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Aim: The aim of this study is to evaluate the dose distribution of the Flexisource *?Ir source.
Background: Dosimetric evaluation of brachytherapy sources is recommended by task group
number 43 (TG. 43) of American Association of Physicists in Medicine (AAPM).
Materials and methods: MCNPX code was used to simulate Flexisource *?Ir source. Dose rate
constant and radial dose function were obtained for water and soft tissue phantoms and
compared with previous data on this source. Furthermore, dose rate along the transverse
axis was obtained by simulation of the Flexisource and a point source and the obtained data
were compared with those from Flexiplan treatment planning system (TPS).
Results: The values of dose rate constant obtained for water and soft tissue phantoms were
equal to 1.108 and 1.106, respectively. The values of the radial dose function are listed in
the form of tabulated data. The values of dose rate (cGy/s) obtained are shown in the form
of tabulated data and figures. The maximum difference between TPS and Monte Carlo (MC)
dose rate values was 11% in a water phantom at 6.0 cm from the source.
Conclusion: Based on dosimetric parameter comparisons with values previously published,
the accuracy of our simulation of Flexisource *?Ir was verified. The results of dose rate
constant and radial dose function in water and soft tissue phantoms were the same for
Flexisource and point sources. For Flexisource °?Ir source, the results of TPS calculations in
a water phantom were in agreement with the simulations within the calculation uncertain-
ties. Furthermore, the results from the TPS calculation for Flexisource and MC calculation
for a point source were practically equal within the calculation uncertainties.
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1. Background

Brachytherapy, treatment at short distance, is a radio-
therapy modality in which sealed radioactive sources of
radiation are placed at short distances from the tumor.
It is performed using intracavitary, interstitial or surface
application techniques. With this treatment method, a high
radiation dose is delivered to the tumor volume with
rapid dose fall-off in the surrounding normal tissues.
Brachytherapy is characterized by the time duration of the
irradiation and it is divided into two types: permanent
implant and temporary implant. In the latter one, '¥Cs
and '?Ir are two radionuclides which are commonly used
as sources. When considering the dose rate, three classi-
fications have been established: low dose rate (0.4-2Gy/h),
medium dose rate (2-12 Gy/h) and high dose rate (>12 Gy/h)
treatments.”

192Ir radionuclide has been used since 1958 as a brachyther-
apy source. At that time 1?Ir wires were used with the Paris
dose calculation system, which was established by Pierquin
et al.> 2Ir has become a popular radionuclide and it is
used as a substitute for 2°Ra.* At present, *’Ir is com-
monly used in most radiotherapy centers as a source in
clinical brachytherapy.” There are several studies on dose
distribution evaluation for 1°2Ir Flexisource source model,
determined by MC simulations. Granero et al.° obtained the
dose distribution for a °?Ir Flexisource source by the MC
method using GEANT4 code. They calculated dose rate per
air kerma strength, anisotropy function and radial dose func-
tion at various points. In their study, it was recommended
to use the obtained data for this source to verify the TPS
calculations. Ballester et al.” calculated dosimetric param-
eters of 2Ir wires with the use of Sievert integral, Task
Group No. 43 (TG-43) formalism and Monte Carlo (MC) tech-
niques. They then obtained the absorbed dose values of the
1921y wires with 1.0-5.0cm sizes by utilizing GEANT4 Monte
Carlo code. In another study, Bozkurt et al.® compared the
values of dose rate per air kerma strength at distances of
0.1-10.0cm for the ¥2Ir wires with sizes of 1.0-5.0cm. The
study was performed using the MCNP Monte Carlo code and
the obtained results were shown to be in agreement with
the data from the XiO CMS commercial treatment planning
system (TPS). In a comparative study between MC and TPS
calculations, Zhang et al.” characterized dosimetric param-
eters for 12°I and '¥Cs sources in a collaborative ocular
melanoma study (COMS) in eye plaque brachytherapy and
their results showed that there was a complete adaptation
between the MC and TPS data. Granero et al.'® compared
dosimetric parameters of a BEBIG °2Ir source through calcu-
lation by utilizing the GEANT4 Monte Carlo (MC) code with
the literature for other high dose rate (HDR) sources. They
showed that the use of the obtained datasets for this source
is justified. 1°%Ir is the most frequently used source in HDR
brachytherapy, especially in the treatment of prostate can-
cer. While there are various studies on dosimetric evaluation
of 2Ir sources, to the best of our knowledge, there is no
study on dosimetric evaluation of the calculations of the
Flexitron brachytherapy unit which contains Flexisource 1°?Ir
sources.

