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Purpose: Recently, the manufacturer of the HDR 192y mHDR-v2 brachytherapy source reported
small design changes (referred to herein as mHDR-v2r) that are within the manufacturing toler-
ances but may alter the existing dosimetric data for this source. This study aimed to (1) check
whether these changes affect the existing dosimetric data published for this source; (2) obtain new
dosimetric data in close proximity to the source, including the contributions from '*Ir electrons and
considering the absence of electronic equilibrium; and (3) obtain scatter dose components for
collapsed cone treatment planning system implementation.

Methods: Three different Monte Carlo (MC) radiation transport codes were used: MCNP5, PENE-
LOPE2008, and GEANT4. The source was centrally positioned in a 40 cm radius water phantom.
Absorbed dose and collision kerma were obtained using 0.1 mm (0.5 mm) thick voxels to provide
high-resolution dosimetry near (far from) the source. Dose-rate distributions obtained with the three
MC codes were compared.

Results: Simulations of mHDR-v2 and mHDR-v2r designs performed with three radiation transport
codes showed agreement typically within 0.2% for r=0.25 cm. Dosimetric contributions from
source electrons were significant for »<<0.25 cm. The dose-rate constant and radial dose function
were similar to those from previous MC studies of the mHDR-v2 design. The 2D anisotropy
function also coincided with that of the mHDR-v2 design for »=0.25 cm. Detailed results of dose
distributions and scatter components are presented for the modified source design.

Conclusions: Comparison of these results to prior MC studies showed agreement typically within
0.5% for r=0.25 cm. If dosimetric data for r<0.25 cm are not needed, dosimetric results from
the prior MC studies will be adequate. © 2011 American Association of Physicists in Medicine.
[DOLI: 10.1118/1.3531973]
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I. INTRODUCTION

The AAPM High Energy Brachytherapy Source Dosimetry
working group is concerned with the dosimetry in the near-
source region (where radial distances r are approximately
equal to the source active length L). Here, the data are typi-
cally nonexistent, and the influence of the contribution of
other dosimetric components such as electrons and the lack
of electronic disequilibrium are frequently neglected or
obviated." Current treatment planning systems (TPSs) used
for high-dose-rate (HDR), pulsed-dose-rate, and low-dose-
rate brachytherapy allow direct introduction of tabulated
dose rates from the literature using the TG-43 formalism.
These TG-43 data are usually derived from Monte Carlo
(MC) radiation transport simulations to estimate absorbed
dose by collision kerma, K. Consequently, these data are pro-
vided at distances from the source capsule large enough to
assure that the equivalence of kerma and dose is valid. TPS
extrapolates data outside of the available TG-43 data range.

Dose extrapolation at short distances would not be necessary
if TG-43 data with adequate range and spatial resolution
were available, which include source electron contributions
to absorbed dose and account for electronic disequilibrium.
Alternatively, this type of data may provide guidance in es-
tablishing methodological limitations using extrapolation
techniques.

The HDR '’Ir model mHDR-v2 brachytherapy source’
(Nucletron B.V., Veenendaal, The Netherlands) is used
worldwide for HDR brachytherapy. Nucletron recently pro-
vided manufacturing and dimensional details that differed
slightly from those reported by Daskalov et al.® These dif-
ferences consist of an active core thinner and shorter than
previously reported and a different union of the source to the
delivery cable. The AAPM recommends that brachytherapy
dosimetric data be available and new dosimetric studies must
be performed following any design modifications.*> Also, in
order to compare data to the advanced TPS algorithms that
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account for material heterogeneities and patient dimensions,’
modern data of high quality are needed. Although there are
complete dosimetric studies in literature for the mHDR-v2
source,3’7’8 none calculated dose at very short distances
around the source or accounted for the influence of the elec-
tron dose component and the lack of electronic equilibrium
on the dose distribution. Wang and Li,9 Baltas et al.,2 and
Ballester ef al." calculated the effects of electrons emitted by
the mHDR-v2 source and gave some values on the transverse
axis not directly related to the dosimetry of the source.

Thus, the primary objective of this study was to calculate
the dosimetric influence of the dimensional and manufactur-
ing differences for the mHDR-v2 source, giving new dose-
rate tables following the TG-43 formalism.”* Additionally, do-
simetric data are also provided following the primary and
scatter dose separation (PSS) for the collapsed cone (CC)
technique,7’10 which could be wused in convolution/
superposition methods'' to calculate dose distributions
around brachytherapy sources in heterogeneous media. The
influence of source electrons on dosimetry data, as well as
the influence of the lack of electronic equilibrium near the
source capsule, is taken into account in the TG-43 formalism
and the PSS algorithm to provide more accurate dosimetric
data in proximity to this source.

Il. MATERIALS AND METHODS
Il.A. Description of sources

The design of the model mHDR-v2 source was taken
from Daskalov ef al.,’ as shown in their Fig. 1(c). The minor
dimensional variations in the model mHDR-v2 source
(model “mHDR-v2r” in the following text) are shown in Fig.
1. In contrast to the mHDR-v2 source, which is 0.65 mm in
diameter and 3.6 mm in length, the mHDR-v2r 19211 source
is 0.60 mm in diameter and 3.5 mm in length. These changes
are within the manufacturing tolerances. Another change in
the mHDR-v2r source is a modified fixation of the source to
the cable, where 0.4 mm of the cable attached to the source
capsule has been replaced with stainless steel. Encapsulation
thicknesses (0.1 mm in the transverse-axis direction and 0.2
mm at the source distal end) remain unchanged. The materi-
als and composition by weight for the mHDR-v2r source and
delivery cable have not changed from the mHDR-v2 source
as reported by the manufacturer, and thus were the same as
those provided by Daskalov et al?
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I1.B. Monte Carlo codes

MC methods for radiation transport simulations were used
to study the dosimetry around the mHDR-v2r source. Differ-
ent MC codes present different radiological physics models,
different cross sections, and different tracking methods in the
transport of electrons. As dose at short distances from the
source was sought where electrons emerging from the source
capsule and nonelectronic equilibrium conditions may be do-
simetrically important, three different MC codes were used.
These MC codes were MCNP (version 5),12 PENELOPE2008,13
and GEANT4 (version 9.3),'"* which have been successfully
used for dosimetric studies in the field of
brachytherapy. 115-23

For all three MC codes, photon and electron cross sec-
tions were based on the EPDL97 and EEDL97 cross sections
libraries, respectively,zé"25 except for PENELOPE2008 where
the impulse approximation was used to account for Doppler
broadening and binding effects.!? Consequently, photoelec-
tric effect, pair production, and Rayleigh cross sections used
by the three codes were the same, while Compton cross sec-
tions in PENELOPE2008 differed from those of GEANT4 and
MCNP5. The possible influence on the dosimetric results of
using PENELOPE2008 with the Compton cross sections of the
EPDL97 library was also studied. For distances where source
electron contributions to dose were negligible and electronic
equilibrium existed, significant differences between the
codes were not expected.

II.C. Monte Carlo simulations
Il.C.1. Study of the model mHDR-v2 source

Differences between cross sections and photon spectrum
used by Daskalov et al. and those used with PENELOPE2008,
GEANT4, and MCNP5 are not expected to have significant in-
fluences on the final dosimetric results. Toward demonstrat-
ing this for the mHDR-v2 source, simulations were per-
formed to mimic the circumstances of Daskalov er al.® The
key features of the study of Daskalov et al. included:

(1) MCPT code™ with the DLC-99 (HUGO) (Ref. 26) pho-
ton cross sections library,

(2) ™Ir source photon spectrum from Glasgow and
Dillman?’ with no electron emissions,

(3) Photon-only transport (no electron transport was per-



489 Granero et al.: Dosimetry revisited for the HDR ®2Ir mHDR-v2 source 489

formed) with K at a geometric point calculated using
either exponential track-length estimator’° or once-more
collided flux es‘timator,28

(4) Air-kerma rate per unit contained activity was calculated
in a dry air sphere 5 m in diameter. Linear corrections
were used due to the buildup of scattered photons in air.
The photon cutoff energy was not indicated in Ref. 3,
but 10 keV was utilized in this study.

(5) The source geometry of Fig. lc in Ref. 3 was used with
the source centrally positioned in a 30 cm diameter

spherical water phantom. Water K was estimated at 600
positions from 0.1 cm=r=14 cm.

(6) The stainless-steel capsule was modeled as AIST 316L
(by weight, 2% Mn, 1% Si, 17% Cr, 12% Ni, and 68%
Fe) with a density of 8.02 g/cm?, with a 2 mm long
delivery cable having an effective density of
4.81 g/cm’.

(7) The phantom composition was liquid water having a
density of 1 g/cm? (0.998 g/cm? was used in the cur-
rent study).

(8) In both studies, the radioactive material was assumed to
be uniformly distributed inside the active source core.

The track-length kerma estimator and photon cross sec-
tions from the EPDL97 library were used for the simulations.
The photon spectrum was taken from the NuDat database,”
as recently suggested.15 The number of photons N, and elec-
trons N, generated in each simulation were as follows:
MCNP5 (N,=1.2X10°, N,=1.2X10°, and N,=2.4X10° to
estimate sx), PENELOPE2008 (N,=5X10%, N,=7 X 10, and
N,=5X10° to estimate si), and GEANT4 (10° "*’Ir disinte-
grations).

Il.C.2. Study of the model mHDR-v2r source

The electron spectrum generated by the GEANT4 code for
21y disintegration included B decay, internal conversion
electrons, and Auger electrons, and was similar to that of
Ballester et al. as shown in their Fig. l(c).1 In each disinte-
gration, /,=2.354 photons/Bq and /,=1.117 electrons/Bq
were generated, on average. However, due to the 10 keV
cutoff used for both photons and electrons, the photon and
electron intensities were reduced to 1,=2.2992 photons/Bq
and /,=1.113 electrons/Bq.

To obtain K and absorbed dose to water, and in order to
provide adequate spatial resolution, cells were 0.01 cm thick
for r=1 cm from the source and factors of 5 and 10 thicker
for I cm<r=3 cm and 3 cm<r=20 cm, respectively.
Angular sampling was taken every 2°.

