically irradiated.

(A) Tumor irradiated centrically with the
CCA1364 plaque.

(B) Tumor irradiated eccentrically with the
CCA1364 plaque with a proximal rotation.

FIGURE 5.4: Isodose lines corresponding to axial images of the computerized tomog-
raphy with a tumor of 3.0 mm of apical height in an anterior location irradiated with
the CCA1364 plaque placed centrically and eccentrically considering an irradiation
time of 133 h. The tumor volume is shown in yellowish color wash. Numbers next to
the isodose lines show the dose in Gy. The average standard statistical uncertainty
for the simulations is lower than 0.5%.

Table 5.1 shows the absolute absorbed dose at the tumor apex and the maximum dose
absorbed in the lens volume according to the plaque model, CCA, CCA1364 or CCB1256, the
relative placement between the axis of symmetry of the plaque respect to the axis of symmetry
of the tumor, centered or eccentric, and rotations around the axis of symmetry of the plaques,
proximal or distal. For a centered treatment, the maximum absorbed dose in the tumor is
yielded when using the CCA1364 plaque. For this plaque and placement the maximum dose
in the lens volume is also achieved. The absorbed dose at the apex is 28% lower while the
maximum dose in the lens is reduced by 22% when using the CCA. For the CCB1256 with a
proximal rotation, the absorbed dose at the apex is only 1 Gy higher than using the centered
CCA1364 while reducing 7% the maximum dose in the lens. When using the CCB1256 with
a distal rotation, the absorbed dose at the apex is 3.6 Gy lower than using the CCA1264 while
reducing 20% the absorbed dose in the lens. When simulating with the CCA1364 with a
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proximal rotation, the absorbed dose at the apex is 23% lower than the one reached with the
CCA1364 while it reduces 69% the maximum dose at the lens volume. When the CCA1364
plaque is simulated with a distal rotation the dose absorbed at the apex and the maximum
dose at the lens are the lowest. The dose at the apex is reduced 39% while the maximum dose
in the lens is reduced 73%.

TABLE 5.1: Dose delivered at the tumor apex and maximum absorbed dose in the
lens volume.

Model Rotation Placement Apex (Gy) Lens (Gy)

CCA centered 174 228
CCA1364 original centered 243 292
CCA1364 proximal eccentric 188 91
CCA1364 distal eccentric 147 77
CCB1256 proximal eccentric 244 271
CCB1256 distal eccentric 239 232

Figure 5.5 (A) shows the dose-volume histograms for the anterior tumor volume corre-
sponding to all simulated treatments. Notice in this figure that the chosen criterion to deter-
mine the irradiation time causes that the histograms do not intersect the abscissas axis at the
700 Gy point but in its proximity. The lens is the closest segmented structure at risk so deter-
mining the absorbed dose on it is also taken into account to determine the suitability of the
treatment. Figure 5.4 (B) shows the dose-volume histograms for the lens volume correspond-
ing to the same simulated treatments.

For anterior tumors of 3.0 mm of apical height simulations show that the treatment per-
formed with the CCA1364 plaque placed eccentrically, that is, without respecting the 2 mm
safety margin, is the most suitable treatment among those considered. For all the rotations,
proximal and distal, the required absorbed dose at the apex is yielded while minimizing the
dose to the lens. An important result is that for the CCB1256 plaque, which is always in an
eccentric placement for anterior tumors, a smaller absorbed dose to the lens than the centered
CCA1364 plaque is achieved. With respect to the CCA plaque, simulations using an homo-
geneous distribution of the radioactive substance results in an overdose of all the segmented
volumes.

5.3.2 Equatorial tumors

Equatorial tumors are always treated with centered plaques (see section 5.2.3) since this place-
ment is always possible and the safety margin of 2 mm of the basal line of the tumor is always
guaranteed. Figure 5.6 (A) shows isodose lines for an equatorial tumor of 3.0 mm of apical
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(A) Dose-volume histograms corresponding to a
generic anterior tumor of 3.0 mm.

