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ABSTRACT

BEBIG Ruthenium-106 ophthalmic plaques have been used for treatment of uveal melanoma,
retinoblastoma, melanoma of the iris and other special applications for many years. The plaques
consist of a thin film of ‘®Ru, a beta emitter, encapsulated in pure silver. The present work
proposes a new mathematical eye model for ophthalmic brachytherapy dosimetry. This new model
includes detailed description of internal structures, allowing dose determination in different
regions of the eye for a more adequate clinical analysis. In the present work, we have used
MCNPA4C code to calculate relative dose in a new human eye model. The isodose curves and
dosimetric characteristics for two '®Ru eye applicators have been determined. Also, absorbed
dose values due to both small CCA and CCB concave applicators were obtained for each one of
the different structures which compose the eye model and can give relevant information in
eventual clinical analyses.
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INTRODUCTION

Theoretical and experimental dosimetric
studies have led to useful information on the
dependence of the brachytherapy source
geometry and materials. Usually, Monte
Carlo method has been used to define dose
distribution function, the radial dose
variation, and the dose calculation close to
the source in  brachytherapy (1).
Brachytherapy using removable ophthalmic
plaques is a convenient alternative to
enucleation for the treatment of malignant
melanoma, or other tumors of the eye (2).
The choice of the most adequate plaque for
each specific treatment depends mainly on
the height of the tumor apex. Medium- and
large-sized tumors are usually treated with
19pd or I applicators, whereas for small-
sized tumors P-ray applicators of '“Ru or
®Sr are preferred. In particular, choroidal
melanomas can be successfully treated with
applicators containing the B-emitting nuclide
%Ru. Ample experience in the use of this
kind of treatment has been accumulated for
more than 25 years and the number of
hospitals using this method is still increasing
(3-5). Although different types of eye
applicators are available, the most
commonly used are the CCA and CCB
concave applicators.

Usually, the eye anatomy is represented by a
simple sphere with the presence of few
distinct  structures (6, 7). However,
sometimes distinct dose determination in
different regions of the eye is needed for a
more adequate clinical analysis. Taking into
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account this fact, a detailed geometric model
of the human eye, including the choroid,
retina, sclera, lens, cornea, anterior chamber,
vitreous humour and optic nerve has been
developed (8). For calculating the effect of
source shield or applicators and dose
distribution usually Monte Carlo codes as
MCNP, EGS4, GEANT4 are applied. In this
present work, we have used MCNP4C code
(9) to calculate amount of dose in a new eye
phantom.

METHODS

Ophthalmic applicators

The radioactive nucleus '“Ru disintegrates
to the stable nuclide '°Pd via '’Rh. The
half-life of '“Ru is 368.2 days and for
1Rh, which mainly contributes to the B-
particle emission, the half-life is 29.9 s. The
electron spectrum of '"Ru has a maximum
energy of 39.4 keV, whereas in case of
disintegration of '“Rh the mean energies of
the continuous p-particle spectra for the
three transitions with the highest yields are
1.51 MeV (79%), 0.97 MeV (9.7%) and
1.27 MeV (8.4%), with a maximum energy
of 3.5 MeV (10). Sanchez-Reyes et al. have
considered only the three B-transitions of the
'%Rh nuclear decay in their computational
dosimetry (11). But, we consider the real
beta spectra of '“Ru and '"Rh in our
simulation (Figure 1).
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Figure 1: The beta spectra of '*Ru and its daughter, '“Rh.
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In the present study we consider the CCA
and CCB concave applicators, with a radius
of curvature of 12 mm and external
diameters of 15.5 and 20 mm, respectively
(11). They consist of two sealed concentric
spherical foils of silver with the radioactive
substance placed between them (see Figure
2). These applicators are produced by Bebig
Isotopentechnik und Umweltdiagnostik in
Germany (11).

Figure 2: Schematics of the geometry used in the
simulations. The radial scale of the applicator is
enlarged for clarity and the active layer, which has a
negligible thickness, is indicated. Notice that the
origin of the reference frame is placed at the centre of
the surface O and the rotational symmetry of the
system about the z-axis.