The source was located at the geometric center of a
spherical liquid water phantom with 40 cm radius R to esti-
mate dose to water and simulate unbounded phantom condi-
tions for r=20 cm.'*" Water composition and mass density
used were those recommended by the AAPM.* Additional
simulations were performed to obtain sk, with either photon
spectrum in vacuum multiplied by air mass-energy absorp-
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tion coefficients at r=10 cm or with the source surrounded
by vacuum except for a small cylindrical air cell of 0.1 cm in
diameter and 0.1 cm in height at r=10 cm.

Dose contribution due to x rays and bremsstrahlung pho-

tons (Dy); source (3, Auger, and internal conversion elec-

trons (D,); and K were calculated and scored separately in
MCNP5 and PENELOPE2008, while they were obtained with
GEANT4 in a consistent manner using the nuclear disintegra-
tion class G4RadioactiveDecay. In this way, the region
around the source where the beta spectrum contribution to
dose is significant and where electronic equilibrium is

reached was determined. To estimate K, the F6 tally (linear
track length) was used in MCNP5 and user-written routines
using the linear track-length estimator™’ were developed for
PENELOPE2008 and GEANT4. Absorbed dose was obtained us-
ing the “F8 tally (cell heating) in MCNP5 and in a similar way
for PENELOPE2008 (using interacting forcing variance reduc-
tion technique to estimate the dose generated by photons in
PENELOPE2008) and GEANT4. Dose and kerma rate distribu-
tions were used to derive the final dosimetric parameters: (a)

K and Dy as a function of r at every polar angle sampled,
comparing by visual inspection where both calculations
match and, consequently, where electronic equilibrium is

reached; for r values lower than this matching distance, Dy

was chosen while K was retained for larger r values; and (b)
total dose-rate D distribution was obtained by D=1 ),D'y
+IeDe.

The primary and scatter dose separation formalism of
Russell et al.'’ separates the total dose into three compo-
nents: (1) Primary dose, the dose from a photon leaving the
source capsule (although there has been an interaction inside
of the source) until its first interaction in the water phantom;
(2) single scatter dose, the dose deposited from the first in-
teraction of the photon in the phantom to its second interac-
tion; and (3) the multiple scatter dose, the dose deposited
from the second interaction in the phantom until the photon
is absorbed or leaves the phantom. To score these compo-
nents of the dose, several user-written routines have been
developed in PENELOPE2008 and GEANT4. Electron dose con-
tributions are provided as an along-and-away table for inte-
gration into the CC method. The photon spectrum as it leaves
the source capsule was also scored for use in algorithms that
employ the PSS formalism. For more details of the PSS tech-
nique, the reader is referred to the study of Taylor and
Rogers7 or the original work of Russell ef al.'’

lll. RESULTS
lIl.LA. Model mHDR-v2 source

The differences in Compton cross sections between the
EPDL97 database and those calculated by PENELOPE2008 are
greater than 2% only at energies below 10 keV. As 10 keV is
considered the cutoff energy in the present study, it is ex-
pected that the influence of these differences on dosimetric
results will be small. To check this hypothesis, the EPDL97
database Compton cross sections were used with the PENE-
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FiG. 2. Comparison of collision kerma across the transverse axis for the
mHDR-v2 and mHDR-v2r source models. Collision kerma has been divided
by the geometry function G,(r,90°) to improve figure visualization due to
the high-dose gradient near the source.

LOPE2008 code and the dosimetric results were compared to
those obtained with the code’s own Compton cross-section
data. No statistically significant differences were found.

Comparisons of the results of Daskalov et al. with the
simulations of the mHDR-v2 model in this study indicate
that the TG-43 dosimetry parameters agree within k=1 sta-
tistical uncertainties (<0.2%). Using MCNP5, PENELOPE2008,
and GEANT4, A values (with k=1 statistical uncertainties)
were (1.1102+0.0004), (1.1100 % 0.0004), and
(1.1119+0.0005) cGy h™' U~!, respectively, with an aver-
age of A=(1.1107=0.0008) cGy h™! U~!. These agree with
the average value of the published data, A
=(1.109+0.012) c¢Gy h™! U~'.>" Differences between the
calculations of the radial dose function g;(r) and 2D aniso-
tropy function F(r, ) and those published are also within the
statistical uncertainties. PENELOPE2008, GEANT4, and MCNP5
simulations of the mHDR-v2 model reproduced results from
previous studies.>"’

Therefore, it was concluded that any statistically signifi-
cant dosimetric differences between the mHDR-v2 and
mHDR-v2r models can be attributed to source design differ-
ences and are not due to the choice of MC code and related
differences in radiological physics modeling. However, it is
later shown that dosimetric differences arising from dimen-
sional changes between the designs were negligible at almost
all locations in the vicinity of the source.

lll.B. Model mHDR-v2r source
lll.B.1. Comparisons with model mHDR-v2

Figure 2 depicts the transverse axis K for the mHDR-v2
and mHDR-v2r source models. The results plotted for each
model are representative of the same calculations obtained
using the other MC codes, which would be indistinguishable
at the plotted scale. As shown, absolute kerma differences
between the two source designs are ~1%. However, when
the dosimetry data are expressed in terms of the TG-43 do-
simetry parameter A (i.e., dose rate per unit air-kerma
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strength), these differences cancel out and the A values may
be considered equivalent within statistical uncertainties (see
Sec. II C).

In Fig. 3, the dose rate on the source transverse axis de-
picts MC-code agreement within a few percent. In Figs. 3(a)
and 3(b), the contribution of source electrons to dose and the
contribution of photons to dose (i.e., the effect of no elec-
tronic equilibrium close to the source) are shown, respec-
tively. The results from the three MC codes were in agree-
ment within the statistical uncertainties, including the dose
components from photons and electrons. Agreement within
statistical uncertainties was also observed in other regions
(i.e., 5=r=20 cm). The only region where the differences
exceed 2% was near the source longitudinal axis where the
statistical uncertainties were still greater than the dosimetric
differences between the MC codes. Since the results from all
three codes were similar, the results from one code (PENE-
LOPE2008, having the lowest statistical uncertainties) were se-
lected for uniform evaluation of the TG-43 dosimetry param-
eters.

The results for the mHDR-v2r source were compared to
the studies of the mHDR-v2. The differences in Fig. 3(c) are
due to the simplified beta spectrum considered by Baltas er
al’® and Wang and Li’ However, the differences between
GEANT4 for the mHDR-v2 source and PENELOPE2008 for the
mHDR-v2r source are due to voxel size artifacts. This effect
has been corrected in PENELOPE2008 by scoring the root-
mean-square value of r. The results illustrating the lack of
electronic equilibrium are shown in Fig. 3(d) and are com-
patible with those published for the mHDR-v2 source."*” In
Fig. 4, dose rate D(r,6) (cGy h™' U™") is presented for r
=1 cm, showing that the combined effect of the contribu-
tion of electrons to dose and the lack of electronic equilib-
rium near the source is high for r<<0.25 cm as expected.
Figures 2—4 have been plotted with the geometric depen-
dence removed to improve visibility of the figures at short
distances. We have used for the geometry function the linear
approximation as recommended in the TG-43U1.*

lll.B.2. TG-43U1 dataset for the model mHDR-v2r
source

The dose-rate distribution D(r, 6) was used to derive the
TG-43 dosimetry parameters4 with L=0.35 cm. In order to
provide comprehensive TG-43 dosimetry data for this
source, the data have been placed in an Excel spreadsheet as
additional material;’' an along-and-away table for QA pur-
poses is also provided. Upon averaging the results from the
three MC codes, A=(1.1121+0.0008) cGy h~' U~! for the
mHDR-v2r was obtained. This value is comparable to the
results of Daskalov et al® (1.109+0.011) cGy h™' U,
Taylor and Rogers’ (1.109 +0.002) ¢Gy h™! U™!, and Papa-
giannis er al® (1.109%+0.005) ¢cGyh™' U for the
mHDR-v2 source.

For r=0.25 cm, g;(r) was obtained using K estimation,
while absorbed dose due to photons and source electrons was
used for smaller distances. The g,;(r) obtained for the
mHDR-v2r source [Ref. 31 and Fig. 5(a)] agree well (typi-
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FiG. 3. (a) Dose contribution of electron spectrum (3, conversion electrons, and Auger electrons) obtained with the three MC codes used in this study for the
mHDR-v2r source. (b) Electronic equilibrium around the source is reached at about 2 mm from the source center. (c) Comparison of the contribution of
electrons to dose as obtained in this study for the mHDR-v2r source with published data for the mHDR-v2 source. (d) The same as in (c), but for the study
of the lack of electronic equilibrium near the source. These four subfigures correspond to a dose profile on the source transverse axis. Absorbed dose and
collision kerma have been divided by the geometry function G,(r,90°) to improve figure visualization due to the high-dose gradient near the source.

cally <0.2% differences) with the data of Taylor and Rogers
for the mHDR-v2 source for r=0.25 cm as well as with our
study of the mHDR-v2 source (see Sec. III B 1). In Fig. 5(b),
g.(r) is shown for r=0.5 cm. In order to accurately repro-
duce the dose distribution at close distances from the source,
gr(r) in 0.01 cm steps and up to 0.4 cm from the source
center are provided in Ref. 31.

In Ref. 31, F(r, 6) for the mHDR-v2r model is provided
with high resolution for radial distances r<<0.4 cm in 2°
increments. In general, F(r,6) agreement between the
mHDR-v2r design and the published data on the mHDR-v2
source is within a few percent, except for r<<0.25 cm where
electron dose contributions and the lack of electronic equi-
librium become significant. For r=0.25 cm, F(r, 6) for the
mHDR-v2r model is nearly identical to that of the mHDR-v2
model. This comparison is shown in Figs. 6(a) and 6(b) for
r=0.25 cm and r=0.5 cm, respectively. At larger distances,
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the results of the present study for both the mHDR-v2 and
the mHDR-v2r sources are consistent with those published
for the mHDR-v2 source.