(B) Dose-volume histograms corresponding to the
eye lens.

FIGURE 5.5: Comparison of the dose delivered to an anterior tumor. Black line cor-
responds to the CCA plaque placed centrically, red line corresponds to the CCA1364
placed also centrically, blue line corresponds to the CCA1364 placed eccentrically but
in a proximal rotation, orange line corresponds to the CCA1364 placed eccentrically
but in the distal rotation, purple line corresponds to the CCB1256 placed eccentrically
and green line corresponds to the CCB1256 placed eccentrically but with the hot spot
closer to the tumor. All plots are in histograms. The standard statistical uncertainty
of the simulated data is smaller than the thickness of the lines.

height treated with the CCA1364 plaque. Figure 5.6 (B) shows isodose lines for an equato-
rial tumor of 6.5 mm of apical height, which is the highest tumor simulated, treated with the
CCB1256 plaque.

Table 5.2 shows the dose delivered to the tumor apex and the sclera for all simulated equa-
torial tumors. For the smallest tumor of 3.0 mm of apical height all plaques yield the required
minimum dose of 100 Gy at the tumor apex. It is observed that the maximum absorbed dose
is yielded with the CCB1256 plaque. With the CCA1364 the absorbed dose is 7% lower while
with the homogeneous CCA and CCB the absorbed dose is 34% and 54% lower, respectively.
With respect to medium tumors of 5.0 mm of apical height, it is observed on table 5.2 that
only the treatment delivered with CCB1256 yields the minimum dose at the apex for the pre-
scription dose of 700 Gy at the sclera. When using the CCA, CCA1364 and CCB plaques,
the irradiation time has to be extended to achieve the 100 Gy at the apex. Figure 5.7 shows
dose-volume histograms for low and medium tumors of 3.0 mm and 5.0 mm of apical height
centrically treated, respectively.

Figure 5.8 (A) shows the dose-volume histograms corresponding to the largest equatorial
tumors of 6.5 mm, 7.0 mm and 7.5 mm of apical height when the prescription time is computed
assuming 100 Gy at the apex. Due to their location, the absorbed dose in the lens and the optic
disk are also calculated to allow comparison between treatments. Dose-volume histograms
corresponding to the lens and the optic disk are plotted in figure 5.8 (B).

Table 5.2 shows that tumors of 6.5 mm can be treated with the CCA1364 and the CCB1256
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(A) Tumor of 3.0 mm of apical height equatorially
located treated with the CCA1364 plaque.

(B) Tumor of 6.5 mm of apical height equatorially
located irradiated with the CCB1256.

FIGURE 5.6: Isodose lines corresponding to axial images of the computerized to-
mography of a tumors equatorially located. Plot (A) considers an irradiation time of
133 h that correspond to 700 Gy at the sclera. Plot (B) considers an irradiation time
of 167 h that correspond to 100 Gy at the apex for the tumor of 6.5 mm of height.
Tumor volume is shown in purplish color wash. Numbers next to the isodose lines
show the dose in Gy. The average standard statistical uncertainty for the simulations
is lower than 0.5%.

TABLE 5.2: Dose delivered at the tumor apex and the sclera according to the tumor
height and plaque model depending on the irradiation time.

Tumor height (mm) Irradiation time (h) Model Apex (Gy) Sclera (Gy)

3.0
133

CCA 157 496
CCA1364 222 700

94
CCB 110 347

CCB1256 237 685

5.0
133

CCA 57 496
CCA1364 88 700

94
CCB 51 347

CCB1256 114 685

6.5
281 CCA1364 100 1480
167 CCB1256 100 1182

7.0 236 CCB1256 100 1673
7.5 272 CCB1256 100 1921
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plaques since the absorbed dose at the sclera does not exceed the maximum value of 1500 Gy
(see section 5.2.5). For the CCA1364 the prescription time is 68% higher than the time needed
for the CCB1256 but the absorbed dose at the lens and the optic disk is reduced 62% and 83%,
respectively. The tumor of 7.0 mm exceeds 12% the reference value of 1500 Gy at the sclera
while the tumor of 7.5 mm of height exceeds 28% this value (see section 5.2.5). For the optic
disk and the lens, tumors of 7.0 mm and 7.5 mm absorb 42% and 63% more dose than the dose
absorbed by the 6.0 mm tumor treated with the CCB1256, respectively.

