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Simple Summary: In this study, we investigated dosimetry for mHDR-v2r and mHDR-v2 sources using EGS5
with full MC simulations to compare with the results of Granero et al. A comparison with their results showed
differences in the two-dimensional anisotropy function. These results not only show the difference but also are
very useful in brachytherapy, in irradiation very close to the radiation source. This enhances patient safety.

Abstract: After 2010, the source model of the microSelectron HDR Afterloader System was slightly modified
from the previous model. Granero et al. named the modified source model “mHDR-v2r (revised model mHDR-
v2)” and the previous model “mHDR-v2”. They concluded that the dosimetric differences arising from the
dimensional changes between the mHDR-v2 and mHDR-v2r designs were negligible at almost all locations
(within 0.5 % for r > 0.25 cm), the two-dimensional anisotropy function difference between the two sources is
found 2.1 % at r = 1.0 cm when compared with the results of the other experimental group. To confirm this
difference, we performed a full Monte Carlo simulation without the energy fluence approximation. This is
useful near the radiation source where charged-particle equilibrium does not hold. The two-dimensional
anisotropy function of the TG-43U1 dataset showed a few percent difference between the mHDR-v2r and
mHDR-v2 sources. There was no agreement in the immediate vicinity from the source (0.10 cm and 0.25 cm),
when compared to Granero et al. in mHDR-v2r sources. The differences in these two-dimensional anisotropy
functions were identified.

Keywords: Ir-192; HDR brachytherapy; dosimetry; Monte Carlo; EGS5

1. Introduction

Brachytherapy is a type of radiation therapy that is beneficial in the treatment of many cancers
as it allows for a higher radiation dose to be directed to tumors and lowers the external radiation
exposure to the surrounding tissues. Compared to external irradiation, brachytherapy has a very
steep dose distribution near the source, and because irradiation is performed locally from the vicinity
of the tumor, the dose to normal tissues can be suppressed. Conventional brachytherapy treatments
include a high dose rate (HDR) treatment, which involves delivering a high dose of radiation directly
to the tumor through seed implantation. In brachytherapy, treatment plans are determined before
initiating treatment. The radiation dose for HDR treatment is determined according to the TG-43U1
protocol [1]. Therefore, the source-specific data used in this protocol are critical for determining the
exposure dose. Iridium ("*2Ir) is a typical source of radiation used in HDR brachytherapy. Since the
actual dose in the vicinity of the radiation source is difficult, Monte Carlo (MC) simulations are
performed to investigate the properties of the 1%2Ir source. Numerous studies have been conducted to
clinically validate the TG-43U1 protocol for determining source models using '*?Ir sources [1-14]. One
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such r source is the microSelectron HDR afterloader system model (Nucletron, Elekta AB,
Stockholm, Sweden), which has been modified slightly since it was first reported by Daskalov et al.
[7] after 2010. This modified version was named “mHDR-v2r (revised model mHDR-v2),” whereas
the previous model was referred to as “mHDR-v2” by Granero et al. [9]. mHDR-v2 is no longer
manufactured. On the other hand, mHDR-v2r is currently widely used and now called mHDR-v2.
Thus, for proper distinction, “mHDR-v2r (revised model mHDR-v2)” in the study by Granero et al.
is hereafter referred to as “mHDR-v2r” and “mHDR-v2” in the study by Granero et al. is hereafter
referred to as “mHDR-v2.” The HDR "2Ir brachytherapy sources of mHDR-v2 and mHDR-v2r were
compared by Granero et al. using MC simulations, including source electrons for dosimetry near the
source. Granero et al. concluded that the dosimetric differences arising from dimensional changes
between the mHDR-v2 and mHDR-v2r designs were negligible at almost all locations in the vicinity
of the source, and a comparison of these results with prior MC studies typically showed agreement
within 0.5% for r 20.25 cm.

