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relevant if the plaques are used with a lateral safety margin 
of at least 2 mm. However, these differences may be relevant 
if the plaques are used in eccentric positioning. 
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 Introduction 

 The determination of absorbed dose distributions 
from ruthenium eye applicators and the results for uveal 
melanoma have been the object of study during the last 
40 years  [1–8] . Initially, some researchers measured the 
absorbed dose distribution using different methods such 
as ionization chambers, diamond detectors, or thermo-
luminescent dosimeters. Later, a point-kernel numerical 
method was used to calculate the dose distribution around 
a curved radiation source with the shape of a spherical 
shell  [9] . Other researchers combined the point-kernel 
and the Monte Carlo method  [10, 11] . Finally, some stud-
ies have used Monte Carlo algorithms to simulate the ra-
diation transport produced by eye applicators to deter-
mine the dose distribution  [11–17] . Until very recently, 
the commonly used treatment planning system for  106 Ru 
plaques was based on simplified physical models of ra-
diation transport where the emitter substance was as-
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 Abstract 

  Background:  The distribution of the emitter substance in 
 106 Ru eye plaques is usually assumed to be homogeneous for 
treatment planning purposes. However, this distribution is 
never homogeneous, and it widely differs from plaque to 
plaque due to manufacturing factors.  Methods:  By Monte 
Carlo simulation of radiation transport, we study the ab-
sorbed dose distribution obtained from the specific CCA1364 
and CCB1256  106 Ru plaques, whose actual emitter distribu-
tions were measured. The idealized, homogeneous CCA and 
CCB plaques are also simulated.  Results:  The largest discrep-
ancy in depth dose distribution observed between the het-
erogeneous and the homogeneous plaques was 7.9 and 
23.7% for the CCA and CCB plaques, respectively. In terms of 
isodose lines, the line referring to 100% of the reference dose 
penetrates 0.2 and 1.8 mm deeper in the case of heteroge-
neous CCA and CCB plaques, respectively, with respect to 
the homogeneous counterpart.  Conclusions:  The observed 
differences in absorbed dose distributions obtained from 
heterogeneous and homogeneous plaques are clinically ir-
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sumed to be homogeneously distributed over the surface 
of the plaques and the anatomy of the eye was approxi-
mated to a homogeneous water sphere. The latest version 
of Plaque Simulator (version 6.4.3) allows taking into ac-
count the measurements provided by the certificate of
the plaque, but radiation transport is still performed us-
ing analytical methods (http://www.eyephysics.com/PS/
index.html).

  The Monte Carlo method is generally accepted as the 
most accurate approach for computing absorbed dose 
distributions in radiotherapy patients. This is particularly 
true in the presence of small radiation fields, like the ones 
used for eye irradiation, where radiation transport cannot 
be accurately handled by the conventional nonstochastic 
algorithms usually employed in treatment planning sys-
tems. Despite the accuracy of the Monte Carlo method, 
albeit limited by the underlying cross section models and 
by the statistical uncertainty inherent in the method, cal-
culations of dose distributions are still difficult  [11, 14] . 
Most published articles consider the radioactive sub-
stance to be homogeneously distributed, although actual 
eye plaques present inhomogeneous distributions of the 
emitter substance. Hot spots in which the activity exceeds 
the average of the plaque by as much as 25% are not un-
usual (e.g., in the case of the CCB1256 plaque presented 
herein). Due to the manufacturing process there are no 2 
identical plaques.

  In this context, the purpose of this work is to present a 
Monte Carlo simulation of 2 specific plaques considering 
the actual distribution of the radioactive substance. We 
compare the absorbed doses produced by 2 inhomoge-
neous plaques (specifically CCA1364 and CCB1256) with 
their homogeneous approximations.