FIGURE 5.7: Dose-volume histograms corresponding to a low and medium equato-
rial tumors of 3.0 mm and 5.0 mm of apical height respectively. Tumor of 3.0 mm
is treated by the CCA (forest green line), the CCA1364 (green line), the CCB (dark
brown line) and the CCB1256 (red line). Tumor of 5.0 mm is treated by the CCA
(purple line), the CCA1364 (blue line), the CCB (orange line) and the CCB1256 (black
line). The standard statistical uncertainty of the simulated data is smaller than the
thickness of the lines.

Treatment simulations show that equatorial tumors up to 6.5 mm can be treated with both,
the CCA1364 and the CCB1256 plaques. Although the prescription time for tumors of 6.5 mm
treated by CCA1364 is larger than obtained with CCB1256, the absorbed dose in the eye lens
and the optic disk is lower when the CCA1364 plaque is used. As it happens with the anterior
tumor, treatments simulated with the generic homogeneous CCA and CCB plaques result in
an increase of the prescription time producing an overdose on the segmented volumes.

5.3.3 Posterior tumor

Treatments for tumors in a posterior location are always simulated eccentrically when using
the CCA and CCA1364 plaque models owing to the location of the tumor next to the optic
disk and the optic nerve. Figure 5.9 (A) shows isodose lines for the posterior tumor irradiated
eccentrically by the CCA1364 plaque. Figure 5.9 (B) shows isodose lines for the posterior tu-
mor also irradiated eccentrically by the CCB1256 plaque in an equatorial placement. Notice in
figure 5.9 (B) that, although the absorbed dose in the apex is 100 Gy, which is recommended in



Chapter 5. Monte Carlo simulation of uveal melanoma treatments using the measured
CCA1364 and CCB1256 eye plaques

65

(A) Dose-volume histograms corresponding to
equatorial tumors higher than 5.0 mm of apical
height.

(B) Dose-volume histograms corresponding to op-
tic disk and lens for tumors higher than 5.0 mm of
apical height.

FIGURE 5.8: Comparison of the dose delivered to equatorial tumors higher than
5.0 mm of apical height.

the prescription method (see section 5.2.5), there are regions of the tumor volume that absorb
a lower dose.

Table 5.3 shows the absorbed dose at the tumor apex and the maximum absorbed dose
in the optic disk. For the CCA1364 eye plaque, the placement of the plaques, feasible or un-
feasible, and rotations around the symmetry axis, proximal or distal, are considered. The CCA
plaque is only simulated for an unfeasible placement. For these plaques, an irradiation time of
133 h, which was determined for tumors of 3.0 mm of apical height, is considered (see section
5.2.5). For the CCB1256 eye plaque, rotations around its symmetry axis, proximal or distal, are
also considered. For this plaque, an irradiation time of 167 h, which corresponds to the irradi-
ation time needed to treat a tumor of 6.5 mm in an equatorial location without exceeding the
maximum absorbed dose in the sclera, is used. The maximum absorbed dose at the apex of
160 Gy is yielded for the CCA1364 with a proximal rotation but in an unfeasible placement. For
this plaque and placement, the absorbed dose at the optic disk reaches the unacceptable value
of 1912 Gy, therefore, the treatment is not feasible. When the CCA1364 in this unacceptable
placement is rotated to a distal orientation the absorbed dose at the apex decreases 1% while
the maximum absorbed dose in the optic disk also decreases 15%. Although the reduction on
the absorb doses the values are still unacceptable. When the CCA1364 is feasibly placed and
set with the proximal rotation, the absorbed dose at the apex is only 14% lower while the max-
imum dose in the disk decreases 50%. When it is set with a distal rotation, the absorbed dose
in the apex is reduced 17% and the absorbed dose at the optic disk decreases 55%. For the
homogeneous CCA plaque, the absorbed dose in the apex and the optic disk are 27% and 65%
lower than the CCA1364 with a proximal rotation and unfeasibly placed, respectively. Simu-
lation with the CCB1256 with a proximal rotation reduces the absorbed dose in the apex by
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(A) Tumor irradiated eccentrically by the
CCA1364 plaque placed tangent to the basal line
of the tumor in a proximal rotation.