For common brachytherapy treatments such as HDR pros-
tate, GYN interstitial, and endobronchial, the source can be
within 0.25 cm of the tissue (unlike a vaginal cylinder). Un-
der these circumstances, the dosimetric contributions from
19211 source electrons and the influence of nonequivalence of
absorbed dose and collision kerma result in greater than 5%
effect for r=0.12 cm. Specifically, the absorbed dose rate is
11% higher at r=0.1 cm and even higher in reality given the
presence of air within a SF or 6F catheter.

Reference 31 also provides the separation of absorbed
dose into its components of primary, single scatter, multiple
scatter, and the resultant total dose to be used in the PSS
algorithms. The photon spectrum leaving the source is also
included.

lll.C. Uncertainty analysis

The 2004 AAPM TG-43U1 report recommended that a
dosimetric uncertainty analysis be performed when evaluat-
ing brachytherapy dosimetry parameters. The method used
for Table I was identical to that published by Rivard,'® but
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Fig. 6. Comparison of 2D anisotropy functions between the mHDR-v2r
(PENELOPE2008 and GEANT4) and the mHDR-v2 source models. (a) PENE-
LOPE2008 data have been derived using dose results, while GEANT4 data have
been derived using kerma. (b) All data were derived from the kerma results.
For r>0.5 cm, the results from the present study are indistinguishable from
the published data.

applicable to the mHDR-v2 and mHDR-v2r 9211 sources for
this study. When appropriate, the results are averages of the
three MC codes.

(a) Tolerances of 0.01 mm on the '**Ir source diameter and
capsule wall thickness were reported by the manufac-
turer. These would cause 0.46% and 0.01% variations
in radiation attenuation along the transverse axis, re-
spectively, totaling to 0.47% at greatest extent. How-
ever, these effects would cancel out when deriving the
uncertainty for A.

(b) Due to the bottoming-out of the '**Ir source within the
capsule and subsequent capsule crimping during manu-
facturing, a maximum lateral shift of 0.02 mm is ex-
pected from manufacturer-reported tolerances. This

would cause maximum variations in D(1 cm, 6,) and

D(5 cm, 6,) of 0.4% and 0.08%, respectively, and sk
variation of 0.04%. Again, these effects would cancel
out when deriving the uncertainty for A.

(¢) Dosimetric variations due to the choice of '*’Ir source
spectrum have been recently examined by Rivard et
al.”® and were shown to cause about 1% variations,
independent of the phantom depth, for both dose rate
and air-kerma rate calculations. This effect would fall
within the 0.05% statistical uncertainties when calcu-
lating A and would also not affect A derivation.

(d) Dosimetric variations due to the choice of MC radia-
tion transport code have been recently examined by
Rivard et al." as well as the current work. Both studies
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TaBLE 1. Uncertainty analysis for the mHDR-v2 and mHDR-v2r "I brachytherapy sources based on Monte
Carlo simulations. Type A or type B uncertainty components are categorized based on stochastic effects or
systematic effects, respectively. Not all components contributed toward derivation of the A total uncertainty

(k=1) of 1.0%.

D(1 cm, ) D(5 cm, ) Sk
Component Type A Type B Type A Type B Type A Type B
Source geometry 0.46% 0.46% 0.46%
Capsule geometry 0.01% 0.01% 0.01%
Dynamic source design 0.4% 0.08% 0.04%
121r photon spectrum 1.0% 1.0% 1.0%
MC physics 0.05% 0.05% 0.05%
Phantom composition 0.01% 0.05% 0.01%
Phantom cross sections 0.013% 0.067% 0.001%
Dose calculation (u,/p) 1.0% 1.0% 1.0%
Tally volume averaging 0.2% 0.4% 0.02%
Tally statistics 0.03% 0.03% 0.03%
Quadrature sum 0.03% 1.54% 0.04% 1.50% 0.03% 1.49%
Total (k=1) uncertainty 1.54% 1.50% 1.49%
indicate variations in D(1 cm, 6y), D(5 cm, 6,), and ~ TG-43Ul report. Removing correlated effects, the

sk of about 0.05%, with A variations of about 0.02%.
(e) Uncertainties in water and air phantom compositions
and mass densities were estimated to result in uncer-

tainties in D(1 cm, 6,), D(5 cm, 6,), and sx of about
0.01%, 0.05%, and <0.01%, respectively, with A
variations of about 0.01%.

(f) Based on photoionization cross-section uncertainties
(k=1) of 1% in low-Z materials like water and air for
921t from Cullen et al.,”® uncertainties for ml/p were
applied to estimate the dosimetric influence in water

and air for D(1 cm, 6,), D(5 cm, 6,), and sg. These
were 0.013%, 0.067%, and 0.0001%, respectively.

(g2) The aforementioned photoionization cross-section un-
certainties induced 1% pu.,/p uncertainties (k=1) for
water and air dose calculations.

(h) Given the 0.1, 1, and 0.1 mm thick tally voxels for

D(1 cm, 6p), D(5 cm, 6,), and sg, the uncertainties

due to volume averaging were 0.2%, 0.4%, and 0.02%,

respectively.
(i) Using more than a billion photon histories, the K sta-
(k=1) for D(1 cm,6),
D(5 cm, ), and sg were all about 0.03%, increasing
only by a factor of 2 at the phantom periphery. For
points on the longitudinal axis, the statistical uncertain-
ties generally increased by a factor of 10. The statisti-
cal uncertainties in the calculation of absorbed dose
contributions from photons and electrons were about

tistical  uncertainties

factors of 4 and 10 greater than the K results,
respectively.

In total, the k=1 dosimetric uncertainties for D(1 cm, 6,),

D(S cm, 6,), and s were about 1.5% and about a factor of 2
less than the generic uncertainty analysis of the 2004 AAPM
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D(1 cm, 6,) and sx uncertainties were used to obtain a total
k=1 uncertainty of 1.0% for A.

IV. CONCLUSIONS

Slight dimensional changes to the mHDR-v2 HDR 1921y
brachytherapy source reveal negligible differences in the cal-
culated dose distribution for »=0.25 cm in comparison to
published and current studies. For r<<0.25 cm, three MC
codes demonstrated the importance of dose contributions
from source electrons and the absence of electronic equilib-
rium. The total dose components have been individually de-
termined for use with the PSS method in TPS based on CC.

ACKNOWLEDGMENTS

The authors express their appreciation to Mark Baird and
Bernadette Kirk of the Radiation Information Computational
Center at Oak Ridge National Laboratory for performing
some of the simulations. The authors acknowledge Josep
Sempau for fruitful discussions on the technical details of
PENELOPE2008, and Yun Yang for review of and contributions
to the dosimetric uncertainty analysis.

YAuthor to whom correspondence should be addressed. Electronic ad-
dresses: dgranero@eresa.com and domingo.granero@ gmail.com
'F Ballester, D. Granero, J. Pérez-Calatayud, C. S. Melhus, and M. J.
Rivard, “Evaluation of electronic equilibrium and electron contribution to
dose near brachytherapy sources,” Med. Phys. 36, 4250-4256 (2009).
D. Baltas, P. Karaiskos, P. Papagiannis, L. Sakelliou, E. Loeffler, and N.
Zamboglou, “Beta versus gamma dosimetry close to Ir-192 brachytherapy
sources,” Med. Phys. 28, 1875-1882 (2001).
3G. M. Daskalov, E. Loffler, and J. F. Williamson, “Monte-Carlo aided
dosimetry of a new high dose-rate brachytherapy source,” Med. Phys. 25,
2200-2208 (1998).
‘M. T Rivard, B. M. Coursey, L. A. DeWerd, W. F. Hanson, M. S. Hugq, G.
S. Ibbott, M. G. Mitch, R. Nath, and J. F. Williamson, “Update of AAPM
Task Group No. 43 Report: A revised AAPM protocol for brachytherapy



494 Granero et al.: Dosimetry revisited for the HDR ®2Ir mHDR-v2 source 494

dose calculations,” Med. Phys. 31, 633-674 (2004).

7. Li, R. K. Das, L. A. DeWerd, G. S. Ibbott, A. S. Meigooni, J. Pérez-
Calatayud, M. J. Rivard, R. S. Sloboda, and J. F. Williamson, “Dosimetric
prerequisites for routine clinical use of photon emitting brachytherapy
sources with average energy higher than 50 keV,” Med. Phys. 34, 37-40
(2007).

°M. 7. Rivard, J. L. M. Venselaar, and L. Beaulieu, “The evolution of
brachytherapy treatment planning,” Med. Phys. 36, 2136-2153 (2009).

'R.E. P. Taylor and D. W. O. Rogers, “EGSnrc Monte Carlo calculated
dosimetry parameters for *’Ir and '®’Yb brachytherapy sources,” Med.
Phys. 35, 4933-4944 (2008); see also http://www.irs.inms.nrc.ca/papers/
PIRS629r/node17.html (last accessed December 9, 2010).

8p, Papagiannis, A. Angelopoulos, E. Pantelis, L. Sakelliou, D. Baltas, P.
Karaiskos, P. Sandilos, and N. L. Valchos, “Dosimetry comparison of
121y sources,” Med. Phys. 29, 2239-2246 (2002).

°R. Wang and X. A. Li, “Dose characterization in the near-source region
for two high dose rate brachytherapy sources,” Med. Phys. 29, 1678—
1686 (2002).

%K. R. Russell, A. K. Carlsson-Tedgren, and A. Ahnesjo, “Brachytherapy
source characterization for improved dose calculations using primary and
scatter dose separation,” Med. Phys. 32, 2739-2752 (2005).

U5 R Williamson, R. S. Baker, and Z. Li, “A convolution algorithm for
brachytherapy dose computation in heterogeneous geometries,” Med.
Phys. 18, 1256-1265 (1991).

12X-5 Monte Carlo Team, MCNP—A general Monte Carlo N-particle trans-
port code, Version 5, Los Alamos National Laboratory, Los Alamos, NM,
2003.

BR, Salvat, J. M. Fernandez-Varea, E. Acosta, and J. Sempau, PENELOPE—A
code system for Monte Carlo simulation of electron and photon transport,
Version 2008, OECD Nuclear Energy Agency, Issy-les-Moulineaux, see
also http://www.nea.fr/html/science/pubs/2009/nea64 16-penelope.pdf
(last accessed December 9, 2010).