Granero et al. state that there is little difference between mHDR-v2 and mHDR-v2r, but this
conclusion is contradictory. As shown in Figure 1, the length and diameter of the Ir source of
mHDR-v2r are 0.1 mm and 0.05 mm shorter than those of mHDR-v2. These differences are not small,
especially when compared with the overall source length or diameter. Figure 2 compares the two-
dimensional (2D) anisotropy functions at 1.0 cm mHDR-v2r, as analyzed by Granero et al., and
mHDR-v2, as analyzed by Daskalov et al. The mHDR-v2 value was 1.7% lower at 12° and 2.1% lower
at 170° than that of mHDR-v2r, contradicting Granero’s conclusion of <0.5% difference. Currently,
mHDR-v2 is not available, but if Granero's conclusions are to be believed, it is possible to use mHDR-
v2 data in treatment planning and deliver with mHDR-v2r. In this case, the patient will be exposed
to 2% more than planned. Therefore, it is very important to assess the dosimetric differences between
mHDR-v2 and mHDR-v2r sources.

The purpose of our study is to examine the mHDR-v2 and mHDR-v2r sources more
comprehensively and assess the dosimetric differences between these two sources.

(a) mHDR-v2 source (b) mHDR-v2r source

?‘5{06

>

3.5

Figure 1. Schematic designs of !Ir sources. Dimensions are given in mm. (a) mHDR-v2 source.
Shapes and dimensions are according to Daskalov et al. [7] (Figure 1(b)) and Perez-Calatayud et al.
[10] (Figure 3). (b) mHDR-v2r source. Shapes and dimensions are according to Granero et al. [9]
(Figure 1).
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Figure 2. Ratio of 2D anisotropy function of the mHDR-v2 source (Daskalov et al.) to the mHDR-v2r
source (Granero et al.) at 1.0 cm.

MC simulations were used to investigate the dosimetry differences between mHDR-v2 and
mHDR-v2r. The simulation code was implemented using Electron-Gamma Shower 5 (EGS5) code
system [15]. Of clinical importance, for accurate irradiation in the immediate vicinity of the tumor,
the influence of source electrons cannot be ignored in MC simulations. Generally, if the charged-
particle equilibrium holds, the collision kerma and absorbed dose are considered equal. In addition,
collision kerma can be converted from the energy fluence and mass-energy absorption coefficients.
However, in order to accurately investigate the behavior of photons and electrons in the extreme
vicinity, this MC simulation does not use approximations using energy fluences and mass-energy
absorption coefficients. The absorbed dose or air kerma rate summarizes the energy deposit, or
kinetic energy, of each particle emitted from a source. All MC simulation results were obtained
stochastically. Based on the calculation results, we evaluate the dosimetry differences between the
two sources and present more detailed dosimetry results that are clinically useful. This study is

crucial for creating more accurate treatment plans in brachytherapy applications and
increasing patient safety.

z

Figure 3. MC coordinate system. r, 0, and ¢ of P are assumed, as shown in the figure.
2. Materials and Methods

2.1. Description of source materials

The dimensions of the mHDR-v2 source used in the simulation were obtained from the studies
by Daskalov et al. [7] (Figure 1(b)) and Perez-Calatayud et al. [10] (Figure 3). The dimensions of the
mHDR-v2r source were obtained from the study by Granero et al. [9] (Figure 1). The radius of
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curvature of the head of the source capsules and the edge of the iridium (Ir) source of the mHDR-v2
model were accurately reproduced and described in detail in the EGS5 combinatorial geometry (CG)
subprogram. According to the previous studies by Daskalov et al. and Granero et al., the composition
weight ratios of the capsule and cable were 2% Mn, 1% Si, 17% Cr, 12% Ni, and 68% Fe. The length
of the source cable was 2 mm. The densities of the capsules and cables were set to 8.02 gcm= and 4.81
gcm3, respectively. In the mHDR-v2r model, the gap between the Ir source and capsule was dry air
(0% humidity).

