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The 92|r sources are the most commonly used in brachytherapy treatments of high dose rate. The aim of this paper is to
provide the characteristic functions established by AAPM Task Group 43 (TG-43) using PENELOPE 2008.1 simulation code
for the most widespread 192Ir sources in Spain: Gammamed Plus and Varisource 2000 sources distributed by Varian Medical
Systems and MicroSelectron source distributed by Nucletron BV. Also the new model, mHDR-v2r, has been characterized for
MicroSelectron source, including some changes from previous design, mHDR-v2.

Radial dose function, anisotropy function, air-kerma strength, dose rate constant and absorbed dose rate in water tables
are in good agreement with available data from other calculations. The obtained values for the dose rate constant have
been 1.111+0,002 cGy/(hU) for Gammamed Plus source, 1.111+0.002 cGy/(hU) for MicroSelectron mHDR-v2 source,
1.112+0.002 cGy/(hU) for MicroSelectron mHDR-v2r source and 1.096+0.002 cGy/(hU) for Varisource 2000 source. Complete

dosimetric results are available in http://bgseeds.sarh.es.

In this work, results have been obtained for the studied sources with the same calculation conditions and simulations that

meet current recommendations.
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Introduction

192]r high dose rate sources are widely used in
brachytherapy applications by inserting needles and
catheters or implants that allow the source to reach
tumor lesions in different anatomical locations: uterus,
cervix, prostate, breast, esophagus, bronchi and oth-
ers. The dosimetric characterization of these sources
and seeds is fundamental for the brachytherapy treat-
ment planning. Monte Carlo (MC) calculations allow us
to achieve this goal by modelling the geometry of the
radioactive source and the processes of interaction of
the particles emitted in the decay process. It also allows
us to obtain data even at points where the performance
of an experimental measurement is very difficult.

The AAPM TG-43! establishes how to characterize
dosimetry of brachytherapy sources. The update of this
protocol (TG-43 U1)? for low energy sources for inter-
stitial brachytherapy (less than 50 keV average energy)
includes recommendations for the implementation of
dosimetry calculations through MC simulations that are
also applicable to higher energy sources (definition of the
radial extension of the results, simulation of enough num-
ber of histories for ensure a good statistical uncertainty,
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recommendation of certain cross sections libraries,...).
Besides, Li et al® present recommendations for sources
that emit photons with energies above 50 keV follow-
ing the TG-43 Ul. This paper suggests following the
scheme of TG-43 U1 and recommends that the calcula-
tion uncertainties for absorbed dose rate tables should
remain below 6% at 20 and spatial resolution must be
less than 2 mm, but does not include recommendations
regarding the spatial extent of the calculation.

In this work, MC simulations have been performed
for the dosimetry characterization of Gammamed Plus
and VS2000 VariSource, distributed by Varian Medical
Systems, and MicroSelectron (mMHDR-v2 model), distrib-
uted by Nucletron BV, 192r high dose rate brachytherapy
sources. The characteristic TG-43 functions and param-
eters have been obtained incorporating the recommen-
dations given in TG-43 U1, as well as those suggested
by Li et al®. Thus, the results have been achieved up to
a radial extension of 40 cm with a statistical uncertainty
less than 2% for a coverage factor k = 1.

For MicroSelectron source, MC dosimetry has
been also performed for the new model source,
mHDR-v2r, incorporating the changes introduced by
the manufacturer.
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All MC calculations were performed with the same
methodology and identical simulation conditions (mate-
rials modelled with the same composition, same calcu-
lation grid for the energy deposition, same simulation
code and parameters,...) which improve the intercom-
parison of results between different sources.

Material and methods
Sources and radionuclides description

MicroSelectron mHDR-v2 (MS-v2) source have
been modelled following the work of Daskalov et
al*. The source is composed of a cylindrical core
of 3.6 mm length and 0.65 mm diameter whose
extremes are truncated cones of 0.25 mm height and
major and minor diameters of 0.65 mm and 0.5 mm,
respectively. The source capsule is made of AISI 316L
stainless steel with 4.5 mm total length, 0.9 mm diam-
eter and a hemispherical termination. The connection
to the cable responsible for the source movement is
through a truncated cone for adapting the different
diameters. This cable is modelled as a cylinder with
0.7 mm diameter of AISI 314 stainless steel with den-
sity of 4.81 g/cm3 to account for the interlace respon-
sible for its flexibility.

