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Abstract – One of the most frequent types of intraocular melanoma in adults is choroidal uveal melanoma. The most
commonly used forms of radiation therapy are ophthalmic plaque brachytherapy and charged particle external radiation
therapy. In the absence of adequate facilities for brachytherapy and proton therapy, electron therapy would be an efficient
radiation therapy technique for treating eye melanomas. In the present work, the Monte Carlo code MCNPX 2.6.0 was
used to calculate the dose distribution to substructures of the eye in electron therapy of three common choroidal tumors.
The simulations were performed for 6 electron beams with nominal energies between 5 MeV and 10 MeV and also
for 10 incidence angles. To identify suitable treatment plans, the tumor-to-sensitive zone dose ratios were estimated.
Moreover, the equivalent doses delivered to healthy substructures of the eye were also calculated. The results indicate
that for the treatment of tumors located at the posterior part of the eye, an electron beam with energy of 10 MeV
and incident angle of 45◦ relative to the eye axis provides the best tumor coverage while optimally sparing other eye
substructures. In addition, for tumors positioned on the upper and lower parts of the vitreous, electron beams with energy
of 10 MeV, an azimuthal angle of 270◦, and polar incident angles of 90◦ and 105◦, respectively, lead to appropriate dose
delivery.
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1 Introduction

Radiation therapy is the most common technique for the
treatment of ocular melanoma. Ocular treatment is aimed at
conserving the eye with as much useful vision as possible
(Stannard et al., 2013). Therefore, providing a safe and op-
timized treatment plan with less destructive effects on the sen-
sitive part of the eye is essential. The most common technique
for treating eye melanoma is brachytherapy. Brachytherapy
is the placing of a radioactive source close to or into a tu-
mor. However, in cases where the tumor is placed near the
optic nerve, brachytherapy is less often used because of con-
cerns about damage to the optic nerve (Höcht et al., 2005;
Weber et al., 2005). The other technique used for treating oc-
ular melanoma is charged-particle (external beam) radiation
therapy. Radiation therapy with charged particles can poten-
tially deliver maximum doses while minimizing irradiation of
surrounding tissue, and it may be an effective form of radia-
tion therapy (Terasawa et al., 2009). Currently, heavy charged
particles such as protons and heavy ions are used to treat oc-
ular melanoma in many radiation therapy centers. However,
in radiation therapy centers in which adequate facilities for
brachytherapy and proton therapy do not exist, electron or pho-
ton beam therapy is also used for treating ocular melanoma
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(Inoue et al., 2014). Several authors have studied the perfor-
mance of electron beam therapy for treating different types
of eye melanomas (Al-Beteri and Raeside, 1992; Blach et al.,
1996; Lee et al., 2005). Lee et al. (2005) compared the dose
distribution and dose volume histograms (DVHs) for photon
therapy, electron therapy, intensity-modulated radiation ther-
apy and standard proton therapy. The tumor volumes from
3 patients with retinoblastoma were investigated. The results
showed about 95% of the target volume was covered by the
prescription dose using an electron field (Lee et al., 2005).

Therefore, in the lack of brachytherapy and proton ther-
apy facilities, electron therapy can also be used effectively for
cancer treatment because electrons deposit their energies in a
short range of the distance.

In initial studies, the contraindications and complexities of
radiation were determined through trial and error (Abramson
et al., 1981). Today, the treatment plan is designed by planning
software systems based on medical imaging. However, treat-
ment planning algorithms have some serious limitations such
as unrealistic prediction of hot and cold spots in inhomoge-
neous phantoms and significant deviations between the results
of calculations with the algorithms and measurements, which
are up to 40% for areas located outside the radiation beam
(IAEA, 2004; Ding et al., 2005). In addition, a complex three-
dimensional inhomogeneous phantom is composed of different
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materials and densities, whereas these algorithms even have
limitations in predicting high- and low-dose variations for sim-
ple three-dimensional inhomogeneities (Ding et al., 2005).
Moreover, using a Monte Carlo-based system in patient dose
estimation showed an excellent agreement between the calcu-
lated and measured dose (Ding et al., 2006; Mohammadi et al.,
2015). Thus, using the combination of an anatomical model
with Monte Carlo code would provide acceptable results.