2.2. Photon and electron spectra

The %2Ir photon spectrum produced by the National Nuclear Data Center [16,17], which was
subsequently quoted by Rivard et al. [8], was input into the MC simulations (total photon spectra =
2.2992 photons/Bq, with energy exceeding 10 keV). The electron spectrum included {3-decay, and
internal conversion electrons were also used in the MC simulation, as recommended by the
International Commission on Radiological Protection [18,19]. The sum of the continuous spectra of 3
decay at an energy value greater than 10 keV was 0.9192 electrons/Bq (energy bin width x differential
spectrum), whereas that of the internal conversion electrons at energy values exceeding 10 keV was
0.1531 electrons/Bq. The total summation was 1.0723 electrons/Bq. This value differs from that
obtained by Granero et al. (1.113 electrons/Bq). The total of our electron spectra is 3.7% lower than
that of Granero et al.

2.3. Coordinate system of MC and description of the detected volume

As shown in Figure 3, the coordinates are the longitudinal axis of the radiation source along the
z-axis, and the tip direction of the radiation source from the cable is positive. The center of the source
is the origin of the coordinates. In the polar coordinate system, r, 0, and ¢ represent the radius, polar
angle, and azimuthal angle of the point of interest, P, respectively. The volume V(P) of the peripheral
area of P(r, O, ¢) was aggregated from r — Ar to r + Ar and 6 — AO to 6 + AO.

2.4. Common MC methods

The hardware used for the MC simulations consisted of two computer clusters [20] connected
by dozens of single-board computers and two personal computers with 8- and 4-core central
processing units. All computers performed the calculations in parallel using the message-passing
interface (MPI) technique. The simulation code used was MPI for EGS5, that is, EGS5MPI [21]. The
energy deposit or the kinetic energy of the electrons aggregated in the target area. Notably, these
physical quantities included scattering from the other target areas. The following parameters were
adopted in various regions or media: sampling of the angular distributions of photoelectrons, K- and
L-edge fluorescent photons, K and L Auger electrons, Rayleigh scattering, linearly polarized photon
scattering, incoherent scattering, and Doppler broadening of the Compton scattering energies. The
transport cut-off energy (denoting the kinetic energies for electrons) level was defined as 10 keV for
both electrons and photons.

2.5. MC methods of dose rate

The photons and electrons were independently simulated as particles from the radiation source
with cut-off energies of 10 keV. To obtain the absorbed dose D, the energy deposit was aggregated
and divided by a small mass in the region of the point of interest, P. The absorbed dose rate, D", is
calculated for any D by considering the number of source photons and electrons, along with the
emission rate of the radiation source. The D of P was tabulated from 0.05-20 cm. The aggregation
width, Ar, was 0.0025 cm from 0.05-1.5 cm and 0.025 cm from 2-20 cm. The angles were summed
from 0° to 180° at increments of 1°. For 0°< 6 < 180, the aggregation width was AB = 0.1° (0.001745
rad), whereas that for 0 = 0> or 180° was AO = 0.5° (0.08727 rad). The diameter of the water-sphere
phantom was set to 40 cm. Pure water, without gas, was used for the phantom, as recommended by
TG-43U1 [1], with a density of 0.998 gcm=. We calculated 1.0 x 10 events for photons and electrons
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for each source, such that the standard error of the absorbed dose at r =1 cm and 6 = 90° was <0.2%.
Two of the single-board computer clusters and two personal computers were used to calculate D. As
a typical calculation time example, 5.63 days CPU time per 1.0 x 100 events were required to calculate
the photons emitted from the mHDR-v2r source when using an 8-core personal computer.