14, Agostinelli et al., “Geant4—A simulation toolkit,” Nucl. Instrum.
Methods Phys. Res. A 506, 250-303 (2003); see also http://
geant4.web.cern.ch/geant4 (last accessed December 9, 2010).

5M. 7. Rivard, D. Granero, J. Pérez-Calatayud, and F. Ballester, “Influence
of photon energy spectra from brachytherapy sources on Monte Carlo
simulations of kerma and dose rates in water and air,” Med. Phys. 37,
869-876 (2010).

M. J. Rivard, “Brachytherapy dosimetry parameters calculated for a '3'Cs
source,” Med. Phys. 34, 754-762 (2007).

™. 1. Rivard, “Monte Carlo radiation dose simulations and dosimetric
comparison of the model 6711 and 9011 '>I brachytherapy sources,”
Med. Phys. 36, 486—491 (2009).

'8C. S. Melhus and M. J. Rivard, “Approaches to calculating AAPM TG-43
brachytherapy dosimetry parameters for *’Cs, %I, '%Ir, '%pd, and

Medical Physics, Vol. 38, No. 1, January 2011

199Yb sources,” Med. Phys. 33, 1729-1737 (2006).

197, Pérez-Calatayud, D. Granero, and F. Ballester, “Phantom size in
brachytherapy source dosimetric studies,” Med. Phys. 31, 2075-2081
(2004).

D, Granero, J. Pérez-Calatayud, and F. Ballester, “Monte Carlo study of
the dose rate distributions for the Ir2.A85-2 and 1r2.A85-1 Ir-192 after-
loading sources,” Med. Phys. 35, 1280-1287 (2008).

2p. Granero, J. Pérez-Calatayud, E. Casal, F. Ballester, and J. Venselaar,
“A dosimetric study on the Ir-192 HDR Flexisource,” Med. Phys. 33,
4578-4582 (2006).

2, Mourtada, C. G. Soares, S. M. Seltzer, P. M. Bergstrom, Jr., J. M.
Fernandez-Verea, J. Asenjo, and S. H. Lott, “Dosimetry characterization
of a 3?P source wire used for intravascular brachytherapy with automated
stepping,” Med. Phys. 30, 959-971 (2003).

B, Austerlitz, H. C. Mota, J. Sempau, S. M. Benhabib, D. Campos, R.
Allison, C. E. de Almeida, D. Zhu, and C. H. Sibata, “Determination of
absorbed dose in water at the reference point D(ry, 6,) for an *“Ir HDR
brachytherapy source using a Fricke system,” Med. Phys. 35, 5360-5365
(2008).

D, E. Cullen, S. T. Perkins, and S. M. Seltzer, “Tables and graphs of
electron-interaction cross-sections from 10 eV to 100 GeV derived from
the LLNL Evaluated Electron Data Library (EEDL), Z=1-100 ,”
Lawrence Livermore National Laboratory Report No. UCRL-50400,
2001, Vol. 31.

p. Cullen, J. H. Hubbell, and L. Kissel, “EPDL97: The Evaluated Photon
Data Library, *97 version,” Lawrence Livermore National Laboratory Re-
port No. UCRL-50400, 1997, Vol. 6, Rev. 5.

2R, W. Roussin, J. K. Knight, J. H. Hubbell, and R. J. Howerton, “Descrip-
tion of the DCL-99/Hugo package of photon interactions,” Report No.
ORNL/RSIC-46 (RSIC Data Library Collection, Oak Ridge National
Laboratory, Radiation Shielding Information Center, Oak Ridge, TN,
1983).

7G. P Glasgow and L. T. Dillman, “Specific y-ray constant and exposure
rate constant of '?Ir,” Med. Phys. 6, 49-52 (1979).

B7. Li, J. F. Williamson, and H. Perera, “Monte Carlo calculation of

kerma-to-a-point in the vicinity of media interfaces,” Phys. Med. Biol. 38,

1825-1840 (1993).

NUDAT 2.5, National Nuclear Data Center, Brookhaven National Labo-

ratory, http://www.nndc.bnl.gov/nudat2/ (last accessed December 9,

2010).

J. E. Williamson, “Monte Carlo evaluation of kerma at a point for photon

transport problems,” Med. Phys. 14, 567-576 (1987).

31See supplementary material at E-MPHYA6-38-055101 to see the new
dosimetric data of the mHDR-v2r source. For more information on
supplementary material, see http://www.aip.org/pubservs/epaps.html.

29

30



HDR(BHEE)' I« ) ™ L)MREAEAKETETIL mHDR-v2

(EHREZE MicroSelectron-v2) RITHRENEEDEE

Domingo Granero®
KFRREE ERESA 1 BT #R#PE#51, E-46014 Valencia, Spain

Javier Vijande and Facundo Ballester
NEIZ, N T TR T« 27 PR FY, E-46100 Burjassot, Spain
JAA 2 COIC( XA~ 2 BRI FEN | FI C(#L PR 27), E-46100 Burjassot, Spain

Mark J. Rivard
BT KPR A R NE 5 FY, Boston, Massachusetts 02111

(2010.9.35%1+%; 2010.11.30%7T; 2010.12. 2% #; 2010.12.29HhK)

BEY : JoH. HDR Ar /MRIRIAE H mHDR-V2 IR O RLE R H 2N, HT ORFZEE (BT mHDR-v2r
EWT D) BH LA, BREHERIZEEAZOHRBENICE E 2 L OO, RMEOIITOMRERET —
HEERNELCDLZEBHESND, AFEOHILTRROEY, (1D EROBFEEN, FHRFIC
ONWTARENT-BUTORBIET —ZITHBETEINE I »ETF v 73528 (2 BFEICHRD T
VEVORE TR E T — 2 2 ST 5 2 &b, Mg T — 213, Prr EFOESERBLZBOT
HY, o, B FEEMORKRILEZRREETHHOTH D ; (3) AEMMEOIBFRFE S AT L0 BT
M, ALy 2R B Z &,

F BT Amik (MC) 12 X2 MEHBEmEHE=— NiX, Tieo 3 FEEZHEA . MCNP5,
PENELOPE2008 GEANT4, #REIL. ¥ 40 cmd/K 7 7 > h Ao du il E L=, JEES 0.1 mm (0.5
mm) DR 7 LA O TRINR R L B2 0 —< 2R, RIS GE5H) 128\ TEo e oG
MEEIT 72, SFIHD MC 22— R & W CRD 7= MR BSR4 & el L=,

FER  3FE DA AR E o — FA MV, mMHDR-V2 & mHDR-v2r D& EZ S I 2L —i g
L& 24, r=20.25 cmiZBW TR 020N T—H L=, MERIEIC KT TRIREFOFSIE, «
<0.25 cMIZBWTHE TH o7z, FERTEL L HISRHREBEEIT, mHDR-V2§%F 2DV T LIRS
17572 MC{EMFSERE R L L L 7=, 2D BAHERAE S . r=0.25 cmiZis T mHDR-v2 3 EHih & —E L
720 SR ORI RIS DWW T, BREE & LR ORI R AR T,

WER U EORERELANC T o7z MCIEFZERE R L EI L7 & 2 A, 1=0.25 cmiZ BV T4 0,598
WNT—E L7, r<0.25 cmiZBIT 2 ERET — % BMETRWGEA . LIRIZ T - 72 MC ERFZEI
SMEBRERECHY EBbnd, 2011 FEEERHIL. KEE2DHER B, [(TY4v4T

=7 MBI 10.1118/1.3531973

F—U— Fur-192, /NERIETERE, BENIE, TG-43, PSSEZ /L, MCNP5 PENELOPE2008 GEANT4,

| #E

KEE IS (AAPM) O T o )L 3 — NG
PR T OFRERIE | (BT, BRIEUTEE O BREE r 25
DEE L ICIZFE LWEE) (BT 2MENEIC#HED > T
Wh, ZOEROT —ZIIFE LR WEAE N —RITH Y,
O EPERLSY (BT72E) OFLIZLZHEE T
DR & 5 BT IR E - 1IN T 2 B850 M2 &
RS (HDR), 7SV AR, KR FRR O &/ MRERIRE I A
WHBATOWRRE S AT A (TPS DA, TG-43EXGm

A= OMERFEEZZOEEFIH LTS, ZOHAED
TG-437 —ZT—fkic, T T Hrnr (MC) JEIC X 2 i
kY I a2 b —ya rnbENEN, HEL—~v K ZHNT
WM EEZHEET D, 6o T, W—~ EMEDOEMUERFZ
ThDERIETEDIZERIES 7 EADRH S RE N L&A
RIZ, TG-43 & — Z \IMIFE A 7 SEBOERE TR S
TW5, TPSIE, TG-437 — X WUSHIFHS~T — X ZHMFT X
05, #FH L EMOMREN 7R TG-43 T — X 2B TE 5
BAETH-> T, Y% TG-43 7 — & NHRFE T2 & B WU
~DEEERXT L L EHICEF A EER T D HOTH

487 Med. Phys. 38 (1), January 2011

0094-2405/2011 /38(1)/487/8/$30.00

L7 5IE, TEHE~OBBIMNFIIAE L 25, RbVicZo
FEOT —# il TR, AN E AW 256 05k
BIRADBRLED D Z &b,

HDR “Ar /MR TR AR 7 /L mHDR-vZ (Nucletron B.V.,
Vg =R, AT ) 1E, R H T HDR AMRRTEEE
IZHWBILTWA, Nucletron 23 cilt/AZ L= 8UE « ~FE Eo
FEHNZ, Daskalovs 3238 U736/ L BT R 5, Z ORI,
PRNZH U2 O LTI LORHELS TEWZ & & BIER»M
BHOZr—7NVETCO=FHTERRERLZLICED LD
Th D, AAPM 1T, /MRIFIGHRIC L DREIET — % 21U
T5Z LTz, REFEFLITHREREIIEEZ SO TITH %
TWRHD EHLEL T D M5 I 61T, MEIO RS RE
DELEWRE LR D TPSTA Y XL 8 eF—x L%
i 5720, ®mMEORST —Z BNERZNDH, mHDR-v2
BRIRZ 5 SCRICEB WL FERE O @O &R ERF IR 03 5>
DL HRTND B OO 3T IR 5 i R IR 350 C
MEZFET DR L. MEOBTRYSCE T OTRK
SEDSFR BRI RIZ T B R BT 2 FRFBHC LT
72\, Wang and I, Baltas® 2 % O} Ballester®, * i, mHDR-v2
PRSI T 2B T OMREHE TR, HOoNDHEEA