(B) Tumor irradiated eccentrically by the CCB1256
plaque in a proximal rotation without respecting
the safety margin of 2 mm at the base of the tu-
mor.

FIGURE 5.9: Isodose lines corresponding to axial images of the computerized to-
mography with a tumor of 3 mm of apical height in an posterior location. Plot (A)
considers an irradiation time of 133 h that correspond to 700 Gy at the sclera. Plot (B)
considers an irradiation time of 167 h that correspond to 100 Gy at the apex of the
tumor of 6.5 mm of height equatorially placed. Tumor volume is shown in reddish
color wash. Numbers next to the isodose lines show the dose in Gy. The average
standard statistical uncertainty for the simulations is lower than 0.5%.

50% and also reduces the absorbed dose in the optic disk by 83% with respect to the CCA1364
unfeasibly placed. A treatment simulated with the CCB1256 with a distal rotation reduces
the absorbed dose at the apex by 55% and in the disk by 86% with respect to the CCA1364
unfeasibly placed.

Figure 5.10 (A) shows the dose-volume histograms computed for the tumor volume. As it
occurs with the anterior tumor, the histograms do not intersect the abscissa axis at the 700 Gy
point due to the criteria for determining the irradiation time. For this tumor, the structure
at risk taken into account to determine the suitability of the treatment is the optic disk. Fig-
ure 5.10 (B) shows the dose-volume histograms for the optic disk. Although the irradiation
time guarantees 100 Gy at the apex of the tumor, dose-volume histograms corresponding to
the CCB1256 in proximal and distal placement show that 100% of the tumor volume absorbs
80 Gy and 72 Gy, respectively.

Simulations of posterior tumors of 3.0 mm of apical height show that all treatments per-
formed by the CCA1364 plaque regardless the placement, feasible or unfeasible, or rotation,
proximal or distal, succeed absorbing more than 100 Gy at the tumor apex. This also happens
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TABLE 5.3: Dose delivered at the tumor apex and maximum absorbed dose in the
optic disk.

Model Rotation Placement Apex (Gy) Optic disk (Gy)

CCA unfeasible 117 671
CCA1364 proximal unfeasible 160 1912
CCA1364 distal unfeasible 158 1634
CCA1364 proximal feasible 137 955
CCA1364 distal feasible 133 858
CCB1256 proximal feasible 80 323
CCB1256 distal feasible 72 260

(A) Dose-volume histograms corresponding to a
posterior tumor of 3.0 mm of apical height.

(B) Dose-volume histograms corresponding to the
optic disk.

FIGURE 5.10: Comparison of the dose absorbed in a posterior tumor. Black line
corresponds to the CCA plaque, red line corresponds to the CCA1364 placed in a
feasible location and distal rotation, green line corresponds to the CCA1364 placed
in a feasible location but with proximal rotation, orange line corresponds to the
CCA1364 placed in an unfeasible and with distal rotation, blue line corresponds to
the CCA1364 place in an unfeasible location but with proximal rotation, purple line
corresponds to the CCB1256 with distal rotation and green line corresponds to the
CCB1256 with proximal rotation. All plots are in histograms. The standard statistical
uncertainty of the simulated data is smaller than the thickness of the lines.

