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ABSTRACT 

 

For prostate cancer treatments, there is an increasing interest in the permanent radioactive seeds implant 

technique. Currently, in Brazil, the seeds are imported at high prices, which prohibit their use in public hospitals. 

One of the seed models that have been developed at CDTN has a ceramic matrix as a radioisotope carrier and a 

radiographic marker; the seed is encapsulated with biocompatible polymer. In this work, Monte Carlo 

simulations were performed in order to assess the dose distributions generated by the prototype seed model. The 

obtained data was assessed as described in the TG-43U1 report by the AAPM. The dosimetric parameters dose 

rate constant, Λ, radial dose function, gL(r), and anisotropy function, F(r,θ), were derived from simulations using 

the MCNP5 code. The function g(r) shows that the seed has a lower decrease in dose rate on its transverse axis 
when compared to the 6711 model (one of the most used seeds in permanent prostate implants). F(r,θ) shows 

that CDTN’s seed anisotropy curves are smoother than the 6711 model curves for θ ≤ 20° and 0.25 ≤ r ≤ 1 cm.  

As well, the Λ value is 15% lower than the Λ value of 6711. The results show that CDTN’s seed model can 

deposit a more isotropic dose. Because of the model’s characteristics, the seeds can be impregnated with iodine 

of lower specific activity which would help reducing costs. 
 

 

1. INTRODUCTION 

 

 

The modern permanent seed implant brachytherapy for the treatment of prostate cancer was 

introduced in the 1980s. This treatment modality is growing exponentially, mainly due to the 

favorable profile of normal tissues complications and time treatment (usually one day). With 

its excellent outcome, it has now become a standard treatment option, at least for prostate 

cancer low risk patients [1-3]. Several seed (source) models exist in the market, but they all 

share three main physical characteristics: a radioisotope used for treatment, an encapsulation 

material and a radiopaque material for imaging visualization [4]. Currently, in Brazil, 

permanent implants with 
125

I seeds (the only seed model used is the 6711) are performed by a 

few medical institutions, mostly private ones, and the seeds are imported at high prices, that 

prohibit their use in public hospitals. Therefore, in order to reduce the financial cost of this 

treatment modality, it is of great importance to have a national technology. A ceramic matrix 



INAC 2011, Belo Horizonte, MG, Brazil. 

 

that can be used as a radioisotope carrier and a radiographic marker was developed at Nuclear 

Technology Development Center (CDTN) of the National Commission of Nuclear Energy 

(CNEN). The ceramic matrix is distinguished by the characteristic of maintaining the 

radioactive material uniformly distributed in its surface besides being able to incorporate 

radioisotopes other than 
125

I. Treatment planning systems (TPS) make use of the calculation 

proposed by the TG-43 protocol for dose distributions [5]. Several authors [6-8] have 

employed Monte Carlo (MC) simulations to generate the brachytherapy sources (seeds) 

parameters recommended by TG-43 protocol. In this work, the dosimetric parameters radial 

dose function, g(r), anisotropy function, F(r,θ), and the dose rate constant, Λ, of the dose 

calculation protocol TG-43 were simulated by using the MCNP5 code [9] in order to do the 

dosimetric characterization of our seed model. 

 

 

2. MATERIALS AND METHODS 

 

 

2.1.  Dose Calculation Formalism 

 

 

The dose calculation formalism recommended by the TG-43 protocol [5] the sources are 

considered to be symmetrically cylindrical. For such sources, the dose distribution is two-

dimensional and can be described in terms of a polar coordinate system with origins at the 

center of the source, where r is the distance to the point of interest and θ is the angle with 

respect to the longitudinal axis of the source. The dose rate at a point of coordinates (r,θ) can 

be written as: 

 

),()(),(),(),( 00

.
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The reference point (r0,θ0) is chosen in the transverse axis of the source at a distance of 1 cm 

from its center, i.e., r0 = 1 cm and θ0 = π/2. The dosimetric parameters SK, , GL(r,θ), gL(r) 

and F(r,θ) are the air-kerma strength, dose-rate constant, geometry function, radial dose 

function and anisotropy function, respectively. The subscript “L” denotes the line source 

approximation used for the geometry function. Parameter gL(r) defines the fall of the dose 

rate along the transverse axis of the seed;  F(r,θ) provides the two-dimensional variation of 

the dose as a function of the polar angle on the transverse plane;  Λ is defined as the dose rate 

to water at a distance of 1 cm on the transverse axis of a unit air kerma strength source in a 

water phantom. Details of these parameters can be found in the TG-43U1 protocol [5]. The 

dosimetric parameters , gL(r) and F(r,θ) for a given source can be obtained experimentally 

or by Monte Carlo simulations. 

