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ABSTRACT
Background: Ophthalmic brachytherapy using radioactive plaques is an effective
technique for the treatment of uveal melanoma. Ru-106 eye plaques are considered as
interesting issue due to their steep gradient dose. The pre-planning evaluation of dosimetric parameters is essential for the treatment planning system.
Objective: The current study aims at providing dose distributions of six Ru-106

eye plaques (CCA, CCB, CGD, CIB, COB and COD) using radiochromic EBT3 film,
Geant4 Monte Carlo toolkit and the treatment planning software (Plaque Simulator).

Material and Methods: In this experimental study, an in-house phantom was

employed for depth dose measurements with EBT3 films. Also, Geant4.10.5 scoring
mesh was implemented to obtain the 2D dose distribution of the plaques. The results
were compared with Plaque Simulator software and the manufacturer’s (BEBIG) data.
The gamma index criterion (3%/3 mm) was used to evaluate dose distributions obtained by the film measurements and Geant4 simulation.

Results: A good agreement was achieved between simulation and experimental re-
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sults. Gamma index passing rate was 94.2%, 89.3%, 88.2%, 82.2%, 92.2% and 90.1%
for CCA, CCB, CGD, CIB, COB and COD plaques, respectively. Absolute dose rate
(mGy/min) obtained by EBT3 film at the depth of 2 mm was 79.4 mGy/min, 81.0
mGy/min, 78.6 mGy/min, 62.2 mGy/min, 75.2 mGy/min and 81.2 mGy/min for CCA,
CCB, CGD, CIB, COB and COD plaques, respectively.

Conclusion: The measured dose distributions and lateral dose profiles may be uti-

lized in the treatment planning system to cover clinical volumes such as the clinical
target volume and the gross tumor volume.
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Introduction

veal melanoma is a deadly malignancy, rising from the basal
cells within uveal tract of the eye. The mean annual incidence
of this malignancy was reported about 5.1 cases per 106 in the
United States [1], 2-8 cases per 106 in Europe [2] and 0.2-0.3 cases per
106 in Africa and Asia [3]. Brachytherapy using eye plaques is an effective treatment approach for ocular tumors [4]. Different radioisotopes
such as I-125, Cs-131, Pd-103, Sr-90 and Ru-106 and different plaque
models have been employed for this technique [5]. Among them, both
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Ru-106 coated and I-125 seed-loaded plaques
were widely used for clinical needs [6-9]. The
choice of plaque type depends on the tumor
size and the location as well as dosimetric
studies prior to the treatment planning. Dosimetric investigation of the plaques before the
treatment planning is highly important especially for beta emitting ones. In the case of
small ocular tumors and the tumors adjacent to
the sensitive structures (e.g. optic nerve, lens
and cornea), beta emitting plaques have been
shown to be superior to the photon emitting
ones, due to their steep dose gradient sparing nearby tissues [10]. Radiochromic films
are known as interesting dosimeters for such
high gradient radiation fields because of their
high spatial resolution. Several dosimetric investigations for Ru-106 plaques were done in
the past few years, using radiochromic films
[11-13] and other dosimeters [14-18] as well
as Monte Carlo simulation [19-20]. The limitation of these studies (except ref. 20) is that
the dosimetric investigation was conducted
only for a few (often CCA and CCB) Ru-106
plaque types. In this study, the dose distributions of CCA, CCB, CGD, CIB, COB and
COD plaques were investigated using radiochromic EBT3 films, Geant4 Monte Carlo
toolkit and Plaque Simulator as the treatment
planning software (TPS). Depth dose mea-

surements were obtained for all plaques and
compared with the manufacturer (BEBIG)
results. The gamma index (GI) with 3% local
dose difference and 3 mm distance-to agreement criterion [21] was employed to evaluate
the dose distributions achieved by film measurements and Geant4 simulation.