with the CCB1256 plaque in a proximal or distal location although the treatment does not guar-
antee a minimum value of 100 Gy for all the tumor volume. The most suitable simulated
treatment is obtained for the CCA1364 feasible placed regardless all rotations since yields the
required absorbed dose at the apex while minimizing the maximum dose at the optic disk.
Simulations with the CCA plaque also result in an overdose of all segmented volumes as it
happens with the same plaque when it is used for anterior and equatorial tumors.
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Chapter 6

Discussion

In previous chapters, discussions and conclusions on the specific issues for each chapter were
presented. This chapter presents a discussion on the limitations of the research, the possible
influence of the results on the clinical practice of uveal melanoma treatment using brachyther-
apy with 106Ru/106Rh eye plaques, and suggestions for future research.

6.1 Limitations

In this thesis Monte Carlo simulations on eye plaques showing homogeneous and hetero-
geneous emitter maps have been performed in water and anthropomorphic phantoms. The
study presented in chapter 2 validates the proposed geometrical model of the eye plaques
by comparison with the experimental data provided by the plaque manufacturer, as well as,
experimental data published by researchers (Taccini et al., 1997; Kaulich et al., 2005). For the
actual CCA1364 and CCB1256, the features on the depth dose along their symmetry axes as
well as on their lateral profiles due to the heterogeneous distribution of the emitter substance
were studied in chapter 3. For both plaques, isodose lines were computed. The results were
also compared with the experimental data. In chapter 4 the absorbed dose in the anatomical
structures of the eye were presented taking into consideration the orientation and placement
of the plaques. Finally, in chapter 5 treatments for idealized tumors were simulated for the
referred plaques.

The main limitation of the work presented herein comes from the reduced number of eye
plaque models analyzed (CCA and CCB only). This limitation arose from the fact that high
density experimental emitter maps were only available for these two models. Although the
general conclusions of the effects that hot spots produced on dose-volume histograms are
valid for all plaque sizes, it would have been desirable to study plaques with asymmetric
geometries such as those with notches.

6.2 Implications for the clinical practice

The results obtained in this thesis may influence the clinical practice at different levels. Nowa-
days, treatments rely on the calibration certificate supplied for the plaques which gives infor-
mation about the relative depth dose along the symmetry axis and an scarce activity map of 33
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points measured at 1.0 mm from the surface of the plaque. The results shown in chapter 3,
which consider the heterogeneity of the plaques in their whole surface, suggest the necessity
of an accurate emitter map provided by the manufacturer for each plaque, for conducting a
more accurate treatment planning.

Chapters 4 and 5 study the effect of rotations of the plaque around its symmetry axis.
Understandably, the surgeon suturing the plaque has a number of limitations imposed by
the anatomy of the eye in relation to the amount of possible rotations that can be considered.
Nevertheless, should an accurate emitter map be available to the ophthalmologist it could be
possible to consider in some cases at least two orientations.

The feasibility of eccentric treatments is presented in chapter 5. The results obtained
therein indicate that under certain circumstances eccentric treatments are not only feasible
but also adequate. Thus, the general practice of trying to avoid this type of treatments could
be modified provided an accurate knowledge of the emitter map.

It is important to notice the usefulness of dose-volume histograms for the evaluation of
treatments as it has been shown throughout this dissertation. This dose metric is not always
used by ocular ophthalmologists who try to maintain to a minimum the imaging dose deliv-
ered to the patient. However, it might be the case that the advantages of obtaining a com-
puterized scan of the patient outnumber the negative aspects of the imaging irradiation. The
availability of a computerized scan increases the accuracy of the computation of the absorbed
dose distribution outside the target volume, with emphasis on the structures at risk. European
and many national laws currently require the appropriate dose computation delivered to non-
target volumes (see for example article 56.1 from Council of the European Union (2013)).

It is clear that a dose computation in which a detailed emitter map of the plaque is em-
ployed, together with a Monte Carlo simulation of the radiation transport in a computerized
tomography of the patient, in which the actual heterogeneous mass density is considered, will
yield a more accurate distribution than that obtained with the currently available tools.