The new model MicroSelectron mHDR-v2r (MS-v2r)
source has been made following the work of Granero
et al®. The most remarkable changes over the previous
model affect the active core of the source, now mod-
elled as an iridium cylindrical core of 0.6 mm diameter
and 3.5 mm length. Besides, the union of the source to
cable has been modified.

GammaMed Plus (GM) source has been modelled
following the work of Ballester et al®, but the end of
the source has been modelled with a truncated cone
according to the information provided by the manufac-
turer. Thus, the core is modelled as an iridium cylinder
of 3.5 mm length and 0.6 mm encapsulated with AlSI
316L stainless steel with internal diameter of 0.7 mm,
external diameter of 0.9 mm and maximum length of
4.5 mm to form a cylinder with truncated cone end.
Encapsulation is directly connected to a cable that has
been modelled as a cylinder of an AISI 304 stainless
steel of 5.6 g/lcm3 density and of 0.9 mm diameter.

VariSource VS2000 (VS) source has been mod-
elled through Angelopoulos et al” work. The source
active core is composed of two cylinders with hemi-
spherical end of 2.5 mm length and 0.34 mm diame-
ter and it's made of iridium. This core is encapsulated
at the end of a cylindrical guide of 150 mm length
and 0.59 mm diameter that have a hemispherical
end composed of a nickel and titanium alloy. The
distance between the end of the capsule and the end
of the core is of 1 mm.
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Every model details are shown in fig. 1 with materi-
als used in its simulation and dimensions expressed
in mm. Changes between the new model MicroSelectron
mHDR-v2r and mHDR-v2 are also shown. The compo-
sition of the materials for the simulations is described in
table 1. Stainless steel data have been averaged from
standards for this alloys8. Water and air compositions
are collected from TG-43 U1.
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Fig. 1. Source geometries. Dimensions are in millimetres.
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Table 1. Fractions by weight of each material in simulations.
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com‘g;::’i'on Iridium Ni-Ti AISI 316L AISI 304 Water Air
H - 11.1 0.073
C 0.03 0.08 0.012
N 0.1 0.1 75.033
0 - 88.9 23.608
Si 0.75 0.75
- 0.045 0.045
S 0.03 0.03
Ar - - 1.274
Ti 44.25
Cr 17 19
Mn 2 2
Fe 65.545 68.745
Ni 55.75 12 9.25
Mo 25
Ir 100
Density (g/cm?) 2242 6.5 8.03 2_'851([(;&"3“::;"’8)) 0998 | 1.20x10°
102 : and electron capture (4.76(4)% probability). The emis-
o sion spectrum of characteristic X-rays emission and
46807 | 4783 desexcitation products is shown in fig. 2. A number of
10 2%;%% 35(5‘;’ i 2.3575 photons by disintegration have been considered.
_ 6;33; o3l These values have been obtained from LUND/LBNL®
§ 10° sass | 452 | nuclear database. Electrons from beta decay have not
S wass | 318 been simulated, being their contribution lower than the
2101 @m | 20 | estimated uncertainty in defining the geometry, 192Ir
o | 124 distrlibution in the source or the uncertainty of the cross
. 75 | 10s || sections used by simulation codes!®.
Remaining I<1%
10° ‘ ‘ W ’ - : ‘ J - Simulation code
0 200 400 600 800 1000 1200 1400
E(keV)

Fig. 2. Photon energy spectrum emitted by 2Ir disintegra-
tion. Lines with major contribution (more than 1 photon by
100 disintegrations) are included in the inserted table.

In all cases, it is considered that the 192|r radionu-
clide is uniformly distributed in the iridium core.

192]r js a product of the metallic iridium neutron
bombardment with a half life of 73.831(8) days” that
decay through beta emission (95.24(4)% probability)

" The value in parentheses indicates the uncertainty on the last
significant figure, read 73.831(8) as 73.831+0.008.