2.6. MC methods of air kerma strength

To obtain the air kerma, K(r), for the r of transverse-axis distances, the kinetic energy, which was
transferred to the electrons by photons in a small region of the target air, was aggregated using the
MC simulation and divided by the volume mass of that region. The air kerma rate, K'(r), was
calculated for K(r) by considering the number of photons and emission rate of the radiation source.
The air kerma strength, Sk, was calculated using a linear function fit from K (r) - r2 for each r.
Spherical shell phantoms of various radii were used to calculate K. These radii were located at 10 cm
intervals (from 10-120 cm) from the center of the source. The thickness of the air layers was 1 mm,
and the remaining space was a vacuum. For each 7, the aggregation width was Ar =0.05 cm and AO =
1°(0.01745 rad) at © =90°. The air was dry (0% humidity), as recommended by the AAPM 229 Report
[10]. The weight composition ratios were N = 75.5%, O = 23.2%, and Ar = 1.3%. The density was
0.00120 gcm™. Only photons with a cut-off energy of 10 keV were generated from the source. The
number of events was 1.0 x 102, such that the standard error was <0.3% at r = 10 cm. The calculations
were performed on two single-board computer clusters. It took 2.51 days and 3.63 days CPU time for
the mHDR-v2r and mHDR-v2 sources, respectively, per 5.0 x 10'° events.

3. Results

The results of the study by Granero et al. mentioned in the present study are those of the mHDR-
v2r source examined at PENE-LOPE2008. The other experimental results are those for the mHDR-v2
source.

3.1. Contribution of source electron and gamma of each source

For each source, the contributions of the source electrons and photons toward the dose rates near
the source were compared. These contributions, along with the results of Granero et al. [9], are shown
in Figures 4 and 5. From Figure 4 (a), the results of the source electron in the mHDR-v2r source appear
to be consistent with those of Granero et al.; however, Figure 4 (b) shows a difference of 220% around
1.5 mm. The results of the mHDR-v2 source deviate from those of the mHDR-v2r source, up to a
distance of 2 mm, with a difference of >60%. From Figure 5, the results of the source photon in the
mHDR-v2r and mHDR-v2 sources and those of Granero et al. fluctuate in the 1% range and are
consistent. The ratio of the absorbed dose of the source electrons to that of the source photons near
the radiation source is shown in Figure 6, along with the results of other experimental groups
[9,11,12,13]. The results of Granero et al. were inconsistent with those of other experimental groups;
however, our mHDR-v2r results were consistent with those of Granero et al. In addition, the results
for the mHDR-v2 source were inconsistent with those for the mHDR-v2r source.
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Figure 4. (a) Absorbed dose rate contributed by source electrons near the source. (b) The ratio of the
absorbed dose rate to mHDR-v2r source contributed by source electrons near the source. The
absorbed dose rate is normalized by the unit of air kerma strength and the geometry function.
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Figure 5. (a) Absorbed dose rate contributed by source photons near the source. (b) The ratio of the
absorbed dose rate to mHDR-v2r source contributed by source photons near the source. The absorbed
dose rate is normalized by the unit of air kerma strength and the geometry function.
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Figure 6. The ratio of absorbed dose source electrons to that of source photons near the radiation
source.

3.2. TG-43U1 dataset: Dose rate constants for the model mHDR-v2r and mHDR-v2 sources

The air kerma strength, Sk (per 1 s and 1 Bq), obtained from the measurement of the air kerma
rate, K', at 12 points from 10 to 120 cm of the mHDR-v2r source was 2.7303 + 0.0056 pGym? (Bgs).
Based on the absorbed dose rate at ¥ =1 cm and 6 = 90°, the dose rate constant A for the mHDR-v2r
source can be calculated as follows:

A=(1.1186 £ 0.0031) cGyh! U~ (mHDR-v2r)

Similarly, the mHDR-v2 dose rate constant, A, can be calculated as follows:

A=(1.1151 £ 0.0026) cGy h™' U™ (mHDR-v2)

The value of the dose-rate constant for the mHDR-v2r source was 0.3% higher than that for the
mHDR-v2 source. Granero et al. reported a value of (1.1121 + 0.0008) cGyh-'U" for the mHDR-v2r
source, whereas the consensus value for the mHDR-v2 source is (1.109 = 0.012) cGy-'U-1[10]. Our
observations were slightly higher than the consensus value for the mHDR-v2 source but were within
the margin of error.