2. Aim

The aim of this study is to evaluate in-phantom dose rate
distribution from various aspects for a Flexisource HDR 2Ir
source using MC simulation of the source.

3. Materials and methods
3.1.  Geometry of Flexisource *°2Ir source

The geometry of Flexisource HDR 2Ir source is illustrated in
Fig. 1. This source is composed of an active iridium cylinder
(density: 22.42 g/cm3) with active length of 3.5 mm and diam-
eter of 0.6 mm. The active part is covered by a stainless-steel
capsule (composition by weight: Fe: 67.92%, Cr: 19.00%, Ni:
10.00%, Mn: 2.00%, Si: 1.00% and C: 0.08%, density: 8.00 g/cm3).
The outer diameter of the source is 0.85mm and the total
length of the source is 4.6mm. The cable of the source is
made of 304 stainless-steel in the form of a cylinder with 5mm
length and 0.5 mm diameter.® The radiation characteristics of
the Flexisource °?Ir source used in this study are listed in
Table 1.°

3.2. Calculation of TG-43 dosimetric parameters by
MC simulations

Report of Task Group No. 43 was published in 1995 by the
American Association of Physicists in Medicine (AAPM) and
was updated later in 2004.'" Based on the updated version of
this formalism (TG-43U1), dose rate is obtained from the below
formula:

D(r,6) = SKA%Q(Y)F(T, 0) (1)
D(Yo, 90)
a= 2ot @
B .
Irsing ifo£0
G(r,0) =

1 (3)
(T2 — I:) ifo6 =0

where r is the distance from source’s center; rg is the refer-
ence distance which is 1.0cm usually; 6 is the polar angle
between the longitudinal axis and the line connecting the
calculation point and the source’s center; 6 is the reference
angle which is usually 90°; Sk is the air kerma strength; A is
dose rate constant; G (r, 6) is geometry function; g(r) is radial
dose function; F(r, 6) is anisotropy function; g is the angle
subtended by two hypothetical lines at the calculation point
connected to the two ends of the active length; and L is the
effective length.!’ The geometry and characteristics of the
Flexisource 192Ir source were simulated in a water phantom
and a soft tissue phantom, separately. The chemical compo-
sition of the soft tissue phantom had nine components which
were adopted from the report No. 44 of the International Com-
mission on Radiation Units and Measurements (ICRU). Based
on this report, the soft tissue has the following elements and
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Fig. 1 - Geometry of Flexisource 192Ir brachytherapy source used in this study. All dimensions are in millimeters.

Table 1 - Radiation characteristics of Flexisource 92Ir source used in this study.

Half-life (t/,) )

Mass for 100 MBq (j.g)

Average photon energy (keV) Reference

74d 1.08 x 107 0.29

380 2

mass fractions: H: 0.102; C: 0.143; N: 0.034; O: 0.708; Na: 0.002;
P: 0.003; S: 0.003; CI: 0.002; K: 0.003.