 

 

2.2.  Brachytherapy Sources 

 

 

We studied two models of 
125

I interstitial brachytherapy sources, the Oncura
TM

 model 6711 

(GE Healthcare, IL) and the prototype source (SB-228) with the ceramic matrix and 

biocompatible polymer. Several articles have been published presenting the 6711 model 

dosimetric parameters, calculated or measured, with the modifications introduced in the 
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manufacturing process of the seed over the years. Dolan et al. [6] published the first 

dosimetric study that met the requirements of the TG-43U1 protocol, both for dosimetry with 

TLD's and with Monte Carlo simulation. The 6711 seed’s dimensions were taken from their 

article. The source 6711 consists of a silver rod (ρ = 10.5 g/cm
3
), covered along its entire 

length by a radioactive layer, encapsulated by a titanium cylinder (ρ = 4.54 g/cm
3
). The 

radioactive layer is composed of a mixture of AgBr and AgI present in the molecular ratio of 

2.5:1 and its density is equal to 6.2 g/cm
3
. The thickness of the radioactive layer is assumed 

to be 1.75μm. The silver rod, which is the radiographic marker for this seed, has 2.8 mm long 

and 0.25 mm radius. Its ends are conical sections beveled at 45º and the end faces have a 

radius of 0.175 mm. The titanium encapsulation is 3.75 mm long, with wall thickness of 0.07 

mm and outer diameter of 0.8 mm. The end welds are hemispheres with 0.375 mm radius. 

They observed that the inner surfaces of these welds were flat, convex and concave with 

equal frequency. So, in this study, the seed was modeled with this surface as being flat. The 

total length of the seed is 4.55 mm. We assume that the space within the Ti encapsulation of 

the seed is filled with air at 40% humidity and 101.325 kPa (ρ = 0.00120 g/cm
3
) with the 

composition recommended by the TG-43U1. The prototype seed model (SB-228) has a high 

porous ceramic matrix as radioactive material carrier and radiographic marker. The ceramic 

is made of 50% SiO2 and 50% WO3 with ρ = 3.59 g/cm
3
 and is 2.8 mm long with 0.25 mm 

radius. To do the dosimetry calculations, we consider the biocompatible polymer known as 

PEEK used by Abboud et al. [10] in their dosimetric study of an experimental polymer-

encapsulated 
103

Pd seed model. The composition of the polymer is C28H22 and its density is 

equal to 1.3 g/cm
3
. The polymer encapsulation is 4.5 mm long and 0.8 mm in diameter. 

 

 

2.3.  Monte Carlo Calculations 

 

 

The dosimetric parameters , gL(r) and F(r,θ) for both seed models were obtained by Monte 

Carlo simulations. The Monte Carlo N-Particle code version 5 (MCNP5) was used in this 

study. MCNP5 is a general purpose Monte Carlo radiation transport code which can simulate 

coupled neutron–photon–electron transport in three dimensions through complex geometries 

constructed by combinations of planes, spheres, cones, and cylinders [9]. Due to the energy 

range of this study (< 40 keV), we can assume that there is charged particle equilibrium 

(CPE) and the collision kerma can be considered equal to the absorbed dose. Therefore, the 

MCNP5 F6 tally (track length estimator) is the best estimator for the determination of the 

collision kerma to derive TG-43 dose parameters [11]. Only photons were simulated and the 

detailed photon physics treatment includes photoelectric absorption, K- and L shell 

fluorescence, Auger emission, coherent scattering with electron binding effects accounted for 

by form factors, and incoherent scattering. The MCNP5 default MCPLIB04 cross-section 

library, which is based on the EPDL97 tables [12], and the 
125

I spectrum from the TG-43U1 

were used in the simulations. The sources were modeled in the center of a water sphere        