  Materials and Methods 

 The eye plaques considered were the models CCA and CCB 
from the manufacturer BEBIG GmbH (Berlin, Germany). These 
plaques are shaped like spherical caps. Both plaques have the same 
inner radius, measuring 1.2 cm along the symmetry axis. The sig-
nificant geometric difference between the 2 models stems from the 
outer diameters of the caps across the rim, being 1.55 cm for the 
CCA model and 2.02 cm for the CCB model. For both plaques, the 
cap is 0.1 cm thick and is divided into 3 layers. The thicknesses of 
these layers from the inner to the outer surface of the cap are 0.01, 
0.02, and 0.07 cm. All layers are made of silver, with the middle 
layer containing the radioactive material.

  The emitter substance is electrolytically deposited over the in-
ner surface of the middle layer. The emitter substance does not 
cover the whole layer; it only extends to 0.07 cm from the cap rim. 
The active layer is encapsulated between the inner and the outer 
layer. The geometric computer models of the eye plaques were 

considered to be inside a spherical water phantom 6 cm in diam-
eter. The focus of the plaques coincided with the center of the wa-
ter phantom. The geometric descriptions of the plaques were ac-
curately modeled using the constructive quadric geometry pack-
age provided by PENELOPE  [18] .

  For each eye plaque, 2 radiation sources were considered: one 
in which the distribution of the emitter substance was homoge-
neous and another in which the heterogeneous experimental map 
was used. The emitter substance distributions for the CCA1364 
and the CCB1256  106 Ru plaque from Essen University Hospital 
were measured with a device developed at TU Dortmund Univer-
sity. This device uses a scintillation detector and a guiding system 
to measure the dose rate profile over the plaque’s surface at a con-
stant, small distance  [19] . The process guarantees a high density of 
measured points and gapless coverage of the surface of the applica-
tor. Both emitter dose maps were converted into normalized prob-
ability distributions that were used to model the radiation source 
using a code developed to this purpose.  Figure 1 a shows that the 
experimental emitter dose map for the CCA1364 plaque is hetero-
geneous with some hot and some cold areas.  Figure 1 b shows the 
emitter map for the CCB1256 plaque, in which a large hot spot ap-
pears. The largest heterogeneity of the CCA plaque was about 18%, 
while the largest heterogeneity of the CCB plaque amounted to 
25%. The accuracy of our simulation system for eye plaques had 
previously been validated by comparison of our simulated data in 
a water phantom with experimental results  [16, 20] .

   106 Ru is a radioactive isotope that disintegrates into  106 Rh, pro-
ducing a beta spectrum characterized by a maximum energy of 39 
keV and a half-life of 368 days.  106 Rh decays into stable  106 Pd, pro-
ducing a beta spectrum too. This last disintegration is of therapeu-
tic interest and is characterized by a maximum energy of 3.540 
MeV and a half-life of 29.8 s. Simulations were run with the Mon-
te Carlo general-purpose radiation transport code PENELOPE 
 [18, 21]  using penEasy  [22]  as the main steering program.

  penEasy is prepared neither for simulating a spectrum resulting 
from a beta disintegration nor for simulating a heterogeneous 
source distribution shaped as a spherical cap; therefore, the code 
was modified in 2 ways. The first modification consisted of simu-
lating the decay of  106 Rh into  106 Pd through the 5 disintegrations 
with the highest yields, i.e., 3.540 MeV (78.6%), 3.050 MeV (8.1%), 
2.410 MeV (10.0%), 2.000 MeV (1.77%), and 1.539 MeV (0.46%). 
The endpoint energy was chosen at random according to the prob-
abilities given by the yields for each primary particle sampled. The 
initial electron energies were then sampled at random from the 
corresponding beta decay spectrum. For that purpose, an adapted 
version of the EFFY code  [23] , which uses the Fermi theory to de-
scribe beta decay, was incorporated into the modified penEasy 
code.