Monte Carlo simulation is an accepted method of dose
calculation when analytical calculations are difficult or
impossible.'? Sources are available in the form of tubes, wires,
needles, pellets or seeds. MCNPX (version 2.4.0) code has been
used in this study for simulation of the 1°Ir source, phantoms,
etc.!® For air kerma strength calculation (Sg), air kerma was
calculated in cells defined in the form of toruses containing air
according to the method presented in the previously published
article.'* For this purpose, F6 tally (with units of MeV/g per
particle) was calculated in the toruses with a 0.05cm radius.
The air toruses were arranged along the transverse axis at dis-
tances of 1.0-40.0 cm. The products of the air kerma rates and
the square of radial distance from the source were averaged
from 8.0 to 18.0cm distances along the source’s transverse
axis. The photon and electron importance in all the cells were
set at 1, except outside of the vacuum sphere with 100.0 cm
radius in which it was defined as zero. Air kerma strength has
units of uGym?h~1! according to the TG-43U1 protocol. Then,
the air kerma strength value was used for the calculation of
dose rate constant (4), according to formula (2). Dose rate con-
stant (A) was calculated in water and soft tissue phantoms.
For this purpose, a torus with 0.05cm width at the distance
of 1.0cm was defined in the phantom and the absorbed dose
was calculated in this torus. A torus shaped cell was chosen
to conform to the cylindrical symmetry of the source. In cal-
culation of the radial dose function (g(r)), toruses with 0.05 cm
width at distances 0.5-7.0 cm were defined. Radial dose func-
tion was calculated in water and soft tissue phantoms. The
photon and electron importance in all of the cells were equal to
1, except outside the water or soft tissue phantoms which were
spheres with 50.0cm radius. In those spaces the particles’
importance was defined as zero. Line-source approximation
was used and a geometry function was obtained from formula
(3). In this calculation the effective length of the source was
3.5mm. For the calculation of the dose rate constant and radial
dose function, the *F4 tally (in units of MeV/cm? per particle)
was used. *F4 tally scores energy fluence, thus the absorbed
dose, was obtained by multiplication of the energy fluence and
the mass energy absorption coefficient (ien/p). Since the mass
energy absorption coefficient depends on energy, the photon
energy was divided into energy bins and the energy fluence

in each bin was multiplied by the corresponding mass energy
absorption coefficient. Then, the absorbed dose was obtained
from summation of the dose components in the energy bins.
The simulations were performed for 2.5 x 10’ photons and
the maximum MC statistical error in tallies in the calculation
of dose rate constant and radial dose function was 0.41%. A
point source was also simulated, in the form of a point in a
stainless-steel sphere with radius of 0.125 mm which mimics
the stainless-steel capsule of the Flexisource ?Ir source in
the transverse direction. The method of calculation of the air
kerma strength, dose rate constant and radial dose function
for this point source was the same as that aforementioned for
the Flexisource 1°?Ir source. The simulations were performed
for 7.5 x 107 photons and the maximum MC error in the tally
cells was 0.24%.

3.3.  Dose distribution calculations by MC simulations

The geometry characteristics of the Flexisource 1°2Ir HDR
source were defined in the simulations. To obtain the dose dis-
tribution around the source, the type of cells, the number of
photons scored, the distances and dimensions of the toruses
were similar to those described in the method of calculation
of TG-43 dosimetric parameters in this study. Finally, the MC
outputs (MeV/g per photon) were converted to absorbed dose
rates in units of cGy/s using the following formula:

Dose rate (cGy/s) = MC output (MeV/g per photon)
x10° (eV/MeV) x 1.602 x 1071 (j/eV)
x10® (g/kg) x 2.74 (Ci) x 3.7
x 10 (Bq/Ci) x 1 (dis/s per Bq)
x photon yield of ™Ir (photons/dis)
x 100 (s)
)
The value of photon yield of the 1°2Ir radionuclide is equal
to 2.363 photons/dis.™ The activity of 19?Ir source, used in this
study, was 2.74 (Ci) on the date of TPS data extraction (25

September 2013). The calibration date of this source was 19
April 2013.


dx.doi.org/10.1016/j.rpor.2015.01.006

REPORTS OF PRACTICAL ONCOLOGY AND RADIOTHERAPY 20 ( 2015 J 204—209 207

Table 2 - Dose rate constant values (cGyh-1U~?) for

Flexisource 192Ir source in water and soft tissue
phantoms.

to calculate dose distribution for stepping sources, all of our
dose calculations with Flexiplan TPS were performed for the
case of a single source positioned in water. Radial dose func-
tion for Flexisource 1°2Ir source at 0.5-7.0cm distances in