3.3. TG-43U1 dataset: Radial dose function for the model mHDR-v2 and mHDR-v2r source

The results of the radial dose function gi(r) are shown in Figure 7, along with those of the other
experimental groups [7,9,14]. According to Granero et al., the vicinity of the mHDR-v2r source
exhibited a sharp peak, which is inconsistent with the observations of other experimental results. Our
mHDR-v2r results were consistent with those of Granero et al. (Figure 7 (a)). A comparison of the
mHDR-v2 and mHDR-v2r sources showed that there was a difference depending on the vicinity. In
addition, considering only the photons emitted from the mHDR-v2 source, there was a slight peak in
gL(r), which differed from the results of Daskalov et al. The ratio of each result to the mHDR-v2r of
gu(r) is shown in Figure 8. The difference between our results and those of Granero et al. was >1% in
some places (<0.2 cm), but it was generally <1%. Our results and those of the other experiments were
consistent within 1.1% (0.2—4 cm).
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Figure 7. Comparison of the radial dose functions. (a) 0 cm <r < 0.5 cm. (b) 0 cm <7 <10 cm.
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Figure 8. The ratio of the radial dose functions to the mHDR-v2r source.

3.4. TG-43U1 dataset: 2D anisotropy function for the model mHDR-v2 and mHDR-v2r sources

The results of the 2D anisotropy function, F(r, 0), are shown in Figures 9-12, along with those of
a previous experimental group [7,9]. In each figure, (a) shows the 2D anisotropy function value, and
(b) shows the ratio of the 2D anisotropy function in each experiment to mHDR-v2r. From Figure 9 (r
=0.10 cm), the results of Granero et al. and those of our mHDR-v2r source appear to be consistent.
However, the results of Granero et al. deviate from our results by —1.7% at 40°, +1.1% at 94°, and
-1.6% at 144°.
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Figure 9. (a) Comparison of 2D anisotropy functions at distances of 0.10 cm. (b) The ratio of 2D
anisotropy functions to mHDR-v2r source at 0.10 cm.
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Figure 10. (a) Comparison of 2D anisotropy functions at distances of 0.25 cm. (b) The ratio of 2D
anisotropy functions to mHDR-v2r source at 0.25 cm.
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Figure 11. (a) Comparison of 2D anisotropy functions at distances of 0.50 cm. (b) The ratio of 2D
anisotropy functions to mHDR-v2r source at 0.50 cm. The error bar at 58 is derived from the
relationship between mHDR-v2r and mHDR-v2, while the error bar at 158 is derived from the
relationship between mHDR-v2r and Daskalov et al.
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Figure 12. (a) Comparison of 2D anisotropy functions at distances of 1.0 cm. (b) The ratio of 2D
anisotropy functions to mHDR-v2r source at 1.0 cm. The error bar at 58 is derived from the
relationship between mHDR-v2r and mHDR-v2, while the error bar at 158 is derived from the
relationship between mHDR-v2r and Daskalov et al.

From Figure 10 (r = 0.25 cm), the results of Granero et al. deviate from ours by +1.7% at 20° and
+1.5% at 144°. From Figure 11 (r = 0.50 cm), the difference between the mHDR-v2r and mHDR-v2
sources was —3.2% at 14°, and the results of mHDR-v2r are inconsistent with the results of mHDR-v2
and Daskalov et al. However, the results of mHDR-v2 and Daskalov et al. are in good agreement.
From Figure 12 (r = 1.0 cm), the results for the mHDR-v2r source were consistent with those of
Granero et al. The difference between the mHDR-v2r and mHDR-v2 sources was —2.0% at 8°. The
error bars in Figures 11 and 12 are for mHDR-v2r and mHDR-v2 at 58° and for mHDR-v2r and
Daskalov et al. at 158°, respectively. These F(r, 0) differences are given in % in Table 1.