For many years, in dosimetric calculations, the eye was de-
signed with a simple spherical model (Kramer et al., 1982).
In 1938, Goldman and Liechti indicated that radiation can af-
fect the eye lens considerably in tropical regions (Goldman
and Liechti, 1938). Based on clinical and experimental data,
Charles and Brown determined the averaged dimensions of
different parts of the eye for the adult population about
40 years later (Charles and Brown, 1975). According to the
literature, radiation can directly injure the cornea, conjunctiva,
iris and retina at doses greater than 30 Gy (Halperin et al.,
2013). Aqueous and vitreous humors are similar to water in
many respects and any change to these structures may damage
the cornea, lens or retina (Voke, 1999). The lens is the most ra-
diosensitive structure in the eye and thus delivering doses be-
tween 2.5 and 6.5 Gy to the lens is associated with developing
lens injury, which is called a cataract (Halperin et al., 2013).
Nevertheless, recent reports state that the threshold dose of the
sensitive region of the lens for cataract induction, if any, is
much lower than 0.5 Gy (Behrens et al., 2009).

Because the sensitivities of various parts of the eye are
not similar, it is very important to accurately simulate sub-
structures of the eye and to determine their exact locations
and doses (Charles and Brown, 1975). Worgul and Merriam
also specified different types of cell populations in the lens
and concluded that the epithelial cells in the germinative zone
(GZ) of the lens are the most radiosensitive cells (Worgul and
Merriam, 1980). Recently, different scientific groups devel-
oped realistic mathematical eye models based on data reported
by Charles and Brown, and Worgul and Merriam (Behrens
et al., 2009; Nogueira et al., 2011). In these models, devel-
oped for dosimetry purposes, different substructures of the eye
were distinguished.

In the present study, the Monte Carlo MCNPX code was
used to calculate the dose distribution to the substructures
of the eye following external beam electron radiation ther-
apy of a choroidal uveal melanoma. For this purpose, a real-
istic eye model developed by Worgul et al. and implemented
by Nogueira et al. was used and schematic dome-shaped in-
traocular melanomas were simulated at three different posi-
tions of the choroid and irradiated by clinical electron beams.
The specifications of the simulated tumors were taken from
Lesperance et al. (2014). In order to consider the effect of
head-scattered radiation on the dose to the eye substructures,
Nogueira et al.’s model was inserted into the whole-body
UF-ORNL phantom (Han et al., 2006).

Simulations were performed for 6 electron beams with dif-
ferent nominal energies between 5 and 10 MeV and for 10 dif-
ferent incidence angles. To optimize the treatment plan for a
patient, one of the main issues is maximizing the dose de-
livered to the tumor tissue while minimizing doses received
by healthy structures. In clinical practice, suitable radiation

Figure 1. Choroidal melanoma is located in the left eye of the phan-
tom. All types of tumors are specified.

incident angles (RIAs) are chosen based on the tumor cov-
erage, dose uniformity and tumor-to-sensitive zone dose ra-
tio (DTumor/DGZ). The necessary dose to destroy the tumor
was estimated from the clinical study by Muller et al. (2005),
who performed a comprehensive study on 102 patients with
uveal melanoma treated with fractionated stereotactic radia-
tion therapy between 1999 and 2007 (Muller et al., 2005). The
choroidal melanoma investigated in this study can be included
in this category. Accordingly, a prescription dose of 50 Gy is
considered enough to destroy tumor cells (Muller et al., 2005).