This study Other study  Diff. (%) .
the transverse plane was extracted from this treatment plan-
Water phantom L 1.109 (Ref. 3) 0.09% ning system. Dose rate values (in terms of Gy/100s which
Soft tissue phantom 1.106 - - is reported in this study as cGy/s) at 0.5-7.0cm radial dis-
tances were extracted from the Flexiplan TPS of the Flexitron
3.4, Dose distribution and dosimetric parameter machine which is currently being used for brachytherapy

calculations by TPS

The software which is used in the Flexitron afterloading
system is Flexiplan (version 2.5) which was designed and
developed by sonoTECH (Neu-Ulm, Germany). This version of
the software can calculate and display dose values and dose
volume histograms (DVHs) even for film based orthogonal pro-
jection evaluations. The calculation program in this software
applies a new optimization method in which the favorable
dose for each single point of a group is entered and the dose
distribution with a minimum squared error is obtained. The
isodose curves are displayed based on dose calculations in a
Cartesian (rectangular) three-dimensional matrix with evenly
spaced user-specified grid intervals. This grid is a so-called
dose matrix. The dimensions of this grid on a plane can be var-
ied from 30 x 30 to 120 x 120 points, depending on the desired
isodose display accuracy in the volume where the user defines
that the isodoses are to be calculated and displayed in the
Flexiplan treatment planning software.'®

The Flexiplan software is commonly used in a number
of countries including Iran, India, Irag, etc. It can recon-
struct one or more applicators and calculate the optimal
dose distribution based on the contoured volumes and pre-
scribed dosage. Flexiplan treatment planning software is used
in high-dose-rate and pulsed-dose-rate remote afterloader
based brachytherapy machines for the creation of treatment
plans. The afterloader was manufactured in the Netherlands.

Dose calculations in the Flexiplan TPS are TG-43 based
and are performed for the case of a water phantom as the
tissue-equivalent medium. In other words, this TPS consid-
ers all soft tissues as water. While the Flexiplan TPS is able

practice in Atiyeh Hospital in Tehran, Iran.

4, Results

The results of calculation of dose rate constant for the Flex-
isource HDR '%?Ir source obtained from the simulations by the
MCNPX code in water and soft tissue phantoms are listed in
Table 2. Radial dose function results at 0.5-7.0 cm distances
along the transverse axis of the source obtained from Monte
Carlo method for the water and soft tissue phantoms; and
from Flexiplan TPS a water phantom are listed in Table 3. This
table also includes the percentage differences between these
three data series and the other study. Dose rates (cGy/s) along
the transverse axis obtained from the Flexiplan TPS, MC sim-
ulations for Flexisource and point sources are listed in Table 4.
The percentage differences between the TPS calculations for
Flexisource 192Ir source, and MC simulations for Flexisource
192]r and point sources are also listed in this table. It should
be noticed that the uncertainties reported in these tables are
either combined errors calculated from uncertainties in the
MC outputs and the dose rate values or were calculated from
the uncertainties from MC outputs directly by multiplication
of the relative uncertainty to the dose rate at each data point.
The number of error values in these tables equal to zero
because these values were rounded up to three decimals. Fig. 2
illustrates dose rate x r? (cGy m?/s) at different radial distances
from the source which was obtained from Flexiplan TPS and
MC simulations of the source for the Flexisource and point
sources.

Table 3 - Radial dose function values for Flexisource 1%2Ir source in water and soft tissue phantoms obtained from Monte

Carlo and Flexiplan TPS compared with the other study (Granero et al.).

r (cm) MC (water) MC (soft Flexiplan Granero Diff. (%) Diff. (%) [B] — [D]  Diff. (%) [C] —[D]
[A] tissue) TPS et al. [A] - [D]
[B] €] (Ref. 6) [D]