Table 1. The difference of F(r, 0) given in %.

F(r=0.1cm) F(r=0.25cm) F(r=0.50cm) F(r=1.0cm)
0 40°  94° 144° 20° 144° 14° 8° 12°  170°
Graneno et al./ mHDR-v2r -1.7 +1.1 -1.6 +1.7 +1.5 - - - -
mHDR-v2/mHDR-v2r - - - - - -3.2 -2.0 - -
Daskalov.et :ll./Granero et i ) ) i ) ) 17 o1

3.5. Uncertainties of typical D" (0.10 cm, 90°), D" (1.0 cm, 90°), and K* (10 cm)

For the uncertainty of the source geometry, capsule geometry, dynamic source design, %Ir
photon spectrum, and MC physics, please refer to the studies by Granero et al. [9] and Rivard et al.
[8]. The uncertainty of the 2Ir electron spectrum is 0.03% from nuclear decay data for dosimetry
calculation (DECDC2) [19]. The uncertainty of volume averaging represents the difference between
the median extrapolated from the volume-averaged distance and the value aggregated in the bin. The
uncertainties of volume averaging at D" (1.0 cm, 90°) and K (10 cm) were <0.002%. The total statistics
depended on the number of events aggregated in the bin. There was almost no difference between
the mHDR-v2r and mHDR-v2 sources. The uncertainties are presented in Table 2. The total
uncertainties of D" (0.10 cm, 90°), D" (1.0 cm, 90¢°), and K" (10 cm) were 4.15%, 1.19%, and 1.14%,
respectively. When the comparison was performed using MC simulation, the uncertainties of the
source geometry, capsule geometry, and dynamic source design generated in the manufacturing
process were excluded. In this case, the uncertainties of D" (0.10 cm, 90<), D" (1.0 cm, 90¢), and K" (10
cm) were 1.01%, 1.02%, and 1.05%, respectively.
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Table 2. Uncertainty analysis for the mHDR-v2 and mHDR-v2r *?Ir brachytherapy sources based on
MC simulations. Types A and B uncertainty components are categorized based on stochastic and
systematic effects, respectively.
D’ (0.10 cm, 90°) D' (1.0 cm, 90°) K" (10 cm)
Component Type A TypeB TypeA TypeB TypeA  TypeB
Source geometry 0.46% 0.46% 0.46%
Capsule geometry 0.01% 0.01% 0.01%
Dynamic source design 4% 0.4% 0.04%
192Ir photon spectrum 1% 1% 1%
1921Ir electron spectrum 0.03% 0.03% 0.03%
MC physics 0.05% 0.05% 0.05%
Tally volume averaging 0.03% - -
Tally statistics 0.14% 0.19% 0.30%
Total (k = 1) uncertainty 4.15% 1.19% 1.14%

4. Discussion

4.1. Applicability of results

We performed dosimetry of the mHDR-v2r and mHDR-v2 sources using full MC simulation. In
MC simulations, the difference in the results may be attributed to the differences in the radiological
physics models used in the coding systems. Figures 11 and 12 show the overwhelming agreement
between the results of Daskalov et al. and our mHDR-v2 source results. It uses similar radiological
physics models, although the MC simulation code is different and warrants the validity of the EGS5
simulation code. We also investigated the contribution of source photons and/or source electrons to
the mHDR-v2r and mHDR-v2 sources. A difference of more than 60% in the absorbed dose rate of
the source electrons between the mHDR-v2r and mHDR-v2 sources was found. If the difference in
the source design mentioned by Granello et al. is negligible, the black-dotted and red solid lines
shown in Figures 4 and 6 should overlap when comparing only our results. This implies that the
design difference between mHDR-v2r and mHDR-v2 in the vicinity of the source cannot be ignored.
Further, Figure 12 in the 2D anisotropy function shows that: (i) our results were consistent with the
results of Granero et al. when comparing mHDR-v2r sources at a distance of 1 cm, (ii) our results
were consistent with the results of Daskalov et al., who compared mHDR-v2 sources at a distance of
1 cm, (iii) from (i) and (ii), the 2D anisotropy functions of the mHDR-v2r and mHDR-v2 sources do
not match even at a distance of 1 cm. These results are consistent with the difference in the 2D
anisotropy function at 1 cm between mHDR-v2r (the results of Granero et al.) and mHDR-v2 (the
results of Daskalov et al.) mentioned earlier (Figure 2). This is entirely due to the design differences
between the mHDR-v2 and mHDR-v2r sources. Therefore, the effect of design differences between
the mHDR-v2r and mHDR-v2 sources cannot be ignored even at a distance of 1 cm from the source.
In clinical practice, mHDR-v2 data should not be used for treatment planning when using the mHDR-
v2r source. As a result, the patient risks receiving more than 3% of the radiation he receives.