PENELOPE!! is a general purpose MC code that
allows us to simulate the transport of electrons and
photons of energies ranging from a few hundred eV
to 1 GeV in a wide variety of materials. In addition,
PENELOPE allows describing particle transport in com-
plex geometries and provides an excellent description of
electron transport at low energies. Photon interactions
described in the code are: Rayleigh scattering, photo-
electric absorption, Compton scattering and pair pro-
duction. The Rayleigh scattering is based on the Born
approximation with non-relativistic form factors!213,
In the case of photoelectric absorption, PENELOPE gets
their tables from the EPDL (“Evaluated Photons Data
Library”) library of cross sections. Compton scattering is
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described by relativistic impulse approximation which
takes into account the Doppler broadening effect,
which is not considered in the library of cross sections
in the program EPDL97 nor XCOM!8. Pair production is
not in the energy range of the simulations of this paper,
E <600 keV. These characteristics make of PENELOPE
a useful tool for applications in medical physics.

In this work PENELOPE version 2008.1 has been used.

Air-kerma strength (S,)

For the specification of brachytherapy sources,
TG-43 defines air-kerma strength, S, as the air kerma
rate in free space at a distance 4 multiplied by the
square of the distance, d2.

S = K(d)d* (1)

In addition, to determine S, for line sources, the
TG-43 protocol recommends to set a distance d of 1 m
in the perpendicular direction to the axis of the source,
O=7/2.

In this paper, air kerma rate has been calculated
as a function of polar angle, 6, and the distance to the
source, d, according to!’:

K(d.0) = f ¢>E(6’)E%(E)dE )

where d and 6 are the polar coordinates of the
point where air kerma rate is computed, ¢.(0) is
the photon fluence rate with energy E for the angle 4,
E is the photon energy an x,.(E)/o is the mass energy-
absorption coefficient for the medium (air).

In the energy range of 92|r sources and for the
materials considered, the energy loss fraction through
radiative processes for charged particles, g, is negligi-
ble so the mass energy-absorption coefficient can be
approximated by the mass absorption coefficient:

Hen Mo Hir
Hon _ Mo _ gy~ M (3)
o o (I-g) o

The mass energy-absorption coefficients for air have
been obtained by interpolation of the data published by
the NIST1®. A segmental cubic spline fit has been used
for interpolation.

The photon fluence has been determined by
MC simulations considering the source immersed
in vacuum and accumulating the photons passing
through a spherical surface of 1 m radius centered
on the active core as function of its energy and polar
angle. The binning for the surface has been A6=1°.
The detected photon energy has been accumulated
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in bins of AE=1 keV to avoid artefacts due to the
use of greater width cells!®. All the simulation param-
eters have been fixed at values equal for all materi-
als, except DSMAX value: C1 = 0.05, C2 = 0.05,
WCC = 10* eV, WCR = 103 eV. The selected absorp-
tion energies were: 10° eV for electron EABS and
5x103 eV for photons EABS. For the DSMAX param-
eter, the selected values were 0.006 cm for iridium,
0.0005 cm for air, 0.001 cm for capsule and 0.009 cm
for the cable. The simulated histories number was
6.4x1010 for all sources.

Under these conditions the air kerma rate in free
space has been calculated using the expression:

Kd,0) =Y ¢.(OF, “;" (E)AE 4)

where E, is the central value of each bin in the energy
histogram of width AE.

Two sets of kerma MC simulations have been per-
formed to study the influence of the low energy photon
spectrum (E< 14 keV) and characteristic X-rays of the
iridium L shell (E=13.4 keV). One of the simulations
includes these values in simulations and the other
avoids low energy photons in the simulation using pho-
ton energy absorption values of 20 keV for the iridium
and 5 keV for the capsule.

Absorbed dose rate in water

To calculate the absorbed dose rate in water, the
source is immersed in a semi-infinite water phantom
(0=0.998 g/cm3, radius=1 m) with the center of the
coordinate system in the center of the iridium core
and the Z axis along the source and the positive sense
towards the end of the capsule.

In order to make some comparisons with other
published data that do not share these calculation
conditions, simulations have been performed in a finite
phantom of 15 cm radius and using a value of 1 g/lcm3
for the water density.