(ρ = 0.998 g/cm
3
) with 18.6 cm radius. To determine the dosimetric parameters, the scoring 

cells where the quantities of interest are computed, the TG-43U1 requires scoring cells whose 

volume does not affect the value of the dosimetric parameter being estimated on them. In 

literature, various geometries are used for these cells, such as cones intercepted by spherical 

shells [13], cylindrical rings [14], toroids [15], voxels [4, 7, 16] and in some publications the 

geometries used are not mentioned [17-18]. To determine gL(r) and F(r,θ), water spheres 

centered in the (r,θ) points were used. The θ points of F(r,θ) range from 0° to 90° in 

increments of 5º. The r points of F(r,θ) and gL(r) are r = {0.25, 0.5, 1, 2, 3, 4, 5, 6, 7, 7.5, 10} 

cm. The scoring cells radii (rsc) vary as follows: for r ≤ 1 cm, rsc = 0.0062 cm; for                  
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1 < r ≤ 5 cm, rsc = 0.031 cm; for 5 < r ≤ 10 cm, rsc = 0.062 cm. The number of histories was 

set to 4 x 10
10

. For the determination of Λ, the seed was placed in the center of a vacuum 

sphere with 15 cm radius. In this simulation, an energy cutoff of δ = 5 keV was used to 

suppress the characteristic X-rays generated in the Ti encapsulation as recommended by TG-

43U1. The scoring cell should have similar dimensions to the solid angle subtended by the 

primary collimator of the WAFAC (Wide-angle Free-air Chamber) ionization chamber of 

NIST [5]. Therefore, we use a volume element of 2.7 x 2.7 x 0.05 cm
3
, located at a distance d 

= 10 cm in transverse axis of the source [7]. To determine the air kerma in the cell, we used 

the *F4 tally which estimates the energy fluence. We used the MCNP5’s DE/DF card, with 

the mass energy transfer coefficients of air as parameters, to modify the tally and get the air-

kerma. The mass energy transfer coefficients were calculated using the composition of air 

with 40% relative humidity of TG-43U1 and the coefficients of Seltzer [19]. The simulations 

were performed with 5 x 10
8
 histories. 

 

 

3. RESULTS AND DISCUSSIONS  

 

 

The results that validate the Monte Carlo simulations and the 6711 seed model are in a 

previous work [20].  

 

 

3.1.  Dose-rate Constant 

 

 

The value of the 6711 model dose-rate constant is 0.945 ± 1.2 % cGyh
-1

U
-1 

and the value of 

the SB-228 model dose-rate constant calculated in this study is 0.805 ± 2.33% cGyh
-1

U
-1

. The 

relative difference between the values of the dose-rate constants of the models SB-228 and 

6711 is 15%. Taking into account the uncertainty intervals, one can say that the dose-rate 

constants of the two models are different, with the SB-228 seed model depositing a lower 

dose at the reference point, for the same air-kerma strength of the source. 

 

 

3.2.  Radial Dose Function 

 

 

The values of radial dose function gL(r) for the models 6711 and SB-228 seeds calculated in 

this study are presented in Table 1. The radial dose function of the prototype seed indicates a 

lower dose fall-off in the transverse axis when compared to the 6711 model, for r > 1cm and 

a lower dose deposition for r ≤ 1 cm.  
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Table 1.  Monte Carlo calculated radial dose functions gL(r) 

 

r (cm) 0.25 0.5 1 2 3 4 5 6 7 7.5 8 9 10 

6711 1.106 1.078 1.000 0.813 0.633 0.483 0.360 0.267 0.197 0.170 0.146 0.107 0.078 

SB-228 1.090 1.054 1.000 0.857 0.695 0.548 0.424 0.322 0.245 0.210 0.182 0.139 0.102 

 

 

 

3.2.  Anisotropy Function 

 

 

The values of the 2D anisotropy function for the SB-228 seed model calculated in this study 

are shown in Table 2. 