2 Material and methods

2.1 Geometry of the eye model

Nogueira et al. developed a realistic eye model based on
the details provided in Worgul and Merriam ’s report (Worgul
and Merriam, 1980; Nogueira et al., 2011). In this study, the
dimensions and geometries of the eye substructures were taken
from this model. Nogueira et al.’s eye model includes the eye
substructures the eyelid, cornea, anterior chamber, lens, sclera,
vitreous humor, retina and choroid (Figure 1). In this model,
the anterior portion of the eye lens, named the lens epithelium,
is divided into four zones: the central zone, germinative zone
(GZ), transitional zone and meridional rows. The GZ is the pri-
mary site of the mitotic activity and thus is the most radiosen-
sitive region of the eye lens (Sakhaee et al., 2015).

2.2 Tumor location inside the eye

Choroidal uveal melanoma is a common intraocular
melanoma usually observed in adults. This type of melanoma
is frequently dome-shaped and is modeled as a segment of a
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Table 1. Specifications of electron beam sources (Righi et al., 2013).

Nominal Energy Epeak Eaverage Emax FWHM
(MeV) (MeV) (MeV) (MeV) (degree)

5 5.9 4.7 6.8 3.5
Novac7 7 7.1 5.9 8.4 3.1

9 8.2 6.8 9.7 2.8
6 5.8 5.5 8.0 3.5

LIAC 8 8.4 6.8 10 3.1
10 11 9.0 12.7 2.7

Note: Epeak is the most probable energy, Eaverage is the mean energy and Emax is the maximum energy.

sphere (Lesperance et al., 2014). In this work, three medium-
sized tumors were simulated based on the tumor model pre-
sented by Lesperance et al. (2014). Tumor 1, which was lo-
cated in the posterior side of the choroidal region, was entirely
consistent with Lesperance et al.’s (2014) tumor model. The
tumor diameters in the z and y directions were 12.014 mm and
5 mm, relatively. Although choroidal melanoma commonly
occurs in the posterior side of the choroid, it may also form
in other orientations (Lesperance et al., 2014). Therefore, two
other tumor positions were modeled at the medial side of the
eye, one on the upper part (tumor 2) and another on the lower
part (tumor 3) centered along the z-axis. The same shape as
tumor 1 was considered for all three tumor geometries (see
Figure 1).

2.3 Monte Carlo simulation

In this study, MCNPX code version 2.6.0 was used to
simulate the ocular treatment and model particle transport
(Pelowitz, 2008). Based on Novac7 and LIAC linear accel-
erators (linacs), electron beams with an irradiation field of
5 × 5 cm2 were considered as radiation sources (Righi et al.,
2013). The specifications of the simulated sources are pre-
sented in detail in Table 1. Since the lens is the most sensi-
tive structure, it should be shielded from irradiation to prevent
the formation of cataracts (Rykers et al., 2003). In this work,
in order to reduce the destructive effects of the radiation on
healthy tissues, an appropriate shield was placed in the path
of the radiation beam. The shield had a hole that was substan-
tially aligned with the tumor area and provided a 1-mm margin
around the target volume. This shield is made of Cerrobend,
which is an alloy consisting of bismuth (50%), lead (26.7%),
tin (13.3%) and cadmium (10%), with a melting temperature of
approximately 70 ◦C and a density of about 9.4 g cm−3 at 20 ◦C
(Di Venanzio et al., 2015). Using Cerrobend blocks is common
in radiation therapy because of its flexibility, also allowing the
dose delivery by a more complex specific beam (Taherkhani
et al., 2010; Farajollahi et al., 2015). The dosimetric proper-
ties of small-field electron beams shaped by Cerrobend blocks
were previously investigated by Di Venanzio et al. (2015).