  The second modification allowed penEasy to use the emitter 
maps obtained from the measuring device as explained above. For 
each primary particle sampled, a position and a flight direction 
over the spherical layer containing the emitter substance were cho-
sen at random according to the probabilities given by the geomet-
ric distribution of the spherical cap. Afterwards, an emission prob-
ability was sampled using a normalized, uniformly distributed ran-
dom number. The primary particle sampled was accepted only if 
the sampled, uniformly distributed random number was lower 
than the normalized experimental distribution yielded for the re-
gion where the particle had previously been positioned; otherwise, 
the particle was rejected.
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  Results and Discussion 

 The depth dose distribution tallied for the CCA1364 
heterogeneous plaque ( Fig. 2 a) differs from that of the ho-
mogeneous CCA plaque by 7.9% at a depth of 2 mm. The 

depth is measured from the inner surface of the plaque 
along its symmetry axis. The heterogeneous dose distri-
bution is statistically compatible with the measurements 
made by the manufacturer reproduced in the plaque cer-
tificate. The vertical lines plotted on  Figure 2 a correspond 
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  Fig. 1.  Normalized experimental surface distribution of the emitter substance into the eye plaque.  a  CCA1364 
eye plaque.  b  CCB1256 eye plaque. 
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  Fig. 2.  Depth-dose comparison along the symmetry axis of the plaque. The plot represents the simulated ideal 
homogeneous distribution (dashed line), the simulated realistic heterogeneous distribution (continuous line), 
and the manufacturer experimental data (crosses). The standard statistical uncertainty of the simulated data is 
smaller than the thickness of the lines.  a  CCA1364 eye plaque.  b  CCB1256 eye plaque. 
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to the depths where the lateral profiles shown in  Figure 
3 a are estimated.

  As may be observed in  Figure 3 a, the differences in 
lateral profiles between the inhomogeneous CCA1364 
and the homogeneous CCA plaque are relevant near the 
symmetry axis. Regarding each depth, the differences 

along the symmetry axis are 8.2% observed on the lateral 
profile estimated at 1.25 mm, 7.5% at 2.25 mm, 5.9% at 
3.75 mm, 3.1% at 5.25 mm, 3.9% at 6.75 mm, and 0.7% 
at 8.25 mm.

   Figure 4 a shows the differences between the isodose 
lines computed for the heterogeneous and homogeneous 
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  Fig. 3.  Lateral profile perpendicular to the symmetry axis of the 
plaque. The plot represents the simulated ideal homogeneous dis-
tribution (dashed lines) and a simulated realistic heterogeneous 

distribution (continuous lines). The standard statistical uncertain-
ty of the simulated data is smaller than the thickness of the lines.
 a  CCA1364 eye plaque.  b  CCB1256 eye plaque. 
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  Fig. 4.  Thin lines correspond to homogeneous emitter distribu-
tion. Thick lines correspond to heterogeneous emitter distribu-
tion. Isodose lines are plotted taking the dose measured by the 
manufacturer at a depth of 2 mm from the plaque surface as a ref-
erence.  a  CCA1364 isodose lines. Isodoses at 450, 375, 300, 225, 
150, and 75 mGy/(h MBq) correspond to 120, 100, 80, 60, 40, and 

20% of the reference value, respectively.  b  CCB1256 isodose lines. 
Isodose lines at 288, 240, 192, 141, 96, and 48 mGy/(h MBq) cor-
respond to 120, 100, 80, 60, 40, and 20% of the reference value, 
respectively. The isodose line of 288 mGy/(h MBq) is plotted ex-
clusively for heterogeneous emitter distribution. 
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plaques. The discrepancies diminish with increasing dis-
tance from the plaque surface. The isodose lines from the 
homogeneous and the inhomogeneous plaque become 
very similar for a value of 225 mGy/(h MBq), that is, at 
60% of the reference dose measured by the manufacturer. 
The difference in maximum depth to which each isodose 
is delivered is another piece of information given by the 
plot. The difference in depth between the homogeneous 
and the heterogeneous isodose lines corresponding to 
450 mGy/(h MBq) and 375 mGy/(h MBq) is 0.2 mm, 
while for 300 mGy/(h MBq) and 225 mGy/(h MBq) it is 
0.1 mm.