Material and Methods
Ru-106 eye plaques
Six Ru-106 plaques produced by the Eckert & Ziegler BEBIG company in Germany
(www.bebig.com) were employed in this
experimental study (Figure 1). Each plaque
model was designed for specific tumors, including the tumors of uvea (CCA, CCB and
CGD plaques), the tumors close to the optic
nerve (COB and COD plaques) and the tumors
near the iris (CIB plaque). The plaques consist of 0.1 mm silver window, 0.2 mm Ru-106
coated foil and 0.7 mm silver backing [22].
Ru-106 is a pure beta emitter, decaying to Rh106, with a half-life (T1/2) of about one year.
Rh-106 decays to Pd-106, with a half-life of
29.8 s. The maximum beta energy of Ru-106
and Rh-106 is 0.39 MeV and 3.53 MeV, respectively. Rh-106 also has some gamma rays
in its decay scheme [23]. Table 1 represents
the dimensions and the initial activities of the

Figure 1: Six Ruthenium-106 plaques of BEBIG company, which are used in this study. Used with
permission from Eckert & Ziegler BEBIG [22].
Table 1: Geometrical characteristics of six Ruthenium-106 plaques.
Diameter (mm)
Active diameter (mm)
Spherical radius (mm)
Initial activities (MBq)

II

CCA
15.30
14.30
12.00
11.85

CCB
20.20
19.80
12.00
21.09

CGD
22.30
21.30
13.00
36.74

COB
19.80
17.80
12.00
16.78

COD
25.40
15.40
14.00
20.68

CIB
20.20
19.80
12.00
19.28
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plaques.
Radiochromic EBT3 film measurements
EBT3 film is the third member of EBT radiochromic films family, developed to be
more accurate and reliable, and consists of an
active layer with 28 μm thickness, compressed
between two layers of Matte Polyester with a
thickness of 125 μm [24]. They have the advantages of near soft tissue equivalence, high spatial resolution and small energy dependence,
causing them to be desirable for dosimetric
studies in radiation fields with steep dose gradients. The Newton rings effect due to the direct contact of the film with the glass surface
of the scanner was eliminated in EBT3 film by
embedding silica particles within its polyester
layers. The symmetrical structure and the antiNewton rings feature are known as the advantages of EBT3 films compared to the previous
models [25]. For film calibration, eight pieces
of 2.5×2.5 cm2 were cut from one sheet (lot
number 03111902) and being exposed by a 6
MV linear accelerator at a depth of 10 cm in a
water equivalent phantom (with the source to
surface distance of 100 cm and radiation field
of 10×10 cm2). A range of dose from 0.5 to 10
Gy was delivered to the films. One piece of
film was kept unexposed for background measurement. The films were marked to keep the
same orientation for all pieces and cut carefully with small scissors, handled with gloves
and stored in a safe place for 24h before processing to ensure the response stability [25].
An Epson Expression 10000XL flatbed
scanner was used in this study. Using flatbed
scanners as a readout system for radiochromic films, causes common artifacts: The dependence of scanner response on the film orientation on the scanner bed (the orientation
effect) and the parabolic change of scanner
response by the lateral offset from the scanner midline (the lateral effect) [26]. The orientation of the films was marked carefully. All
EBT3 film pieces were located at the center of
the scanning bed with the same orientation to
J Biomed Phys Eng

reduce these artifacts. Prior to scanning, several empty scans were done for warming up
the scanner. Although, the Callier effect due
to the ﬂatness of the film on the scanning bed
may affect the film response [27], The Epson
Expression 10000XL scanners have a pressed
glass sheet on the inner surface of their lid to
mitigate this effect. EBT3 films were digitized
using RGB 48-bit mode (16-bit color depth
per Red, Green and Blue color channels) with
72 dots per inch (dpi) scanning resolution in
the transmission mode. Images were saved in
TIFF (uncompressed tagged image file) format. The mean pixel value (PV) of a region of
interest (ROI) of 1.5×1.5 cm2 was read with
ImageJ software (version 1.5). All PVs were
obtained in red channel due to the highest sensitivity of active layer to the red wave length
[25]. The net optical density (nOD) was calculated by equation 1:
nOD = log10 (PVbef / PVaft)
(1)
In which, PVbef and PVaft are the average PVs
over the ROIs of scanned images before and
after the exposure, respectively [25].
An in-house water equivalent (PMMA)
phantom (Zeff=6.48) with dimensions of
4×4×4 cm3 and 1.18 g/cm3 density was utilized for depth dose measurements. It has
a spherical cab with 12 mm radius to fit the
shape of plaques. As shown in Figure 2, the
phantom consists of three parts to allow the
measurement of depth dose profile along the
central axis of the films. A PMMA holder was
added to the phantom configuration to account
the backscattering radiation.
Radiochromic film calibration equation was
obtained by fitting a third order polynomial function on the dose vs nOD data (Equation 2). Measuring nOD of each point of the
scanned images and substituting it in the calibration curve equation results the absorbed
dose in that point. Then dose rate is calculated
by Equation 3:
D=554.596(nOD)3-36.0459(nOD)2+15.121(nOD)+0.0643, (R2=0.999) (2)