As mentioned before, in order to estimate the dose received
by the sensitive organs in the head region, the eye model was
inserted into the mathematical UF-ORNL whole-body phan-
tom (Han et al., 2006). For each tumor, optimized treatment
plans with and without considering the dose delivered to the

main organs in the head region were determined, and the doses
received by the GZ were compared during the two selected
treatment plans. For all eye substructures and important or-
gans of the head region, absorbed doses were calculated us-
ing a collision heating tally (+F6). Moreover, dose distribu-
tion profiles were also obtained over the eye volume using
a rectangular mesh tally. The meshes were defined as cubes
with a size of 0.5 × 0.5 × 0.5 mm3, and the deposited energy
in each cube was assessed by tally type 3. Since the mean
absorbed dose does not give information regarding the dose
uniformity, dose volume histograms (DVHs) within the tumor
volume were obtained. A DVH is a plot of a cumulative dose
volume frequency distribution which summarizes graphically
the simulated radiation distribution within a volume of interest
(Drzymala et al., 1991). Although it was not possible to estab-
lish a mesh tally block which would exactly encompass the tu-
mor, a rectangular mesh block with a mesh size small enough
was used to closely cover the tumor. In addition, a postpro-
cessing FORTRAN code was developed to selectively tabulate
the dose within the meshes included within the true tumor’s
geometrical boundaries.

In consultation with a physician, calculations were per-
formed for electron beams with 6 energies ranging from
5 MeV to 10 MeV, and for 10 different RIAs. The RIAs were
considered relative to the iso-center of the tumor and were de-
fined by the azimuthal angle (the angle relative to the x-axis,
ϕ) and the polar angle (the angle relative to the z-axis, θ). The
beam polar angles varied from 45◦ to 135◦ in 15◦ increments
at an azimuthal angle of 270◦. In addition, the beam azimuthal
angles varied from 285◦ to 315◦ in 15◦ increments at a polar
angle of 90◦.

Considering the small size of the GZ region and mesh
dimensions, for low-energy electrons 2 × 109 histories were
transported. However, for higher-electron energies, a smaller
number of histories was required to reach the acceptable uncer-
tainties. Finally, in most cases, the equivalent doses of different
parts of the eye and some sensitive organs in the head region
such as the brain and sinuses reached a relative uncertainty be-
low 1%. The exception was the GZ, for which in the worst
situations the relative uncertainty was about 3%. In addition,
all of the meshes belonging to the tumor volume had reason-
able statistical uncertainties of around 3.5%, except for the low
electron energy, at which they approached 4%. Calculations
were run on a personal computer with a 3.50 GHz Intel core i7
processor and 8 GB RAM, operated by Microsoft Windows 7.
The average running time of each program was over 4 days.
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Table 2. The equivalent dose delivered to the GZ (DGZ) in units Sv for all beam angles of incidence and all electron energies.

RIA
ϕ 270◦ 285◦ 300◦ 315◦

θ 45◦ 60◦ 75◦ 90◦ 105◦ 120◦ 135◦ 90◦

Tumor 1

5 400.3 17.82 97.3 166.8 98.47 17.3 383.8 153.7 85.02 2.511
6 150 11.9 82.32 143.5 82.02 11.41 147.8 131.2 71.89 1.754
7 116.8 8.949 72.7 128.2 73.07 8.751 107.7 117 63.56 1.379
8 50.38 6.403 65.77 116 65.95 6.376 54.46 106.1 57.57 1.101
9 60.94 6.316 63.82 113.2 64.36 5.818 60.72 103.1 56.5 0.9512
10 17.87 2.905 51.75 91.79 51.61 2.805 18.84 84.76 45.52 0.5798
5 19.66 5.673 0.3023 0.2411 3.323 55.81 132.1 0.2848 0.3689 0.6301
6 17 4.586 0.221 0.192 2.957 51.75 119.2 0.2241 0.2741 0.4523

Tumor 2 7 16.16 3.825 0.1903 0.1452 2.514 48.72 110.3 0.1742 0.2152 0.3509
8 11.81 2.697 0.1548 0.1371 2.4 46.22 101.6 0.1609 0.1994 0.2833
9 12.72 2.622 0.15 0.1161 2.233 45.44 100.6 0.1353 0.1695 0.2627
10 6.379 1.279 0.09186 0.08668 1.836 40.33 84.6 0.1039 0.1212 0.1657