0.5 1.000 + 0.001 0.990 + 0.001 0.99 0.997 0.30 0.74 —0.70
1.0 1.000 + 0.002 1.000 + 0.002 1.00 1.000 0.00 0.00 0.00
1.5 1.000 + 0.002 1.000 + 0.002 1.00 1.002 —-0.20 —0.22 —0.20
2.0 1.010 + 0.002 1.010 + 0.002 1.01 1.004 0.60 -0.91 0.60
2.5 1.010 + 0.002 1.010 + 0.002 1.02 - - - -
3.0 1.010 + 0.002 1.010 + 0.002 1.02 1.005 0.50 —1.48 0.50
3.5 1.010 + 0.002 1.010 + 0.002 1.00 - - - -
4.0 1.010 + 0.002 1.010 + 0.002 1.02 1.003 0.70 -1.91 0.70
4.5 1.010 + 0.003 1.010 + 0.003 1.00 - - - -
5.0 1.010 + 0.003 1.010 + 0.003 1.02 0.999 1.10 -1.87 1.10
5.5 1.000 + 0.003 1.010 + 0.004 0.97 - - - -
6.0 1.000 + 0.003 1.000 + 0.003 1.05 0.991 0.91 -5.19 0.91
6.5 1.000 + 0.003 1.000 + 0.003 0.98 - - - -
7.0 1.000 + 0.003 0.990 + 0.003 1.00 0.981 1.94 -1.54 0.92
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Table 4 - Dose rate (cGy/s) along the transverse axis obtained from Flexiplan TPS and Monte Carlo for Flexisource 192Ir
source in water phantom.

1 (cm) Flexiplan Flexisource Point source Diff. (%) Diff. (%) Diff. (%)
(TPS) source (MC) (MC) [A] - [B] [A] - [C] [B] - [C]
[A] (B] (]
0.5 13.11 12.32 + 0.01 14.05 + 0.007 6.41 —6.69 14.04
1.0 3.41 3.18 + 0.003 3.54 + 0.002 7.23 —-3.67 11.32
1.5 1.53 1.43 £ 0.002 1.58 £ 0.001 6.99 -3.16 10.48
2.0 0.87 0.81 + 0.001 0.89 + 0.001 7.41 —2.25 9.87
2.5 0.56 0.52 £+ 0.001 0.57 £+ 0.001 7.69 -1.75 9.61
3.0 0.39 0.36 + 0.001 0.40 + 0.000 8.33 —2.50 11.11
3.5 0.28 0.27 £+ 0.001 0.29 £ 0.000 3.70 —3.45 7.40
4.0 0.22 0.20 + 0.000 0.22 + 0.000 10.00 0.00 10.00
4.5 0.17 0.16 £ 0.000 0.18 £ 0.000 6.25 —5.56 12.50
5.0 0.14 0.13 + 0.000 0.14 + 0.000 7.69 0.00 7.69
5.5 0.11 0.11 £ 0.000 0.12 £ 0.000 0.00 —8.33 9.09
6.0 0.10 0.09 + 0.000 0.10 + 0.000 11.00 0.00 11.11
6.5 0.08 0.08 £ 0.000 0.08 £ 0.000 0.00 0.00 0.00
7.0 0.07 0.07 + 0.000 0.07 + 0.000 0.00 0.00 0.00
4.0 of 11.00%. This value, within the uncertainties involved, indi-
cates an agreement between these two data sets. It should be
— 36l noticed that the TPS calculations are normally performed for
N\"’ ’ a water medium. Furthermore, the comparison between the
& dose rate distributions for the Flexisource HDR 2Ir source and
(.’? 32 the point source show that the use of a point source approx-
o~ imation instead of a complete definition of source geometry
; . creates a relatively large error in some cases (up to 14.04%).
o 2.8 — Flexiplan (TPS) . .
B - Flexisource source (MC) Furthermore, the results from TPS calculation for Flexisource
o Point source (MC) and MC calculation for a point source were practically equal
8 24} within the calculation uncertainties. As can be considered
from Fig. 2, at almost all of the data points, the point source
curve is above the curves related to 2Ir Flexisource and
2'00.0 10 2.0 3.0 40 5.0 6.0 70 Flexiplan TPS. By taking the Flexisource MC simulations as

7 (cm)

Fig. 2 - Dose rate x r? (cGy m?/s) along the transverse axis
versus distance in water phantom for Flexisource °2Ir
source and point source obtained from MC calculations and
Flexiplan TPS.