© 2011 Am. Assoc. Phys. Med. 487



488 Granero et al.: HDR 2Ir mHDR-v2 &iER TICHE S hi-REAEE 488
YA
0.15 3.5 0.065
’* ) ™ R=0.2
X AN AN AN RN 7 |
1. mHDR-V2r#RiF-E 7 /LD ARG B L O~HE,
0.7 0.7] 06 Z| 0.9 SHEOEAE mm RO RBAERE TR,

AN NN

= \k\\.\&&k\?
0.1

"0.135

Nucletron HDR '*Ir mHDR-v2r £FJL

FUT2A, BRIR O ERE S ERERIR L2 Y il FICBR > 72
LD THoT,

VL bZEE %2, ARBFZEOE 10 B AL, mHDR-V2RIF O~
5 BUYE FOZERBBREREA~LIETEEBEFE L, TG43
T NCHE U B E L EDD L Thotz, &5
(2. HREERIEE (CO) il "0k LT —wk - BRELER S HE (PSS
IZHEL , MERET — X bitid L7z, CCEE AL, HEHE
orig MWD Z & T ARBEBEAR T 0/ NERIRTR R AR IR
FICR T DMESMEFFCTE D, MDD TR IEEICRT
5 BT RN ORI Z . BARE T AR ET — &
~RIETREYL | TG-43 N Gh L PSST VT Y X A~HEE
NTRY, 2 Xy FRRIULEC R 2 HENET — 4
XV IEREICR LTz,

. #HBEUVHZE

LA, #iIRDERHA

MHDR-v2 #EE 7 /L D#%3FE, Daskalovd 2D o
1 (00 M5B LK, mHDR-V2ERIFET VIZBI 5E T 0~
EEE (LUF TmHDR-v2r 5 /LE33%) 2K 1 I25R7,
MHDR-V2#JE3 B 0.65 mm £ X 3.6 mmTH L5 DI L,
MHDR-v2r ¥4r #FILERZ 0.60 mm E& 35 mmTh b, =
OHEERIFRWEAZOFEFEMNICE £ 5, mHDR-V2rE O §
5 —ODEEIL, MRE A —T N EDREEMORETH 5.
BIEAD 72 N~D i — T VD (158 0.4 mmE AT L A G
THEEHZ -, WEHOES (Y #iJ7MIZ 0.1 mm HREOE
AH#IZ 0.2 mm (ZZDFEFE L L, WEEREOR LI
(X, MHDR-v2r IR & 04— 7 v Ok - & &R T
MHDR-V2 #F 72 5258 LTk 53, Daskalovh SHAAF LT
HOERLThHoT,

N.B.EY7FAIAI—F

MC #EZEAWTHHEBREES I 2 b —2a U EIT0,
MHDR-v2r #5E PR O # 8 E 12>V T2, MC =— R
I LT, BAREEE T . WiEfE, B OB
ERER D, AR CIEARED IR R T 2 EE R
Eo&LTHY, ZoFEERTIE. BEDTEALLKEEN
LEL LB ATVHEEMEPRENE EEECTHLZ 0D, 3
D MC 22— R\, Zh 5D MC =2— KX MCNP

(/83— =3 > 5) 2 PENELOPE200¥, GEANT4 (13— =

Medical Physics, Vol. 38, No. 1, January 2011

: NR=0,4
2

0

9.3 ¥ThY ., WG /ANREIARE D/ B CRAERNE O B
eI A UL D TN % 11528

3D MC =2 — NIy, K+, EFOWmEN N
#h, EPDL97. EEDLO7 Wit 7 A 75 U —ITkEo< 2%
7272 L. PENELOPE2008Z%, Ky 77 —|LA 0 & H izt %
BRS04 7OV ZERIEZ AW B, iR E LT, 3HEE
D MC 22— RIZAWE BT, BIRER, VAU —Krim
FEIZF U TH B DIk L, PENELOPE2008D =2 > 7 b Wi
fEiX GEANT4, MCNP5DZ i & 72 o7=, EPDLI7T A 7 5
V—p a7 b oWimfE % PENELOPE2008~E A5 2 & A8
FREERE A~ RIE T LT, HIRE IS K D E
DOFENEMETE, Do, BSOS 2 BT, 22—
RREIOFEZITRAEN R Do T,

I.C. ®>FHhAYSal—3Yy
I.C.I. MHDR-v2 #FE T/ DEFHE

Daskalov > A Al W7 WrmE B, St + A X7 bt
PENELOPE2008 GEANT4, MCNP5~HW\ /= lriifd, S+ %
R MV E OERP RN RENERS RS RE TS
BEThBEIIRAENRY, 2D Z &% mHDR-V2 {3 Tl
T 57, Daskalovh 2 OF&MEAEL Ty Ial—va vk
1T~ 7=, Daskalovd DAFFE DO EHE 2RI Tree & e :
(1) MCPT =—F %% DLC-99 (HUGO) (&% it 26)
TWEREZ A 77U —LAEbED,
994 IR D YF A2 V% Glasgow and Dillmaf 7> &
FIALIZ b OT, EFHBHITEE L TR,
T OHOHEE FEFIREITEZ 57220, Ho%ME Lk
OHLEIZET 5 K L, FREBIE 22 RATERREIC & 2 3EAME
0 FEZLFE AU & B AT 2 O S X FE Lz,
BT E AR 720 ORI —~<F L, BES mOE
BRZeSEREME L CRME L, ERFoEL o e
R7 v PIHENERMEE2IT 72, Ty A7
RVF—IBEIR 3 B STV KIF5E
T 10 keV % 7=,
AR ORI IRIE, 2ELM I TR led EBH T
b5, FRIE. B30 cmOKEIKT 7> b Ao Fiic
BLE L7z, KD KX, 0.1 cn=r=14 cm®#ifH D 600
FUCHEE LT,

)

@)

(4)

(5)



489

(6) AT v LRI FvAETFT AL, AISI 316L (EEWT,
2% Mn, 1% Si 17% Cr, 12% Ni, 68% Fé ., %/ 8.02 g/cm
Ll HAr—7 iR & 2mm AXEE 4.81 glem &
L7,

(7) 77 v b AOMEIE, BE 1 glen? (BATOWZETIE 0.998
glent 25 H) DDk E Lz,

(8) MIRFFEICI\NT, FHR DI LN~ E 13 ) —12
DAY D EARE LTz,

YIab—va T, RATIERC & 50— <Rk,
EPDLI7 74 7 7 U — DY FWrimfi & v 7z, IEFEORS
EWSEZ. T ALY PV NuDat 7 — % _— 2 25 5|
Lz, v 2 ab—va U TRAETLHFEN, EFHENIT
TFROMEY : MCNP5 (NF1.2X10°, N=1.2X10°, st o
N,=2.4x10°), PENELOPE2008(N=5X 10°, N=7x10%, s #
EM D N=5x10°), GEANT4 (10° "¥4r 3#%5)

11.C.2. MHDR-v2r &EE 7/ DEFE

199y g5l O GEANTA 21— RTHAET HE T A7 bV,
B RAEE. WNEBIGHRE 7. 4 — Y = FE 1% & 7. Ballesterd D&
FALT MV L (0 TMCESEL LTz, BEEAERC, FHET
1,=2.354 0, F/Bq. 1~1.117 & +1-/Bq MFAE L1z, 7228, b+
BrOWTRE 10 keVEH v AT & Lici=o, JeE,
BRI TN TN 1,72.299258 1/Bq. 1=1.1137F 1/Bq (2
=L,

K &R~ EZ RO HITH TV . 5722 4 fRhE
EHRT D720, BVOE XTI BFENS r=1cmTiX 0.0l cm
L. 1em<r=3emTIEED54%, 3em<r=20 cmTILZ D
10f5EL Lic, AES TV 7032 ZEIXdT-o72,

KADOBEEZHTETHE L BT, r=20 cm IZB W THER
Tr7 v hAEMHEVI 2 L— T AHME, BER R 40 cm
DIBEDKERIEET 7 >k 5O BT FR O~ A Bl L7
1819 F K DR & R 1T, AAPM OHELEE & L7z 4,
) ZRODHLEMTYI2L—v s 2BMLE, 22T, &
ZEH DA AT F L~ =10 cmlZ BT 5RO EET RV
F—RIUREE T U 50 SRRPAEZE TEbL DM (72721,
E0lem ®mE 0.1 cm/MIIF DL /L% =10 cm~
BLE) OWFhrzEE L,

X BRI & DB EA~O TG HIB SR T (D) #R B~ A —
U B NEIEHE T (Do) ;K 1%, MCNP5 & PENELOPE2008
DA TIE 2 \ZFHRE, JSEILT 5 —J5. GEANT4 OHAN,
JRTAZEAE 7 T 2 % GARUHIERE L L, — B L= FETRD
oo DLEOBBRAER T, BANY MK DME~DOFEHR
HETHY. o, BEEAICET HHEEE LT, SIFEMR
DOFEEERE LTz, K ZHEETDI2H72Y . MCNP5 TiX F6
20— (EHRRAITHEE) %2\ 2%—J% . PENELOPE2008:
GEANT4 Tid, HEMHRITIEEC X 2 P42 i —3—
VER L —F > % B%E L7-, MCNP5 TI3*F8 & U — (/L inEh)