Tumor 3

5 133 55.31 4.915 0.2635 0.3903 5.757 19.98 0.3068 0.3949 0.6193
6 119 51.14 4.42 0.2057 0.293 4.531 17.3 0.2466 0.2968 0.4442
7 109.8 48.1 3.998 0.253 0.2466 3.788 15.63 0.1739 0.2254 0.3532
8 100.5 45.34 3.875 0.1397 0.1889 2.666 12.13 0.1616 0.2061 0.2994
9 99.92 44.6 3.591 0.125 0.1869 2.854 12.71 0.1423 0.1735 0.2617
10 84.54 39.61 3.033 0.09206 0.1097 1.327 6.517 0.1092 0.131 0.1969

3 Results

In order to study the probability of cataract induction, the
equivalent dose delivered to the GZ (DGZ) for the three tumors
investigated and all the different RIAs are tabulated in Table 2.
All data reported in this work were normalized by 50 Sv at the
tumor. As can be seen, for the first tumor, the value of DGZ
fluctuated between 0.57 Sv and 400.3 Sv, while for the second
and third tumors, this ratio varied narrowly up to about 130 Sv.
Moreover, it can be seen that for all treatment plans considered
for tumor 1, the GZ receives a higher dose than the dose limit
for cataract induction. Nevertheless, the minimum GZ dose oc-
curs for the plan with polar and azimuthal angles of 90◦ and
315◦, respectively, and a 10 MeV electron beam. For tumors 2
and 3, most of the treatment plans lead to a GZ below the lens
dose limit. However, the lower GZ doses during the treatment
of tumors 2 and 3 are assessed with polar and azimuthal angles
of 90◦ and 270◦, respectively, and 10 MeV energy.

According to clinic-based studies, the aim of radiotherapy
is to deliver a lethal dose to the tumor volume while sparing the
adjacent radiosensitive healthy tissues (Swakon et al., 2010).
Therefore, to determine the most appropriate treatment plans,
five plans which led to minimum doses of the GZ were selected
for each tumor.

In order to determine appropriate treatment plans for each
tumor, the DVHs of tumor volumes and tumor coverage were
also investigated. Figure 2 illustrates the DVHs for the best
treatment plans for tumors 1, 2 and 3. These DVHs were ob-
tained by the plans with polar and azimuthal angles of 90◦
and 315◦ and 10 MeV electron exposure, polar and azimuthal
angles of 90◦ and 270◦ and 10 MeV energy, and polar and
azimuthal angles of 105◦ and 270◦ and 10 MeV electrons
for treating tumors 1, 2 and 3, respectively. It can be seen
that for tumors 1 and 2 the treatment plans provide the same
uniformity; however, the uniformity of the dose in tumor 3 is
slightly lower than that of the other tumors.

Figure 2. DVHs of tumor volume for the most appropriate treatment
plans for different tumors.

Figures 3 to 5 indicate the dose profiles for the chosen
plans. In these figures, the tumor volumes are distinguished
by dashed lines. It is obvious that the tumor volume was fully
covered by the irradiation field.

4 Discussion

This study is based on the need for using electron therapy
techniques to treat ocular melanoma in the lack of brachyther-
apy and proton therapy facilities. Since the GZ in the eye lens
is a radiosensitive tissue, formulation of treatment plans in-
volving less damage to the GZ is a very significant issue.

Table 2 shows the equivalent dose of the GZ for the three
tumors investigated. It can be seen that most of the irradiation
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Figure 3. Energy deposition distribution in tumor 1: θ = 90◦, ϕ =
315◦ and E = 10 MeV.

Figure 4. Energy deposition distribution in tumor 2: θ = 90◦, ϕ =
270◦ and E = 10 MeV.

exposures used for treating tumor 1 led to a high GZ dose.
Tumor 1 is located on the posterior side of the eye at the back
of the lens so that, for most treatment plans, the electron beam
passes first through the GZ. Considering the relative position
of tumor 1 and the sensitive zone and because of the existing
symmetry, exposing an electron beam with energy of 10 MeV
along an edge of the cone with an opening angle of 45◦ rela-
tive to the optic axis of the eye provides an appropriate dose
distribution for tumor 1.