  mGy=
D


 min 

( D / Tirr ) × e − λ T

irr

× (1000 / 60 )

III

(3)
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Figure 2: a) The whole phantom configuration, b) The phantom segments and c) Depth dose
measurement set-up with EBT3 film and a dummy plaque.
In which, D (Gy) is the dose obtained by
calibration curve equation, Tirr (hr) is the exposure time, and λ (hr -1) is the decay constant
equal to 0.693/T1/2. The exponential term is
the decay factor of the plaques, implemented
due to the decay of Ru-106 during exposure
time. The involved uncertainties include the
uncertainty originated from measuring film response to radiation, the fitting procedure of the
calibration curve, the phantom and the plaque
wrong assembly, Linac error in delivery and
lack of uniformity of the exposure to the reference films. We tried to keep the total uncertainty below 10%.
Monte Carlo simulation
Geant4.10.5 Monte Carlo toolkit with Livermore low energy physics model (G4EmLivermorePhysics) was used in this study. The
Livermore physics model includes photoelectric effect, pair production, Compton and Rayleigh scattering, bremsstrahlung, ionization
and fluorescence emission [28]. Auger electron from excited atoms was implemented in
the physics list, via macro file [29]. Range cut
value was set to 0.5 mm for photons, electrons
and positrons, i.e. the tracking of secondary
particles with the range of less than 0.5 mm
ceased and their energy was deposited locally.
The radioactive plaques were simulated in a
large cubic water phantom with 10×10×10 cm3
dimension. The box scoring mesh of Geant4
was implemented to obtain 2D dose profile of
the plaques. As the scanning resolution of the
scanner (72 dpi) corresponds to 2.85 pixels per
mm, the mesh bins have been defined with a
IV

dimension of 0.35×0.35×0.35 mm3. Each division was performed for different radial distances. Furthermore, twenty spherical detectors with 0.25 mm diameter were defined at
0.5 mm intervals for the depth dose measurements. The completed Ru-106 decay scheme
was simulated by employing the ability of Geant4 in the simulation of radioisotope decay.
As the half-life of Ru-106 is much greater than
the Ru-106 half-life, the secular equilibrium
of the daughter occurs, i.e. the instantaneous
amount of Rh-106 transforming is equal to
that of Ru-106 [30]. Therefore, complete Ru106 and Rh-106 decay schemes were simulated. The primary particles generated by Ru106 were set to 6×108 and all statistical errors
in Geant4 simulations were below 3% up to
the depth of 8 mm. Dose reference point was
considered at 2 mm depth on the central axis
of the plaques and the prescription dose was
reported in the range of 70-100 Gy for tumors
with 5 mm apex [5].
GI analysis 3%/3 mm criterion was employed to evaluate dose distributions of Ru106 plaques. This pixel-to-pixel comparison
was performed between EBT3 films and Geant4 results as the reference and the evaluated
dose distributions, respectively. It consists
of two concepts, performing simultaneously
as follows: firstly, a point-by-point calculation of the dose difference between two dose
distributions, with an acceptable dose difference of 3% of the maximum dose. Secondly, a
measurement of spatial distance between two
closest points of the same dose in the reference and the evaluated dose distributions, with
J Biomed Phys Eng
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an acceptable spatial tolerance of 3 mm [21].