Medical Physics, Vol. 38, No. 1, January 2011

Granero et al.: HDR 2Ir mHDR-v2 &iER TICHE S hi-REAEE

489

ICH-3&, £/, PENELOPE2008(fHAVEM I X 5 5l 4y Bk
B HATICEE-S& . PENELOPE2008Z B\ THF 2% 4T 5
MEZHEE) & GEANTA TIXRIERDOFIET, RIREE KD
Too BREDAN & —~ oA & HIT, BRI ERIE ST
A—ZEEMN LI (@KED,, fRAVa—FAZLICrD
Bss LCH 77 Lans, ARELZEIC, WG
HEMRVGET DA, 6o T, BT EWICET A%
L7 ZOBEO/EEELY /S WV r OETIED, %
BE Lz, — . eI b REVN T OETE K ZAN
7o 5 (O FRER D 3fiZ, D=l D+l DB RDTz,

Russell> 0723298 L= —k « BELRESEEIEGRIE, Bt
B 3OO LT (D) — &, bbb, K77
YR AT LRI OMAEERNRET S ETOM, FRIFENES
TITT TITHAEERAREEL TWAER) BIED 7 NS K
WENITRRT DME; (2) B—#EHRR, 7205,
77y FAHIZBITLNTO 1L EIROHEEMNS 2 [EE O
MHERE COMICHREL-MRE ; (3) ZERKILKRE., T/
bbb, 77 haFIZET D 2 B HOMEER T3
IWNENDNT 7 v b LADLHEN D E TORICHERE L7/
B, UED 3 2OBER S EZRENATHITHEZD
PENELOPE2008> GEANT4 (28T, = — P —{EpL—F o
EOL O L, BRICEDME~OFEIT, ZHim L
Y fih A A bDEZRE L TRD L .CCIE~NRYIAATR,
HTDHE 7' N SR ENABEOHT AT bR
Pk L. PSSERGRZE D A7 3 Y A LNZHWE, PSS
Z L VEEL <Y F2WEEE T, Taylor and RogefsDiFse £ 7213
Russells PO FE A BB ENI,

. $&58

l.LA. mMHDR-v2 #&RETIL

EPDL975 — % ~— 2 & PENELOPE2008RFHE L7=5 —4#
NR—=2RLOMOa T b UBEBEOERIT, =1L F—10
keV i TO I 2%% LBl > TN 5, ABFFE Tl 10 keVa 7 v
A7 ZFAX—L B LTNDEED, EiddERSHREH
EERALIFTHETDbT N ERIAEND, 2O EHED
W 5728, PENELOPE2008= — K~ EPDL97 5 — & _X— A D
aryFhUoBHRBEEEALEGSOREBEN SRR,
PENELOPE2008=— FH{AD =1 7 b LV IrifET — & > 53R
DI RERERR & iR Lz, HEIEREITR O eh o7,

Daskalov b OFER % AW T/ 5 MHDRV2 ET /LD I =
L—ya b Lzl 2 A, TGA3MERE/NT A —HX i,
k=1 |23 DA S (<0.2%9 DN T—EH LT 5,
MCNP5, PENELOPE2008 GEANT4 % AV 7234, A DfE (k=1
2B DN AR X 2 ETe) 1T E ., (1.110220.0009 ,

(1.1100+0.0004 , (1.1119+0.0005 cGyh'U™ T, A DM
1% (1.1107£0.0008 cGyhU?! TH -7z, WP ART —#
DOFEIE A= (1.109-0.012 cGyhU™ & —F3 2 37° fidhik
FRERIE gu(r). 2D BFHERIEL F(r, 0 )OFEMSR E T b DA
KMEEOERS . HAMNAHENLIUANICIE>TWVD,



490 Granero et al.: HDR 2Ir mHDR-v2 &iER TICHE S hi-REAEE 490

T T
1930

g

£ \

O

=

1920

g’: . / PENELOPE2008 mHiDR-v2r

e ]
< \

PENELOPK2008 mHDR-v2 N

1850}—

3
=~
o

rirm

2. Y $hEREY) D22 5 —~ % mHDR-v2, mHDR-v2r O ijf#JE £ 7 /L T Ll
Lizb o, MILETITMEARNBKE WD, ME AT +5L 5, @
Ty — % RIS Gu(r, 90 ) THI- 72,

PENELOPE2008 GEANT4, MCNP5 % i\ 7= mHDR-v2%& 7 /L
DR 2 b— = AL RN T - RSk B BBl L 7= 37,

PLEX Y, mHDR-v2, mHDR-v2r Ot 5 /L[ O FREHE
FOMEHAEEZIT., MEORH LOZERIFRETS2LOT
HoT, MC 22— FOBIICHRT 2 & D TiEle <, Y
HEOET ML) ZRTH D EiEmMTT o, 72720,
FRE AR OSHEZ RIS AL O B EAE E o ZE BRI TR 01
ERETRTOMBETERTES 2 LN, TORMAENT
W5,

l1l.B. mHDR-v2r &EETI
I.B.1. mHDR-v2 ET/A ¢ DLE

2%, mHDR-v2, mHDR-v2r ®ij#REE T Mz OW T, Y
i EOKEZRDOLELDTHD, FET VDT 1y MERIT,
fthod> MC z2— REHWTRO R R REERET IO
T, vy bLEHEETE, HEMERIT MC 22— FE T
BITE 720, O X Sz, MAREERFME O b —~ Ot 7%
1% TH D, & AP, BMEWET —F % TG-A3MENE
RI A= N (Thbb, HELRAD—~EN T ORE
) THRDLEEZA, LHOMSIENHZ S, ADHEIE
WP SN TEHE LW E RSN (ILC #HixBM),

3ITRBWT, BEO Y il EoMRESRIE, MC 22— K2
LN T—EHTHZ L ERLTWVD, 3(a). 3(b)xENZE
h, MEETICEDMEBE~OFE, T ICLIBME~DFS

(bbb, BFULEE CE SR LN Z 2L 5%
B) 2RO, 3FEHED MC =2 — FEHWTIGE ORER Ot 1.
ETHROBERY ZET) X, HEHORHED S DIN T
L7, SRR SUNO—EL, otk (F72bb, 5
CM=r=20 cm THEIWEINZ, ZEN2 e lB2 HH—0
FEE IR D Z $AfE Cho7m, T O T, FEMOARHE
NENMC 22— REOBERE LOER LY b RE oz, 3
FHO 2 — REAWEHAORFIIEEEIL T D 2 E b,
WERh—2oDa— K (KM AREI»INKB/HAI W

Medical Physics, Vol. 38, No. 1, January 2011

PENELOPE200B % AW\ OfESR% . TG-43 fp e <
T A —H O — R IR L7,

MHDR-V2rif A 5 1575 B % mHDR-v2 DAFSE & Ll L7z,
3(c) P »7ER|L, Baltash 2L Wang and I Z£ L7 B A
7 MVOBMIKIZ KT D, — 77 . mHDR-V2#EH GEANT4
& mHDR-v2r#R FH PENELOPE2008: DR %, R~ 7 &4
AR XD NBNERICHRT D, r OFENEE 5 HLT5 2
& T, PENELOPE2008ZRW\TZ DEENHIES N, &
S5 D AR ARST % R U 7= 5 B0, X 3(d)y T b S 4L, mHDR-v2r
BIFIZOWTAR LR L FE LRV 4T r<1cm
BT HHBERD(r, 0) (cGyhUYzEbT, TIHEY . &
12X DREA~OFL & UL T 5 B M O AL &
BB DEZEEN <025 cmTRE W L2, ZOMD
LD, K2~4%7 vy T HEE, EEHHCB O TR Z R
RT LT DD, BALHRA~OIRTFZ BRI LTz, Tox
X, TG-43UT 3 HELES 5 BRI Pl 2 S 2 BI% & L CHIW
72

1I.B.2. MHDR-v2r &RET/MAIFTG-43U1 F—4 £ v

AR D(r, 0)% 31, L=0.35 cmiZ 31T 5 TG-43#i:
BIENRT A =& 58 LTz, ZOMIRD TG-A3 il E 7 —
X @RI AR T HICHIY | BINEEE LT, Excel 27
Ly Ro— haF—Z 2 L7 3L SR RFEA BRI, Z il
FmEe Y wmOEHAHAGDELRDARL TS, 3
O a2 — RE AW ORE YT 5 &, mHDR-v2r
D¥A . A=(1.1121+0.0008) cGyRU 23k b=, = DIE
1%, mHDR-V2HRIF D354 D Daskalovs 3 ok #(1.109+0.011)
cGyh'U™, Taylor and RogefsDii 5:(1.109+0.002) cGyrU™,
Papagiannig> & D5 5(1.109+0.005) cGyRHU? & 1FIF—ET 5,

r=0.25 cmCid, K OHEEMEZ AW T g%k zioxt
L. X0/ hESWiEEETE, b, BREFICHERT 2%
IR EE VT g (N Rz, mHDR-v2r #HFIZ W TR
72 ou(r) (BB 31 L X 5(a)] X, Taylor and Rogers®
WU 7~ mHDR-v2 SR, r=0.25 cmiZBIF 55 —% L b,
MHDR-V2HEIZ DWW T DT 4 OFfFZE (1.B.1 EixBHR) &b
+4r (BEzER 0.29%6RT) —87 %, X 5(b)t. r=0.5cm
WIZBT D gnNERbT, BEOITERECK T 52BN %
IEFRIZHET 5729, #BIEF.0225 0.4 cmE TO0.01 cmZ &
O gu()E BB CHK 31 ~AF LT,

ST EERE r<0.4 cmizB W T 2° ZLICENMEET,
MHDR-V2r €7 /L@ F(r, 0)% 353wk 31 ~AK L7,
MHDR-v2r %5t & MHDR-V2 SR DA T —H & D F(r, 0)
O—EME I AELRWLLNICINE D H DD, 1<0.25 cmTlE, &
FICLDMEBE~OFLG LB EEORBRNLENAEREE 2D, ¢
=0.25 cmTiE, mHDR-V2r<€7 /L ® F(r, 0 )i mHDR-v2E7
NDOZENEIZEALERTTH S, r=0.25 cm r=0.5 cmiZi\
T, ZolEERbLEZOBZERENK 6(A) 6(0)THD, =
LY KX WIEEETIZ. MHDR-v2, mMHDR-v2r O RARIEIZ
WTOARIEDFEHIE, MHDRV2FRIRDO AR T —& L —# L
T2,