5. Discussion and conclusion

In the present study Flexiplan TPS dose rate calculations
were verified based on MC simulation of Flexisource HDR 1%?Ir
source. Dose rate constants for Flexisource 1°?Ir source in a
water and soft tissue phantoms are approximately equivalent.
The percentage difference between the dose rate constant
value from this study and the published data is small, 0.09%
for a water phantom. The radial dose function results in a soft
tissue and water phantom indicate that the phantom material
does not have a dominant effect on accuracy of the simula-
tions, since the maximum difference is 1.94%. The maximum
difference between the radial dose functions from Monte Carlo
and Flexiplan TPS is 5.19%. The dose rate constant for point
source geometry shows that the soft tissue and water phan-
tom are practically equal. The results of the comparisons
between dose rates from TPS and MC for the Flexisource HDR
1921y source in a water phantom show a maximum difference

a reference, it can be concluded that both the point source
approximation and Flexiplan TPS calculations overestimate
the dose rate. However, at distal points from the source, the
differences of dose rate x r? between these methods seem to
decrease.

192y HDR sources are being used in afterloading systems.
To verify and obtain dose distributions from TPS calculations,
MC techniques are commonly used. In clinical practice, there
are cases in which the sources are used in a stepping manner
for irradiation of a target volume. In this method, a source is
placed inside tubes in a number of locations, and the source
is moved inside each tube at various steps, dwelling at each
of them for a period of time. One way to simulate these step-
ping cases is to write separated MC input files, each of them
including one step geometry details, and then to calculate the
overall dose distribution as summation of the outputs of the
all input files. However, this manner seems to be difficult due
to the need for writing and running of a large number of input
files. Another option is to simulate all the steps in a single
input file and allocate time weighting to each source position.
In this manner there may be some overlapping steps in which
two source positions overlap each other. Therefore, simulation
the source in its full geometrical form in each step may be diffi-
cult because they overlap each other in some cases. Definition
of the source as a point source can be an option to overcome
this problem. The point source model for stepping sources can
be used for the calculation of dose distribution in the target
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volume and also for the assessment of dose enhancement in
the presence of a high atomic material (such as gadolinium,
gold nanoparticles) in brachytherapy. Using the point source
model, can prevent the sources from overlapping, butit should
be noted that it involves uncertainties in dose calculations. In
the present study, to verify the dose rate used in the Flexi-
plan TPS, water was considered as a phantom medium and
TG-43 parameters in the water phantom were utilized. Nor-
mally, in treatment planning process with TPSs, computed
tomography images are used for dose calculation in various
tissues while their electron densities are considered in the cal-
culations. However, the atomic compositions of various soft
tissues are not involved in the calculations. Ghorbani et al.
investigated the effect of tissue composition on dose distri-
bution for various photon emitting sources.'” The results of
their study showed that for 1°2Ir source no considerable differ-
ence was observed in various soft tissue phantoms. However,
in the presence of bone as an inhomogeneity, it is predicted
that changes in dose distributions will be observed. Evaluation
of the accuracy of dose distribution calculation by Flexiplan
TPS in the presence of inhomogeneities via Monte Carlo sim-
ulations or experimental dose measurements can be a subject
of further study on the Flexiplan TPS.

In a study by Fazli et al,'® dose distribution from MC
simulations, Flexiplan TPS calculations and normoxic gel
dosimetry were compared for a non-homogeneous nasopha-
rynx phantom. The phantom was irradiated by 1°?Ir Flexitron
afterloader. Their results showed a difference of up to 6.1%
between MC simulations and three-dimensional TPS data. In
another study, Yazdi et al.'? compared the percentage isodose
curves and cumulative DVHs obtained from an MC simulation
with Flexiplan TPS calculations for Flexisource *?Ir source
in the presence of rib and lung heterogeneities. Their study
showed that by taking into account the ribs and entering the
data of breast, lungs and ribs, the Flexiplan TPS calculations
include an average overestimation of 8% in the lung dose. It
was reported that the TPS accuracy is limited to the regions
near the implants and there is a concern for boundaries and
heterogeneity regions from a dosimetric point of view.
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