Results

Two-dimensional dose profiles of Ru-106
plaque types are represented in Figure 3. The
relative dose is normalized to its maximum
value for each plaque.
A comparison of relative depth dose, normalized at the reference point and obtained by
EBT3 film, Geant4, Plaque Simulator (TPS)
and BEBIG data is presented in Figure 4. According to the BEBIG calibration certificate,
20% uncertainty was added to its data, as
shown with error bars in Figure 4.
Figure 5 shows the GI maps calculated with
3%/3 mm criterion using MATLAB 9.0 code.
Lateral dose profiles of six Ru-106 plaques
obtained by EBT3 film are shown in Figure 6.
The absolute dose rates (mGy/min) at the reference point obtained by film measurements,
Geant4 simulation and from the manufacturer
are tabulated in Table 2.

Discussion

Figure 3 demonstrates that the dose distribution of the plaques is highly affected by the
shape and the size of the plaques, depending
on the tumor location and its size. The 10%

isodoses extends to 4 mm depth except for
CGD plaques, which has the largest active
diameter. It shows that CGD plaques may be
preferred for large tumors up to 5 mm depth. A
good agreement is achieved between the relative dose rates shown in Figure 4. This agreement accentuates the validation of our experimental and simulation study. All the results
are confined in 20% error bars proposed by the
manufacturer, up to the depth of 10 mm. However, a little deviation was observed for the results of Geant4 simulation of COD plaque at 9
mm and 10 mm depths. Finally, a quantitative
comparison was done between Geant4 simulation results and EBT3 film measurements. The
GI evaluation, presented in Figure 5, shows the
adaptable dose distributions, obtained experimentally and by simulation. In a quality assurance scenario, the gamma index passing rate
(GIPR), which is the percentage of total points
that achieved GI<1, is defined as a pass/fail
test for a given GI criterion (e.g. 3%/3 mm)
[31]. GIPR was 94.2%, 89.3%, 88.2%, 82.2%,
92.2% and 90.1% for CCA, CCB, CGD, CIB,
COB and COD plaques, respectively. For GI
with 5%/5 mm criterion, the GIPR was 97.9%,
98.8%, 95.9%, 91.7%, 96.6% and 96.8%
for CCA, CCB, CGD, CIB, COB and COD

Figure 3: 2D Dose profiles of a) CCA, b) CCB, c) CGD, d) CIB, e) COB and f) COD Ruthenium-106 plaques.
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plaques, respectively. All relative errors between calculated dose rates tabulated in Table
2 are below 10%, except for COD plaque. It
seems to be due to its specific geometry, making the simulation more complicated. Note
that the BEBIG data were obtained using plastic scintillators. Moreover, this study shows
that EBT3 radiochromic film may be an alternative detector with high spatial resolution for
such high dose gradient fields.

Conclusion

Figure 4: Relative dose rate comparisons with
BEBIG results for a) CCA, b) CCB, c) CGD, d) CIB,
e) COB and f) COD Ruthenium-106 plaques.

In this work, a dosimetric study of six
brachytherapy Ru-106 plaques was performed
using radiochromic EBT3 film, Geant4 Monte
Carlo simulation and Plaque Simulator software. The obtained dose distributions show
that radiochromic EBT3 film with high spatial
resolution is an appropriate dosimeter for beta
emitting eye plaques. The results of Monte
Carlo simulation, EBT3 films and TPS were in
a good agreement with BEBIG data. The measured 2D dose distributions and lateral dose

Figure 5: The evaluation of 2D dose profiles of a) CCA, b) CCB, c) CGD, d) CIB, e) COB and f) COD
plaques obtained by EBT3 films and Geant4, using 3%/3 mm gamma index (GI) analysis.
VI
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Figure 6: Lateral dose profiles of a) CCA, b) CCB, c) CGD, d) CIB, e) COB and f) COD plaques.
Table 2: Absolute dose rates (mGy/min) at the reference point obtained by EBT3 film, Geant4
and from the manufacturer for six Ru-106 plaques.
EBT3 film
Geant4
BEBIG

CCA
79.4
83.7
84.4

CCB
81.0
81.5
85.7

profiles may be used in the treatment planning
system for covering clinical volumes such as
the clinical target volume and the gross tumor
volume.
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CGD
78.6
79.1
81.5

CIB
62.2
60.7
65.8

COB
75.2
70.4
76.9

COD
81.2
95.2
89.5
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