491 Granero et al.: HDR %Ir mHDR-v2 iR I+ =EE Shi-BRANEZE 491
BFICEIRE~DHFS BEFICLHBE~ADEHS : mHDR-v2r 5t mHDR-v2
—f; ool
@ . ~ | -+« KEFZE(MHDR-v2r PENELOPE2008)
2 S, mHDR-v2r % 30! - + Ballester »(mHDR-v2 GEANT4)
E '-‘} oo MCNPS T . Baltas %(mHDR—vZ)(%%YﬁK ?)
o L ... . . PENELOPE2008 | *» Wang & Li(mHDR-v2)(£% 3 9)
= | k) GEANT4 0.25| :
Gz:{ 102: X |
g :
3 0.20: .
0.15
10/ R T R
005' : . : ' LA
i T
0.00 B
0.5 1 1.5 2 2.5 3 3.5 04 06 08 10 12 14 16 18 240
(a) trmm  (C) rimm
rICEHDBE~ADFS H—T EXTFHRE L DLLE - mHDR-v2r 3 mHDR-v2
__‘--\. __ | T T T T Dﬁ-j_m. T N N - v
E‘f{ 2060 mHDR>v2r s | A (MHDR-v2r PENELOPE2008)
R r | 77" Ballester 5(mHDR-v2 GEANT4)
g 2040 1.02/ *  Taylor & Rogers(mHDR-v2)(5 % Xk 7)
> - | . Wang & Li(mHDR-v2)(£% 3 9)
~ 2020
3 |
o 1.00 . I
(?2000 -------- MCNP5 - m. L en T,
2 L ' .. PENELOPE2008 ] | H Lt *
0 1980 . GEANT4 ' | : e
r . ] 0.98| : -
1960 | | -
1940 0.96/ N v
1920 | "
1900/ 094 LI
1880 - : |- X : L
0.5 1 1.5 2 2.5 3 3.5 04 06 08 10 12 14 16 1.8 20
(b) rimm (d) r/mm
3. @ETAXZ V(B VEERE T A—Y 2B T) ICE DME~DOF G, 3HHEHDO MC a2— RZHW TR 72, M, 2560 MC 22— R, AHFFE T mHDRv2r

ARIE A~ N T2 ()RR E BR 0O B8 1 S48 1 BRIE 00> © 59 2 mmod S CREERE S 41 5, (C)AIFFE T MHDR-V2r#EIZ D W TR D 72 B2 L D B~ D % 5- % . mHDRv2
MIROAET — 2 Ll L2 b 0, (d) ()& R, BIFEHICE T 28 T O RKTICOWTHRS =00 L0, ZRb0 4 SORE, HIRO Y i EOBRIR
TR 77 ACHYE T 5, BFEEE CIREARA K E WD, RERSLT T D L5, WIRE & #2580 —~ & BMMFAMBE% Gu(r, 90 ) THI- 7=,

HDR RiSEMR, 5 AR, K& N7 & O—Ri7e/

FREIR R CIE, BRSO 0.25 cmBINE R D2 BENH D
(B2 Vv F—0Ha%ERL), ZhbLOBEEETIX, P
MIRE T IS L 2MENE~OFE, WU R & B2 0 —~< 53
ELL RN EDEET, r=0.12 cmliZBW T 5%% kA5,
&V i, r=0.1 cmiZBW T, IR RS 119%6K & < 720 |
S5F £ 7213 6F I T —F LINERICZER NS EN DA EBRIZIE
bolREL{ 2D,

BEICHR 311, WU % — o, B il £
BERBEOSRSICHHET D 2 L. EBI2, ZOMBEETD
B (PSST LT Y X A~EAIND) HEY EIFTna,
BIEL S SN D KT AT ML BEY EFTn5,

Medical Physics, Vol. 38, No. 1, January 2011

[ 4.

D(y,z)/G(y,z) (cGyh'U'em?)

HRIR 7 D UL 36 1T 2 MR R AT, BRIFUL RS CIT AR R & Ve
O, MERRLTLT 2 K9, MERE &M Gy, 9 THl~ T2,



492

Z1.02f
=

0,96: -« PENELOPE2008 mHDR-~v2r *

| * PENELOPE2008 mHDR-v2
= Taylor & Rogers mHDR-v2(Z% XXk 7)
* Daskalov & MHDR-v2(Z% 3k 3)

0.94| .
0-9%; 2 4 6 8 10
(a) riem
or .
1.30
1.25:
: - - PENELOPE2008 mHDR-v2r
1.20¢ + PENELOPE2008 mHDR-v2
) = Taylor & Rogers mHDR-V2(SBE 3R 7)
: + Daskalov 5 MHDR-v2(Z% Xk 3)
115
1.10:
1.0
1,00 .
00 01 02 03 04 05
(b) ricm

5. TR BRI O,

N.C. e, ST

200445 O AAPM TG-43UL#45 213, /NI A F AR il
TE/RT A — 2 T DB BEWE LR SIRHT 21T
HTEEHERLTWD, #£1THWSHEL, Rivard®hiask
L7 HE LRI L Th D0, AAF5ETH 9 mHDR-v2, mHDR-v2r
Ol ¥ BIFICEATE 5, WE, 3 FEHO 2 — ROVR)fE
ERERLE LTHWS,

(@) ¥Ar BMIROER L B T ABEDES OMAZEDN 0.01 mm
Tho L, BEERNP LHEZ, WMAZEICHEO, Y #hic
o T2 SRR IL T T 0.46% 0.01%Z KN, &7
95 LK 0A4TUIR S, 1208, AORIENS HEHT 5
BE. 2D OREITHE IS,

(b) B FEARNICET D U IR0 MR B &2 0%
HUYERIRICEBIT 20 B LOOFERITREDI Y, g
HEBNHANZEEZRS LAbE 2 & I KAFRAL 0.02 mm
DHRIAEND, TAUTEV, D@ cm, 6. DG cm, 6 )
DI REFTZFNFH 0.4%, 0.08% s DZE)IT 0.04%
MESND, ZOHEL. ADOTRHENS ZEHT 5,
NGO IND,

(c) Rivard & I3, A BIH ALY FLOREICEE D B
BE EOEBIZOWTHA L, BEER, BRI —~F
OmFEAERIZBNT, 77 PADOREIIZELT, &

Medical Physics, Vol. 38, No. 1, January 2011

Granero et al.: HDR **?Ir mHDR-v2 #iRM (H-BE S hi-QEAEx

(d)

(e)

()

(9)

(h)

@

492
1.00 | ——
050 F(r=0.25cm, 8)
z O
°
# — - PENELOPE2008
& 080 — GEANT4
(Q‘ — Taylor & Rogers(£% Xk 7)
0.70 — Daskalov & (Z%&3#k 3)
] 20 40 60 80 100 120 140 160 180
AES
1.00 |
o0 F(r=0.5cm, 6) %
#H 080 | — PENELOPE2008
ﬁ ’ — GEANT4(G)Balles
a 1 Taylor & Rogers(3% 3k 7)&Balles
0.70 - Daskalov & (5% 3k 3)
-
0.60 - ’
0 20 40 60 80 100 120 140 160 180
(b) AEL

6. mHDR-v2r (PENELOPE2008* GEANT4), mHDR-v2 O #ik
E 7V T 2D BT PERE A it L 72 b O, (a) PENELOPE2008™ — %
VARG S A B L7202k L, GEANT4 T — 4 (3 —~ & #iT
LTz, 07— I3 _XTh—~ORREZEKIE N L, r > 0.5
cmTlE, ARBFERER & ART —Z LTI TE 20,

B LW RS EH IR LTz, AZHET DI, 20
SCENIHEIARIED S 0.05%ANIZINE U | A DI
HELWEBbhs,

ABFFELIAMC b, Rivard & B34, MC IEIC & 5 i
kR 2 — FOBREIM O MENE LOEBIZ DWW T
A L7z, mArgeic v, D em, 0. DG cm, 0 ).
s DEENTH 0.05%, A DEENTH 0.029%6% 7~ L=
KB T 7 v N DOFARL & BB O RN S HHEE
I, ADEENHK 0.01%D5F T, D(1 cm, 0¢). D(5 cm,
0 0). S DM EMNENZHH 0.01% 0.05% <0.01%
Lot

Cullen & 2|2 XU, K, ZR74R EDOERT-H S
ZBNT, ¥ O A A AR O R D S (k=1) X
1% ThHoTo, ZOMEITEDSE wlp DRENS ZEH L,
K. ZERFIZEBWT, DL cm, 0. DG cm, 0. kP
MERE EORBEHTE L, TOMREIIERZE,
0.013% 0.067% 0.0001%C&H ~» 7=,

K, ZBRAOBEFHEIZBNT, EiRO YA A bl
FEDOARIENEZ BT, oo DAHENS (k=1 1%703E H
iz,

D(1 cm, 0. DB cm, 0¢). xIZkL, #V—HhrEL
DEXEZZENZEN 01 mm 1 mm 0.1 mm&{E Lz
& IRFETEBMGITPE 5 R S 1EEE 4L, 0.2%, 0.4%.
0.02%TH 7=,

10/ELL LTI S 1E. DA cm, 0 ).D(Bcm, 0
0 KITKT D K OFEFIARMES (k=1 ZWTFh b



493 Granero et al.: HDR 2Ir mHDR-v2 &iER TICHE S hi-REAEE 493

# 1 A NRIEREE A MHDR-v2, mHDR-v2r OFRIFIC DN T, T Hry I 2 b— g IS RiED

SRt AT AL AT B ORHEN SERIT LN, HeERME,

RRAFLEIC S E L TV D, ADRR

RN E (k=1 LO0%WEHTHEE, TXTORMENSHEHRENTLH L TWD EIFRL 20,

D(l cm, 6) D(5 cm, #,) Sk
FH AL TAN HATB AL TAN HATB AL TAN HATB
HRIR O AT (R 0.46% 0.46% 0.46%
71 7 N DA ERI R 0.01% 0.01% 0.01%
BRIR OB % 0.4% 0.08% 0.04%
¥ ARy b 1.0% 1.0% 1.0%
MC L 0.05% 0.05% 0.05%
77 b LAOMAL 0.01% 0.05% 0.01%
77 v b AOErnfE 0.013% 0.067% 0.001%
HREF AR (L ewp) 1.0% 1.0% 1.0%
42 U —{KFE A 0.2% 0.4% 0.02%
&) —fEt 0.03% 0.03% 0.03%
SREFIER RN 0.03% 1.54% 0.04% 1.50% 0.03% 1.49%
WAENS (k=1 1.54% 1.50% 1.49%