To conclude, the techniques developed in this thesis follow the recommendations of AAPM
(The American Association of Physicists in Medicine) contained in the TG-221 report (Task
Group 221) that supports the estimation of heterogeneous dose distributions (Thomson et al.,
2019). The report endorses the use of CT imaging for the definition of the target volumes,
along with the use of dose-volume histograms as a volumetric tool to determine the absorbed
dose in all volumes.

6.3 Future research

In the doctoral dissertation of Dr. rer. medic. M. Hermida-López it was suggested that fu-
ture research in the field of ruthenium plaques should be addressed to encompass the hetero-
geneities of the plaques and the anatomy of the eye. Moreover, the TG-221 report explicitly
states “In addition, few publications explore the role of plaque and/or tissue heterogeneities
for 106Ru sources, which limit the reporting of heterogeneity-corrected doses as required by



Chapter 6. Discussion 70

the TG-129 report for photon sources.” The present doctoral dissertation fulfills the sugges-
tions given by the TG-221 report and Hermida-López’s work. The current natural next step
after this thesis is to produce a Monte Carlo treatment planning system for eye plaques which
would incorporate the techniques developed herein. This step is in accordance with the rec-
ommendations of the TG-221 report, that highlights the necessity of a treatment planning
system with these characteristics.

Proton irradiation is also a possible therapy for certain ocular malignancies. An accurate
knowledge of the dose distribution obtained either with ruthenium plaques or with protons
would certainly help clinicians to decide between these two therapies.



71

Chapter 7

Conclusions

The research presented in this thesis improves the knowledge on the absorbed dose distribu-
tions produced by 106Ru/106Rh eye plaques in water and in an anthropomorphic phantom.
The study also improves the knowledge in the treatment of uveal melanomas by applying
the absorbed doses in the aforementioned anthropomorphic phantom. The conclusions are
related to the objectives stated in chapter 1 and they are presented in the corresponding order:

1. The main steering program penEasy was modified in two ways. The first modification
allows to use spherical sources such as the spherical caps that represent the ruthenium
eye plaques. A second modification allows PENELOPE to simulate beta decay spectra.
Absorbed dose distributions in water were simulated. For the CCA and CCB plaques,
a comparison of the absorbed depth doses against experimental data published and
those given by the manufacturer in the plaque certificate were done. Simulated results
correctly reproduce the experimental data provided by the manufacturer and to a good
extent the experimental data published by other researchers. With the experimental data
of other researchers arose the fact that generic homogeneous plaques were compared
with experimental data from specific models, thus, indicating the necessity of simulating
the specific emitter distribution of a given plaque in order to obtain accurate results.

2. A new modification on the penEasy program was added to allow the use of normalized
heterogeneous emitter maps of the CCA1364 and CCB1256 eye plaques. Absorbed dose
distributions in a water phantom for these actual plaques were simulated. A compari-
son was made between absorbed depth doses along the symmetry axis and lateral pro-
files at different depths for the generic and actual eye plaques. A comparison was also
made between the absorbed depth doses corresponding to the heterogeneous plaques
and the published experimental data and those given by the manufacturer. Absorbed
depth doses corresponding to the simulations of actual plaques fit much better the data
provided by the manufacturer than the simulations corresponding to the homogeneous
plaques. The results confirmed that knowing the emission map of an ophthalmic plaque
is needed to perform accurate simulations on absorbed depth doses and lateral profiles
of actual eye plaques.
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3. The distinctive feature of penEasy of allowing the simulation of quadric surfaces in-
serted in a voxelized geometry was used to model geometries formed by a comput-
erized axial tomography scan and an ocular plaque, which was defined as a spherical
shell using quadrics, embedded into the voxelized geometry. Volumes corresponding
to structures of the eye were segmented to determine the absorbed dose in them. Sim-
ulations of the CCA and CCA1364 plaques were computed in three placements named
anterior, equatorial and posterior. The CCB and CCB1356 plaques were only simulated
in the equatorial placement. The CCB1256, which presents a well defined hot spot, was
also simulated considering three rotations with respect to the location of the hot spot
named proximal, distal and original. For all plaques, results show that lack of knowledge
on the activity map of the radioactive substance results in an overdosage of all the vol-
umes analyzed. In addition, for eye plaques with defined hot spots, such as the CCB1256
plaque, differences in the location of the hot spot with respect to the volume analyzed
results in a noticeable variations of the absorbed dose in all segmented volumes.