 

 

 

Table 2.  2D Anisotropy function values for the SB-228 seed calculated in this study 
 

θ(º) 
r (cm) 

0.25 0.5 1 2 3 4 5 6 7 7.5 8 9 10 

0 0.472 0.350 0.381 0.446 0.492 0.524 0.547 0.569 0.575 0.580 0.592 0.581 0.610 

5 0.465 0.380 0.431 0.501 0.545 0.568 0.587 0.600 0.611 0.621 0.632 0.608 0.617 

10 0.520 0.458 0.509 0.562 0.596 0.619 0.635 0.646 0.638 0.647 0.659 0.651 0.653 

15 0.597 0.540 0.574 0.618 0.642 0.663 0.667 0.679 0.683 0.706 0.708 0.682 0.697 

20 0.668 0.612 0.635 0.675 0.694 0.707 0.726 0.724 0.728 0.737 0.731 0.717 0.728 

25 0.729 0.672 0.697 0.724 0.739 0.747 0.756 0.765 0.763 0.760 0.768 0.753 0.768 

30 0.780 0.729 0.750 0.768 0.785 0.793 0.795 0.801 0.797 0.805 0.811 0.789 0.790 

35 0.823 0.775 0.789 0.809 0.820 0.825 0.831 0.831 0.828 0.821 0.839 0.809 0.827 

40 0.859 0.820 0.832 0.844 0.852 0.861 0.867 0.869 0.861 0.861 0.865 0.846 0.858 

45 0.887 0.858 0.867 0.878 0.882 0.894 0.882 0.891 0.890 0.899 0.899 0.882 0.903 

50 0.911 0.886 0.896 0.909 0.911 0.911 0.918 0.922 0.908 0.918 0.894 0.891 0.906 

55 0.931 0.912 0.928 0.930 0.934 0.931 0.933 0.932 0.934 0.944 0.940 0.929 0.921 

60 0.951 0.939 0.942 0.952 0.956 0.949 0.958 0.951 0.956 0.952 0.947 0.941 0.947 

65 0.966 0.952 0.967 0.967 0.968 0.968 0.963 0.961 0.960 0.972 0.984 0.975 0.956 

70 0.979 0.973 0.981 0.981 0.980 0.988 0.987 0.973 0.986 0.999 0.989 0.970 0.952 

75 0.988 0.982 0.993 0.990 0.991 0.984 0.985 0.992 0.988 1.002 0.996 0.998 0.998 

80 0.996 0.986 0.996 0.999 0.993 0.996 0.995 0.993 0.991 0.997 0.990 0.962 0.958 

85 0.999 0.996 1.001 0.997 1.002 0.996 0.998 0.999 1.000 1.016 0.996 0.999 0.969 

 

 

 

For a distance r = 0.25 cm from the source, the prototype seed model has a lower dose 

anisotropy than the 6711 model. Another important feature of the prototype model is that its 

anisotropy curves are smoother than the 6711 model for θ ≤ 20° and 0.25 ≤ r ≤ 1 cm. In 

general, for all distances, the SB-228 model presents anisotropy of the same order of the 6711 
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model for θ ≥ 30°. For r ≥ 2 cm, the anisotropy curves are very similar. Figure 1 shows the 

Monte Carlo calculated dose distribution of both seeds, where it can be noted that the SB-228 

model dose distribution is more isotropic than the 6711 model. 

 

 

 

 

 

Figure 1. (a) SB-228 model dose distribution; (b) 6711 model dose distribution; 

Different regions represent values relative to the maximum dose (Dm) 

 

 

 

4. CONCLUSIONS 

 

 

The TG-43 dosimetric parameters of a prototype seed model (SB-228) composed of a 

ceramic matrix as a radioisotope carrier and a radiographic marker encapsulated with 

biocompatible polymer were determined by the Monte Carlo method. Obtained dose-rate 

constant indicate a lower dose deposition at the reference point, for the same air-kerma 

strength of the source, in comparison with 6711 seed model. The radial dose function of the 

prototype seed shows a lower dose fall-off in the transverse axis when compared with 6711 

model and presents less anisotropy than the 6711 model. The dosimetric characteristics of the 

prototype seed presented in this study suggest that its use is feasible. As the seed has the 

possibility of incorporate a larger amount of iodine onto the ceramics, seeds with lower  

iodine specific activity can be produced, which could help to reduce treatment costs. Further 

investigations must be done in the dose distribution closer to the seed, i.e., for r < 0.25 cm. 
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