In the simulations, the geometry
specifications given by the manufacturer
have been strictly followed (Figure 2). The
volume of each silver foil is limited by two
concentric spherical sectors and a cone of
aperture a-arccos (R/R;), where R and R,
are the external radius of the applicator and
the curvature radius of the inner surface,
respectively. The laboratory reference frame
used in the simulations has its origin at the
centre of the applicator inner surface, with
the symmetry axis as the z-axis. The centre
of curvature of the applicator is 1.2 cm from
the inner surface. We have assumed that the
active radionuclide '“Ru is uniformly
distributed on the spherical interface
between the backing and window silver
foils. The outer radius of the active area is

smaller than the applicator radius, i.e. 0.5
cm for the CCA and 1.0 cm for the CCB,
according to the manufacturer's
specifications.

The eye and tumor anatomy

The eye anatomy is composed of three
layers enclosing the eye body, namely the
retina (inner), choroids (middle) and the
sclera (outer). According to the ICRP 23
(12) the total weight of both eyes is 15 g.
Both sclera and choroid are 1 mm thick on
average. The critical parts for vision are the
retina, optic nerve and disc, macula and
lens. The cornea is a transparent structure
formed by a segment of spherical shell and
permits the passage of light. The lens is a
transparent biconvex body with no blood
supply and particularly vulnerable to
radiation. Its germinative zone has a high
mitotic activity, being considered as the
origin of the radiation-induced cataracts
(13). The sclera is important to protect the
intra-ocular contents and optic integrity and
to avoid deformation of the eyeball. Some of
the eye cancer treatments based on
ophthalmic applicators reported in the
literature are the malignant melanoma of the
choroid, retinoblastoma and the posterior
uveal melanoma (14-18). Tumor volumes
assume different sizes and shapes and can be
classified into three categories: small
tumours, which sizes are <400 mm’,
medium-sized tumours, ranging from sizes
of 400 to 1000 mm” and large tumours, with
sizes over 1000 mm’. Basically, for
simulation purpose the tumor volumes are
represented by a semi-ellipsoid located in
some part of the eyeball (8).

Mathematical model of eye and tumor
The mathematical model of the eye and its
components are described by the following
equations:

Sclera, choroid and retina: The sclera,
choroid and retina have been defined as
three concentric spherical shells, which are
~1 mm thick, according to the expression:
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1.56(x)*+1.62(y+1.6)*+1.66(2—-0.73 ) >
1.29(x ) +1.39(y+1.6)*+1.52(2-0.73)*< 1
(x)*+(y+1.6)*+(z)*>1.20"
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(R,-0.1)*< (x)*+(y+1.6)*+(z)?
[1]

Where i = 1, 2, 3; R; = 1.20 cm for sclera;
R, =1.11 cm for choroid; and R3 = 1.01 cm
for retina.
Tumour: The tumor has been defined as an
ellipsoid cut by the spherical surface of
sclera forming a semi-ellipsoid which is
situated inside the inner most part of the
eye:
0.444(x)*+0.04(y—-3.6)7+0.444(z)*< 1
(x)*+(y+1.6)*+(z)*<1.20?

2]

Cornea: The cornea is an elliptical shell
limited by two concentric ellipses and the
outer spherical surface of the sclera:

1

—

3]

Optic nerve and wall: The optic nerve and
wall are represented, respectively, by a
cylinder and a  cylindrical  shell,
concentrically placed, which extend from
the outer sclera surface to plane y < 3:

(x)*+(z)*<035°2
(x)?+(z)*>040°
(x)?+(y+1.6)*+(z)*>120"°
y<3

[4]

The cylinders are rotated by 30 in relation
to the coordinate system.

Lens: The lens is formed by the region
surrounded by two surfaces: the spherical
surface of the sclera and the elliptical
surface given by:
2.98(x)?+2.98(y+1.6)>+9.15(2-0.73)*< 1
(x)*+(y+1.6)>+(2)*<1.20° [5]

Anterior chamber: The anterior chamber is
the geometric region between the surface
that defines the inner wall of the cornea and
the outer surface of the sclera: [6]
{1.56(x)2 +1.62(y+1.6)?+1.66(z2-0.73)*< 1
(x)?+(y+1.6)*+(z)*>1.202

Vitreous body: The vitreous body is the
spherical region limited by the inner surface
of the retina. Most part of the tumor is
modeled as being located inside this region:

(x)*+(y+1.6)*+(2)*<0.935°
[7]

The complete geometric model of the eye
including the tumor region is shown in
Figure 3. Soft tissue composition that used
in this work, are listed in Table 1 (1). Mass
density for soft tissue is 1.04 g/cm’. Table 2
shows the masses of each eye phantom
component.