4. The target volumes corresponding to modeled tumors of different apical heights and the
same basal diameter were segmented. Tumors of 3.0 mm of apical height were placed
in anterior and posterior locations while for tumors of 3.0, 5.0, 6.5, 7.0 and 7.5 mm only
the equatorial location was considered. For the CCA and CCA1364 eye plaques, cen-
tered and eccentric treatments were simulated for anterior and posterior tumors while
for equatorial tumors only a centered treatment was simulated. For CCB and CCB1256
plaques, which were only positioned equatorially, centered treatments for equatorial
tumors were simulated. For these plaque models, eccentric treatments for anterior and
posterior tumors were simulated, too. For all treatments, the results showed that consid-
ering a homogeneous approximation of the emitter distribution of the plaques results in
a longer exposure time and an overdosage in all segmented volumes, tumoral and struc-
tures at risk. Consequently, knowing the activity map of the emitter substance increases
the accuracy on the dose delivered to target volumes. In addition, tumors up to 5.0 mm
could be treated using the small CCA plaque while reducing the absorbed dose in the
structures at risk. It is also observed that the knowledge of heterogeneities in the emitter
map allows a suitable eccentric treatment of tumors while minimizing the absorbed dose
in the structures at risk as recommended by the European and national laws (Council of
the European Union, 2013).
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Chapter 8

Abstract

Uveal melanoma and retinoblastoma are rare malignant tumors that, if not properly treated,
can be life-threatening. Brachytherapy with 106Ru eye plaques is an effective treatment in
preserving the ocular globe and maintaining visual acuity to some extent. Although these
plaques have been used for decades, there is a lack of precise knowledge about the absorbed
dose distribution in the tumor volume and the surrounding structures at risk, introducing
large variability in the clinical outcome as it is reflected in the retrospective published studies.
The aim of this thesis is to improve, using the general-purpose Monte Carlo radiation trans-
port code PENELOPE, the current knowledge on the dose distribution inside the eye produced
by two actual 106Ru plaques taking into account the distribution of the radioactive substance
in their emitting surface.

As a preliminary step, the absorbed dose in water produced by two generic CCA and
CCB eye plaque models, which consider the emitter substance homogeneously distributed, is
simulated. Computed depth doses along the symmetry axis of the plaques are compared with
experimental data provided by the manufacturer of the plaques and previously published
results. Later, using a measured emitter map of the actual CCA1364 and CCB1256 plaques,
simulated depth doses are compared with experimental data and also with the homogeneous
approximation. Comparison between lateral profiles and isodose lines are also computed for
both plaques. Results show that the actual heterogeneous distribution reproduces better the
data provided in the certificate of the plaques.

Dose distributions inside an eye are simulated using an anthropomorphic phantom. The
main structures of the eye are segmented to determine the absorbed dose in them. The CCA
eye plaque is simulated in an anterior, equatorial and posterior placement while the CCB, due
to its larger size, is only simulated in an equatorial placement. To analyze the effect of the het-
erogeneities on the absorbed dose, rotations around the symmetry axis of the plaques are also
simulated. Results indicate that not considering the distribution of the emitter substance pro-
duces an overdosage in all segmented volumes as occurs with the cornea when is irradiated
anteriorly which receives 71% higher dose with respect to the homogeneous assumption.

Finally, tumor volumes are also segmented and the absorbed dose in them analyzed for
different plaque placements and rotations. Eccentric placements of the plaques are also con-
sidered. Results show that knowledge of the emitter map allows eccentric treatments and
confirms an overdosage when considering the homogeneous assumption.
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