The number of simulated histories has been of
1.575x 1010 for GammaMed Plus source, 1.05x 1010
for MicroSelectron mHDR-v2 and MicroSelectron
mHDR-v2r sources and 0.96x1010 for VariSource
2000 source. The deposited energy in each interac-
tion of the transport of electrons and photons simula-
tion has been accumulated to perform the calculation,
so absorbed dose rate per S, unit in the accumulation
volume has been obtained. We have used two differ-
ent spatial discretizations: One with annular cylindri-
cal cells of Az = 0.05 cm and 4r = 0.05 cm and
other with spherical coordinates discretization cells of
Ar=0.05cm and 46=1°.
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The simulation parameters used for dose rate in
water are the same as for the kerma calculation, except
for absorption energy: 10° eV for electron EABS and
103 eV for photon EABS. A value of 10%° cm has been
chosen for DSMAX parameter in water. This value
ensures that electrons with energy below EABS have a
range lower than a half of any dimension of the energy
storage cells, according to the PENELOPE!! manual, for
the continuous slowing down approximation.

A 2D table for absorbed dose rate in water has
been made through obtained calculations and the
dose rate constant, dose radial function and anisotropy
function have been calculated following the AAPM
TG-43 protocol for the linear source approximation.
The considered active length for each source model
has been 3.5 mm for the source GammaMed Plus,
3.6 mm MicroSelectron mHDR-v2 source, 3.5 mm
MicroSelectron mHDR-v2r source and 5 mm for
VariSource 2000 source.

Compilations and other references

The obtained data have been compared with col-
lected data of dosimetric parameters of brachytherapy
sources that are available in http://www.physics.car-
leton.ca/clrp/seed_database®® (dataset from Taylor et
al?! that with homogeneous calculations using EGSnrc
code simulations) and in http://www.uv.es/braphygs??
(compilation of results from various authors and where
the simulation characteristics, such as phantom size or
simulation code, depend on the reference).

Also, comparisons have been made with previous
PENELOPE based results by Berenguer et al®®> and
Casado et al?4, and recent results of Granero et al® for
MS-v2r source available in ftp://ftp.aip.org/epaps/medi-
cal_phys/E-MPHYA6-38-055101.

Uncertainties

The uncertainty associated with the results is
due to statistical noise of the simulations, evalu-
ated following the methodology described by Salvat
et al'l. One standard deviation has been shown as
the uncertainty. We used the quadratic propagation
of uncertainties in the calculation of uncertainty
for magnitudes calculated from the simulations:
absorbed dose rate constant, radial dose function
and anisotropy function. These uncertainties are
called type A25.

Type B uncertainties have not been included in this
analysis. A detailed discussion for their estimation in
the field of brachytherapy sources and the difficulties
associated with this question can be found in TG-43 U1
and AAPM TG-1382% report.
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Results and discussion
Air kerma rate

“Air-kerma strength” (S,) per unit of source activity
at the TG-43 reference point (d=1 m, §=90°) obtained
for the different sources has been:

— GammaMed Plus: 9.87(2)x 108 U/Bq.

— VariSource 2000: 10.32(2)x108 U/Bq. This value
is in good agreement with that obtained by Casado
et al?4, 10.15(21)x 108 U/Bq, and Angelopoulos et
al’, 10.27 (5)x107® U/Bq.

— MicroSelectron mHDR-v2: 9.78(2)x108 U/Bq.
This value is in good agreement with that obtained
by Berenguer et al?3, 9.82(3)x 108 U/Bq.

— MicroSelectron mHDR-v2r: 9.86(2)x 108 U/Bq. This
value differs 0.8% from the value obtained for the
model mHDR-v2.

Air kerma rate depending on polar angle at 1 m is
shown in fig. 3 for the analysed sources. A significant
dependence on it can be observed.

The influence of low energy photons in S, has been
studied, following the work of Borg et al'®. MC simula-
tions have been performed taking and not taking into
account these low energy photons. Our results show
that not taking into account the lower energy photons at
20 keV in energy iridium and less than 5 keV in the steel
capsule leads to a reduction of 0.01%. On the other
hand, the inclusion of low energy photons does not
carry a significant cost in simulation computer time.