LENS

VITREOUS
OPTIC NERVE BODY

Figure 3: Geometric model of the eye phantom.

Table 1: Soft tissue composition and mass density
for soft tissue used in MCNP input

Ele Weight Ele Weight
ment Fraction ment Fraction

H 10.454 S 0.204
C 22.663 Cl 0.133
N 2.490 K 0.208
O 63.525 Ca 0.024
Na 0.112 Fe 0.005

Mg 0.013 Zn 0.003
Si 0.030 Rb 0.001
P 0.134 Zr 0.001
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Table 2: Masses of the various eye components in

grams
Mass (g)
Eye component
This work ICRP 23

Vitreous body 2.946 3.90
Retina 0.927
Choroid 1.470
Sclera 1.570 1.02 1.33
Tumour 1.011
Cornea 0.180 0.18
Anterior

0.352 0.15 0.35
chamber
Lens 0.202 0.20

RESULTS AND DISCUSSION

The Monte Carlo N-Particle code (MCNP
version 4C) with photon cross-section
library DLC-200 was used for the dose rate
simulations (9). In the present work, dose
calculations have been performed utilizing
the Monte Carlo code MCNP-4C using
'%Ru plaques by using tally "F8:e of MCNP
code (9). We used just lkeV cut off of
electron energy in our calculations, other
variance reduction techniques are not
allowed for F8:e tally.

Figure 4 shows the relative dose profile
calculated for the '“Ru source applicator
along its central axis in the water phantom
compared with the result provided by the
manufacturer. Along the central axis with
0.4 mm step, relative dose curves have been
calculated. Deposited energy in the above
eye phantom's components per one particle
of source is shown in Table 3. We must
mention that the relative errors in our
calculations are less than 1%.

Simulation of the new mathematical human
eye model by MCNP code is very useful to
evaluate absorbed dose in any section of
human eye, accurately.
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Figure 4: Depth dose (along the central axis) of the
(a) CCA applicator (b) CCB applicator in the water
phantom.
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Table 3: Deposited energy in the eye components in MeV/g due to 'Ru plaques.

Deposited energy by per one particle of source (MeV/g)

Eye component

CCB plaque

CCA plaque
Vitreous body 3.99965E-04 (1+ 0.0051)
Retina 7.33090E-04 (1+ 0.0036)
Choroid 1.73101E-03 (1+ 0.0026)
Sclera 1.56826E-03 (1£ 0.0027)
Tumour 1.79615E-01 (1+0.0003)
Cornea 1.11082E-05 (1+0.0291)

Anterior chamber 1.93096E-06 (1£ 0.0686)

5.58321E-03 (1£ 0.0049)
9.03942E-03 (1£ 0.0033)
2.47007E-02 (1£ 0.0022)
4.02129E-02 (1£ 0.0018)
1.06153E-01 (1 0.0014)
7.18254E-04 (1 0.0124)

3.51933E-04 (1£ 0.0207)

Lens 5.55507E-06 (1% 0.0393) 4.65551E-04 (1£0.0175)
CONCLUSION Fortschritte =~ der  Onkologie.  Berlin:
Akademic, 1983: 290-301.
4. Tjho-Heslinga RE, Kakebeeke-Kemme HM,

Dose deposition in high gradient region,
near the source, can only be calculated
accurately by Monte Carlo method. The
result can be used in treatment planning
systems and also for computation of model
dependent parameters. The new model
allows estimating doses to the tumor and to
the healthy tissues for a conventional
brachytherapy treatment with '°°Ru plaques.
The calculated dosimetry parameters for the
source are useful in treatment in therapeutic
plan. The present work demonstrates a
useful approach using MCNP code in dose
calculation that can be applied in many other
fields.
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