Because of the absence of the eyelid in the eye corner, the
edge of the cone was selected so that the electrons hit the eye
directly. Table 2 shows the lowest GZ doses obtained by elec-
tron beams with an azimuthal angle of 315◦. For these expo-
sures, a small part of the GZ may be placed in the beam path
and thus the GZ dose decreases.

Figure 5. Energy deposition distribution in tumor 3: θ = 105◦, ϕ =
270◦ and E = 10 MeV.

For tumors 2 and 3, which are located on the top and bot-
tom of the eye bulb, doses to the GZ are considerably lower
than that of tumor 1. The minimum GZ dose was obtained at
270◦ azimuthal and 90◦ polar angles for both of them.

To survey the probability of secondary cancer, the doses re-
ceived by the other substructures of the eye and sensitive parts
in the head region were also estimated. According to Table 3
for all exposure conditions, the equivalent doses of the eye sub-
structures are less than their dose limit. Moreover, the doses
delivered to the sensitive organs in the head region are very
small.

To determine the appropriate treatment plan for each tu-
mor, the DVHs and tumor coverage were also investigated.
Among the five plans which received the minimum GZ dose,
the plans that led to a more uniform dose distribution in tumor
volume were chosen as the most appropriate treatment plans.
The DVHs and dose profiles of the selected plans are shown in
Figures 2 to 5. In the case of tumors 1 and 2 the most appropri-
ate plans are the same plans which provide the minimum GZ
dose. However, the best exposure conditions for tumor 3 were
obtained using a 10 MeV electron beam with 105◦ polar and
270◦ azimuthal angles.

According to the results obtained, in the lack of brachyther-
apy and proton therapy facilities, electron therapy could be an
acceptable and reliable method for treating ocular melanoma,
although it may not always be the best technique. A simple
comparison between the results reported in the present work
and that of Lesperance et al. (2014) is shown in Table 4. The
results indicate that the ratio of the total tumor dose to the
lens dose is higher using electron therapy than brachytherapy.
It is worth mentioning that in the electron therapy technique,
the tumor region is exposed externally using a parallel beam.
Moreover, the shield placed in the path of the beam protects
the lens region against the radiation beam. Using brachyther-
apy, it is not possible to protect the lens and thus the lens
may receive a high dose. However, the brachytherapy tech-
nique provides a more uniform dose distribution than electron
therapy. However, when a brachytherapy facility is not avail-
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Table 4. Comparison of the ratio of DTumor/DLens obtained by elec-
tron therapy (the present study) and brachytherapy (Lesperance et al.,
2014) techniques.

Radiation Therapy Type of exposure DTumor/DLens

Technique

Brachytherapy
125I (COMS) 10

103Pd (COMS) 13
131Cs (COMS) 9

Electron therapy 10 MeV electron beam 250

able or when the tumor is placed near the optic disc or lens
region, electron therapy could be a choice for treating ocular
melanoma.

5 Conclusion

The most realistic model of the eye was simulated to de-
sign an appropriate and safe treatment plan for treating intraoc-
ular melanoma. To achieve this aim, three types of choroidal
uveal melanomas were considered and 60 irradiation condi-
tions were investigated. It was found that successful treatment
for eye tumors while simultaneously preserving the eye and
healthy tissues can be achieved by oblique radiation of elec-
tron beams. The optimized RIAs and beam energies are as fol-
lows: tumor 1: θ = 90◦, ϕ = 315◦ and E = 10 MeV; tumor 2:
θ = 90◦, ϕ = 270◦ and E = 10 MeV; and tumor 3: θ = 105◦,
ϕ = 270◦ and E = 10 MeV.
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