Absorbed dose rate tables
(along-away dose tables)
The achieved statistical uncertainty is kept below

2% throughout the considered space, except in the
longitudinal axis, due to the small size of accumulation

11

T,

k(f,d=1 m)/A (x10-8 U/Bq)

0 30 60 90 120 150 180
Angle (degrees)

Fig. 3. Air kerma rate at 1 m per activity unit as a polar
function, K(0,d = 1m)/A.

Rev Fis Med 2011;12(3):159-168



164

JF Almansa Lopez et al.

Table 2. Comparison of absorbed dose rate constants in cGy/(hU).

This work Referenced values
GM 1.111(2) 1.118(3) [ref. 6] 1.115(3) [ref. 211
MS-v2 1.111(2) 1.108(2) [ref. 4] 1.109(2) [ref. 211 1.110(4) [ref. 23]
MS-v2r 1.112(2) 1.1121(8) [ref. 5]
' 1.096(2) 1.101(6) [ref. 7] 1.099(2) [ref. 21] 1.10(3) [ref. 24]

GM (This work - ref. 21)

0 GM (This work - ref. 6)

r(cm)

10 5 0 5 10 20 -10 0 10 20
z (cm)

MS-v2 (This work - ref. 4)

r(cm)

-5 0 5
z(cm)

VS (This work - ref. 24)

Diff. (%)

‘u'll"
Lt

4 2 0 2 4

Fig. 4. Local difference in % of absorbed dose rate calcula-
ted in this work versus references. Each pixel corresponds
to a point in the table of reference data being compared.

cell. The statistical uncertainty in the reference point
(r=1cm and z=0 cm) has been 0.1%.

Comparisons of the data obtained in this work to the
absorbed dose to water in cylindrical coordinates with
the bibliographic data have been performed.

Fig. 4 shows a map of differences of absorbed dose
rate distribution for different sources. These comparisons
have shown a good agreement between the obtained
values by PENELOPE simulations and those obtained by
Taylor et al?! with EGSnrc, except for small differences in
contact with the source and cable. The average value of
the differences™™ has been -0.01% for GM source (range
between —-1.6% and 3.0%), 0.2% for MS-v2 source

Points with radius smaller than 5 mm have been ignored.
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Tahle 3. Dose radial function obtained in this work for semi-
infinite phantom.

r (cm) GM MS-v2 MS-v2r '
0.25 0.994(1) 0.993(1) 0.993(1) 0.992(1)
0.5 0.996(1)  0.999(1)  0.994(1) 0.997(1)
0.75 0.995(1) 0.996(1) 0.996(1) 1.002(1)
1 1.000(1) 1.000(2) 1.000(2) 1.000(2)
15 1.001(1) 1.002(2) 1.003(2) 1.004(2)
2 1.002(1) 1.005(2) 1.003(2) 1.011(2)
3 1.006(2) 1.004(2) 1.007(2) 1.010(2)
4 1.004(2) 1.008(2) 1.011(2) 1.014(2)
5 1.006(2) 1.003(2) 1.002(2) 1.014(2)
6 0.990(2)  0.994(2)  0.991(2) 1.008(2)
1 0.985(2) 0.987(2) 0.994(2) 0.993(2)
8 0.974(2)  0.975(3)  0.968(3) 0.982(3)
9 0.953(2) 0.960(3) 0.955(3) 0.966(3)
10 0.947(2) 0.941(3) 0.940(3) 0.949(3)
12 0.899(2) 0.897(3) 0.899(3) 0.905(3)
14 0.847(2)  0.852(3)  0.847(3) 0.854(3)
16 0.795(2) 0.794(3) 0.792(3) 0.809(3)
18 0.742(2) 0.743(3) 0.741(3) 0.747(3)
20 0.693(2) 0.682(3) 0.690(3) 0.688(3)
25 0.550(2)  0.546(3)  0.552(3) 0.556(3)
30 0.422(2) 0.420(3) 0.424(3) 0.423(3)

(range between —1.1% and 0.9%) and -0.14% for VS
source (range between —2.7% and 1.7%). A comparison
with published data from Granero et al® for MS-v2r new
geometry has been made. The average difference was
0.2% (range between -2.3% and 2.7%). For the GM
source results comparison with Ballester et al®, a semi-
infinite water phantom has been used and a good agree-
ment has been found with a mean difference of -0.4%
and range between —-1.8% and 0.9%.