0.03%C, 77 ¥ FAREFATIE 2 fF0HEMCEE -7, Z
#ih OB OMA T, FFHARHED S AR 1015128 %
Joo . BRICLDRNMBE~OFLEEFHE LILE Z
A, HERHOAHEN SIEENER, K OFEEOK 4 f5, 10
ffl7r o7z,

U T, D@ cm, 0o, DG cm, 09, sc® k=118 D%
BHE LOARHED S13# 1.5%T, 20044E % D AAPM TG-43U1
WG EIC L 2R AW SHRHIT O 12 & 78 o 7=, FARE%)
BEBRHLIZEZA, DAcem, 0. sk DFENS ZFRIC, A
D k=118 DRATEI S 1.0%03:RD bz,

Iv. 8

NV DRFFE & AWFZE & 2 ik L7z & 24, HDR ¥r /v
T ] MHDR-V2 R ~DET O~ 1EZLE L, r=0.25 cmiZ
BWT, 2RI BESM GHRMHE) OERAEHTE D
L EFEBLTWS, 3FRED MC 22— R, r<0.25 cmicis
W, MIREFIC L DME~DTFLEDEEN L B EHoR
FRALZRER U7z, (2 OFBRER D 2 E L, CC IcH-3<
TPSIZH T PSSIE & fEAG - THWE,

B

EHEOIL, VIal—va B0 OnEMTHICHIZD
IRNG T, A—27 Vv PENAF T S REH R v
% —® Mark Baird, Bernadette Kirkifi K (2%} U 0 & 2 £ 4
%, 44 51X, PENELOPE2008D HAFFIREHIC DUV CH & 3%
R#EE LW -7~ Josep Sempakicxt L, £7-. MEHIE LD
AT S FEATICETAM & H k& - 72 Yun YangiRI2xt LS %
AT 2,

Medical Physics, Vol. 38, No. 1, January 2011

DL DG & 7 B EH, BT A —/LT KL X:dgranero@eresa.com
¥ L UF domingo.granero@gmail.com

' F. Ballester, D. Granero, J. Pérez-Calatayud, ®leghus, and M. J.
Rivard, “Evaluation of electronic equilibrium anigetron contribution to
dose near brachytherapy sourcéded. Phys36, 4250-4256 (2009).

* D. Baltas, P. Karaiskos, P. Papagiannis, L. Sakelk. Loeffler, and N.
Zamboglou, “Beta versus gamma dosimetry close-1®% brachytherapy
sources,’Med. Phys28, 1875-1882 (2001).

® G. M. Daskalov, E. Léffler, and J. F. Williamsoménte-Carlo aided
dosimetry of a new high dose-rate brachytherapycsgMed. Phys25,
2200-2208 (1998).

* M. J. Rivard, B. M. Coursey, L. A. DeWerd, W. F.iti¢an, M. S. Hug, G.
S. Ibbott, M. G. Mitch, R. Nath, and J. F. Williaoms “Update of AAPM
Task Group No. 43 Report: A revised AAPM protoawl rachytherapy
dose calculationsMed. Phys. 31, 633-674 (2004).

® Z.Li, R. K. Das, L. A. DeWerd, G. S. Ibbott, A. HMeigooni, J.
Pérez-Calatayud, M. J. Rivard, R. S. Sloboda, afd\illiamson,
“Dosimetric prerequisites for routine clinical usiephoton emitting
brachytherapy sources with average energy higlaer 30 keV,"Med.
Phys.34, 37-40 (2007).

® M. J. Rivard, J. L. M. Venselaar, and L. Beauli&the evolution of
brachytherapy treatment planningfed. Phys36, 2136-2153 (2009).

"R.E.P. Taylor and D. W. O. Rogers, “EGSnrc Mdbelo calculated
dosimetry parameters f&fir and'®vb brachytherapy sourcesyled.
Phys.35, 4933—-4944 (2008); see also http://www.irs.innsaa/papers/
PIRS629r/nodel7.html (last accessed December 9)201

:p, Papagiannis, A. Angelopoulos, E. Pantelis, keiau, D. Baltas, P.
Karaiskos, P. Sandilos, and N. L. Valchos, “Dosimnebmparison of*4r
sources,’Med. Phys29, 2239-2246 (2002).

°R. Wang and X. A. Li, “Dose characterization in tiear-source region for
two high dose rate brachytherapy sourcktetl. Phys29, 1678— 1686
(2002).

%K. R. Russell, A. K. Carlsson-Tedgren, and A. Ajidg@Brachytherapy
source characterization for improved dose calaatusing primary and
scatter dose separatioded. Phys32, 2739-2752 (2005).

"3, F. Williamson, R. S. Baker, and Z. Li, “A conutibn algorithm for
brachytherapy dose computation in heterogeneousetees,”"Med. Phys.
18, 1256-1265 (1991).

*2X-5 Monte Carlo Team, MCNP—A general Monte Carlpétticle trans-
port code, Version 5, Los Alamos National Laborgtbos Alamos, NM,
2003.

BE. salvat, J. M. Fernandez-Varea, E. Acosta, aSgMpaupENELOPE—A
code system for Monte Carlo simulation of electaod photon transport,
Version 2008, OECD Nuclear Energy Agency, IssyNisilineaux, see
also http://www.nea.fr/html/science/pubs/2009/nd&6genelope.pdf (last
accessed December 9, 2010).

s, Agostinelliet al., “Geantd—A simulation toolkit,Nucl. Instrum.
Methods Phys. Res. 306, 250—-303 (2003); see also http://
geant4.web.cern.ch/geant4 (last accessed Decemb@et®).

®M. J. Rivard, D. Granero, J. Pérez-Calatayud, argaRester, “Influence
of photon energy spectra from brachytherapy sownedonte Carlo



494

simulations of kerma and dose rates in water arfttNed. Phys37,
869-876 (2010).

'°M. J. Rivard, “Brachytherapy dosimetry parametatisuated for *Cs
source,"Med. Phys34, 754-762 (2007).

M. J. Rivard, “Monte Carlo radiation dose simulatiand dosimetric
comparison of the model 6711 and 9&FlLbrachytherapy sourcesyled.
Phys.36, 486491 (2009).

'8C. . Melhus and M. J. Rivard, “Approaches to daking AAPM TG-43
brachytherapy dosimetry parameters'fo€s,*, *4r, %pPd, and**vb
sources,’Med. Phys33, 1729-1737 (2006).

%3, pérez-Calatayud, D. Granero, and F. Balles&ratitom size in
brachytherapy source dosimetric studiéd¢d. Phys31, 2075-2081
(2004).

D, Granero, J. Pérez-Calatayud, and F. Ballestéante Carlo study of
the dose rate distributions for the 1r2.A85-2 artdA85-1 Ir-192
after-loading sourcesMed. Phys35, 1280-1287 (2008).

D, Granero, J. Pérez-Calatayud, E. Casal, F. Bafleand J. Venselaar, “A
dosimetric study on the Ir-192 HDR Flexisourciléd. Phys33,
4578-4582 (2006).

*F Mourtada, C. G. Soares, S. M. Seltzer, P. Mg&eom, Jr., J. M.
Fernandez-Verea, J. Asenjo, and S. H. Lott, “Dosiyngharacterization of
a*?P source wire used for intravascular brachytherdgflty automated
stepping,”Med. Phys30, 959-971 (2003).

*c. Austerlitz, H. C. Mota, J. Sempau, S. M. Benhabi. Campos, R.
Allison, C. E. de Almeida, D. Zhu, and C. H. Sih&fetermination of
absorbed dose in water at the reference iint &) for an**r HDR

Medical Physics, Vol. 38, No. 1, January 2011

Granero et al.: HDR 2Ir mHDR-v2 &iER TICHE S hi-REAEE

494

brachytherapy source using a Fricke systavtetl. Phys35, 5360-5365
(2008).

24D. E. Cullen, S. T. Perkins, and S. M. Seltzer, f&atand graphs of
electron-interaction cross-sections from 10 eVa6 GeV derived from the
LLNL Evaluated Electron Data Library (EEDLJ~=1-100 ,” Lawrence
Livermore National Laboratory Report No. UCRL-504Q001, Vol. 31.

#D. Cullen, J. H. Hubbell, and L. Kissel, “EPDL97hd Evaluated Photon
Data Library, '97 version,” Lawrence Livermore Natal Laboratory Re-
port No. UCRL-50400, 1997, Vol. 6, Rev. 5.

R. W. Roussin, J. K. Knight, J. H. Hubbell, andJRHowerton, “Descrip-
tion of the DCL-99/Hugo package of photon interasi,” Report No.
ORNL/RSIC-46 (RSIC Data Library Collection, Oak B&National
Laboratory, Radiation Shielding Information Cent@ak Ridge, TN,
1983).

’G. P. Glasgow and L. T. Dillman, “Specific -raynstant and exposure
rate constant of4r,” Med. Phys6, 49-52 (1979).

7. Li, J. F. Williamson, and H. Perera, “Monte @achlculation of
kerma-to-a-point in the vicinity of media interfagePhys. Med. Biol38,
1825-1840 (1993).

NUDAT 2.5, National Nuclear Data Center, Brookhatational Labo-
ratory, http://www.nndc.bnl.gov/nudat2/ (last acezs December 9, 2010).

3. F. Williamson, “Monte Carlo evaluation of keraiza point for photon
transport problemsMed. Phys4, 567-576 (1987).

¥see supplementary material at E-MPHYA6-38-05510demthe new
dosimetric data of the mHDR-v2r source. For mofermation on
supplementary material, see http://www.aip.org/pmosepaps.html.