  The heterogeneous CCB1256 plaque produces a dose 
distribution whose difference from that of the homoge-
neous CCB plaque amounts to 22% at the reference depth 
of 2 mm from the surface along the symmetry axis in the 
depth dose profile. The experimental depth dose distribu-
tion measured by the manufacturer shows good agree-
ment with the results of the simulated inhomogeneous 
plaque, as shown in  Figure 2 b. The vertical lines corre-
spond to the depths at which the lateral profiles are esti-
mated.

  For the CCB1256 plaque, the differences between the 
homogeneous and heterogeneous configurations are rel-
evant for all lateral profiles ( Fig. 3 b). The differences are 
significant even far from the plaque surface, at 6.75 mm. 
For each depth, the difference along the symmetry axis is 
23.7% as observed on the lateral profile estimated at 1.25 
mm. For the rest of the lateral profiles tallied, the differ-
ences along the symmetry axis are 22.7% at 2.25 mm, 
19.6% at 3.75 mm, 17.8% at 5.25 mm, 14.4% at 6.75 mm, 
and 8% at 8.25 mm.

   Figure 4 b shows the differences between the homoge-
neous and heterogeneous isodose lines. For the homoge-
neous plaque, the isodose line corresponding to 240 mGy/
(h MBq) (the reference dose obtained by the manufac-
turer at 2 mm) coincides with the heterogeneous isodose 
line corresponding to 288 mGy/(h MBq) (120% of the 
reference dose). The discrepancies are reduced with in-
creasing distance from the plaque surface, and the isodose 
lines from both the homogeneous and the heterogeneous 
plaque are compatible within the statistical uncertainty 
for a value of 48 mGy/(h MBq), that is, at 20% of the ref-
erence dose. The difference in depth between the homo-
geneous and the heterogeneous isodose line correspond-
ing to 240 mGy/(h MBq) is 1.8 mm; for the 192 mGy/(h 
MBq) isodose line it is 0.6 mm, for the 144 mGy/(h MBq) 
isodose line it is 0.6 mm, for the 96 mGy/(h MBq) isodose 
line it is 0.3 mm, and for the 48 mGy/(h MBq) isodose line 
it is 0.2 mm.

  Conclusions 

 The experimental data obtained with the device devel-
oped at TU Dortmund University were used to model the 
distribution of the emitter substance in 2 specific hetero-
geneous ruthenium eye plaques. The dose distributions 
obtained by Monte Carlo simulation of heterogeneous 
plaques matched the experimental data provided by the 
manufacturer in the plaque certificates. For the CCA1364 
plaque, differences between heterogeneous and homoge-
neous emitter distribution are relevant at distances small-
er than 3.75 mm. For the CCB1256 plaque, the emitter 
distribution presents inhomogeneities of about 25% com-
pared with the ideal homogeneous plaque. These inho-
mogeneities translated into discrepancies in dose distri-
bution of nearly 25% between the heterogeneous and the 
idealized homogeneous plaque. For the CCB1256 plaque, 
differences between heterogeneous and homogeneous 
emitter distribution are relevant up to 6.75 mm from the 
plaque surface.

   106 Ru plaques deliver high doses to a very restricted 
volume, thereby having a large therapeutic window. They 
are very effective for tumors with apical heights up to 4 
mm and may be used by an experienced team for tumors 
up to 6 mm in height.

  The differences in absorbed dose distributions using 
either the actual heterogeneous plaque or the idealized 
homogenous plaque are clinically irrelevant as long as the 
plaque covers the tumor symmetrically with a lateral safe-
ty margin of at least 2 mm. However, these differences 
may lead to underdosage for eccentric positioning (see 
right side of  Fig. 4 b), which might be necessary for treat-
ing tumors at the posterior pole of the eye.
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