MS-v2 source (reference values from Daskalov
et al*) and VS source (reference values from Casado et
al?*) comparisons have been made with the obtained
results from 15 cm radius water phantom. Results of
MS-v2 have shown small differences between -1.4%
and 0.6% with —-0.2% average. For VS source, the
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Fig. 5. Representation of the radial dose function and the differences in % for our results with semi-infinite phantom

versus references.

differences are a little higher with -0.3% of average
(range between —1.7% and 1.1%). The values tabulat-
ed in the reference with only two decimal places have
been eliminated in the comparison.

TG-43 dosimetry parameters

TG-43 Parameters and functions have been calcu-
lated. A comparison of dose rate constants obtained in
this work with PENELOPE with previous data is presented
in table 2. MS-v2, MS-V2r and VS sources show a good
agreement with the reference data, while GM source
shows a significant difference if we consider the uncertain-
ties of the results, although the difference is less than 1%.
This difference may be due to the library of cross sections
used in Geant3.21 (MC code used by Ballester et al®).

Table 3 shows the obtained values for the radial
dose function through the discretization in cylindrical

coordinates when the simulations are performed within
a semi-infinite water phantom. A comparison™" of the
radial dose function calculated in these conditions is
presented in Fig. b.

The radial dose function is the parameter that most
clearly shows the influence of the phantom size in the
calculations. It is observed that up to a radius of 5 cm,
the differences are below 1%, but differences grow
quickly from this value (2% to 6 cm, 4% to 8 cm and
7% to 10 cm). This question has already been dis-
cussed by other authors 23.27.28,

Results of radial dose function for 15 cm radius
spherical water phantom have been shown in fig. 6 to
validate our simulations for MS-v2 and VS source. These
comparisons show very small differences (between —1%
and 1%) for all sources.

-

Points with radius smaller than 5 mm have been ignored.
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Fig. 6. Representation of the radial dose function and the

differences in % for our results with 15 cm radius phantom

versus references.

The dependence of dose radial function with phan-
tom size shows the necessity to know the calculation

in order to determine the absorbed dose at radial dis-
tances greater than 5 cm (estimation of absorbed dose

to distant organs or treatment implants in surface areas

conditions of the data entered in the planning system
such as breast, cervix, etc.).

Some values of the anisotropy function are show in
table 4 (calculated with spherical coordinate discretiza-

with the data in references shows absolute differences
below 2%. Moreover, anisotropy functions do not have

tion). The agreement of the data obtained in this work
significant phantom size dependence.

A complete set of results obtained in this work can
be found at the link http://bgseeds.sarh.es. It presents
2D absorbed dose rate tables in water (along-away

tables), dose rate constants, radial dose functions and
anisotropy functions for the line source approach.
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Conclusions

MC simulations following current guidelines have
been performed to get the full dosimetric characteriza-
tion for the 192|r sources most widely used in Spain using
the PENELOPE simulation code version 2008.1. The
angular dependence of the intensity of air kerma for this
type of sources as well as the differences in this value
among the four sources considered have been shown.

The absorbed dose rate in water, the radial dose
function and anisotropy function have been calcu-
lated. The results obtained are in good agreement with
published data, also obtained with MC simulations,
the differences between them can be explained by the
difference in the interaction and transport models that
implement different simulation codes, as well as small
differences in the geometric description of the sources.
The results were obtained with higher spatial resolution,
lower statistical uncertainty and greater range than most
of the published data. On the other hand, the simula-
tions and calculations were performed using the same
methodology for the four sources, which has been
described in detail in this article. This facilitates the
intercomparison of the results obtained from different
sources, providing a compact set of dosimetric data
obtained with PENELOPE 2008.1 for the ??Ir sources
most used in Spain.

The agreement between all the results obtained in
this work with PENELOPE and the results from Taylor
et al’! obtained with EGSnrc is excellent. With the rest
of references, due to different phantom sizes, results
cannot be compared with the primary data obtained in
this work and we have made simulations with finite size
phantoms to compare with.
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