A comparison between the results of Granero et al. and our mHDR-v2r source results also
showed differences in the source electron contribution (Figure 4) and in the 2D anisotropy function
within 0.25 cm (Figures 10 and 11). One of the reasons for this difference seems to be the difference
in treatment in the region where the charged particle equilibrium does not hold. As mentioned above,
our MC simulation aggregates the energy deposit or kinetic energy for each particle emitted from the
source. Although there are many source particles in the MC simulation to obtain statistical data, this
method makes it irrelevant whether it is in the region of charged-particle equilibrium. At clinical
sites, polyamide implant tubes with an outer diameter of 1.7 mm are prepared for brachytherapy.
This was required for treatment very close to the source. Due to the commercialization of such
tubes, accurate treatment planning in the vicinity of the radiation source is required. Our results are
also very useful in such clinical settings.
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4.2. Computation time and accuracy

The total computing time for these data was approximately 1 year. To increase the accuracy of
our current data by a factor of 10, we must increase the number of events used by a factor of 100. In
order to improve statistical accuracy, the MC methods require a large number of events to generate
results. Our research results are obtained using 4-core and 8-core personal computers and two 8-core
single-board computer clusters, totaling 4 computers. Naturally, the actual computation time can be
reduced by increasing the number of computers. Currently, even CPUs that are commonly available
have 24 cores. It is possible to calculate in a shorter time than our calculation time just by using these.
Furthermore, the use of supercomputers is expected to dramatically reduce computation time.

4.3. Statistical data and error margins

From Table 2, "Dynamic source design” occupies the largest proportion of the total uncertainty
of D" (0.10 ¢cm, 90°).  This results from lateral shifts in the manufacturing process of the source. The
maximum lateral displacement is estimated to be 0.02 mm [9]. So this value means "maximum"
rather than standard error.  Excluding this, the uncertainties are around 1%. The 1% uncertainty is
also due to the "192Ir photon spectrum”.  If the equivalent photon spectrum is used, the comparison
of results between MC simulations is performed with sufficiently high accuracy and can be used as
basic data in clinical practice. However, in clinical practice, whether or not brachytherapy in the
vicinity of the radiation source can be performed with sufficient accuracy depends on the accuracy
of the radiation source manufacturing process.

4.4. MC simulations and limitations

We performed full MC simulations instead of approximations using energy fluences and mass-
energy absorption coefficients. This is because it is important not to use approximations in order to
obtain accurate results regardless of whether the charged-particle equilibrium holds. Granero et al.
published the first dosimetry results including electrons. However, if accurate dosimetry is desired,
it seems natural to consider not only photons but also electrons. If MC simulations are performed
and analyzed, approximations should not be used, even if they take a long time. Various elements
should be included in the simulation with reality. ~ Of course, it takes time to incorporate various
elements and perform detailed simulations. This is the limit of MC simulation, but the accuracy at
that time should be estimated according to the situation, and MC simulation should be executed
according to that accuracy.

5. Conclusions

The absorbed dose rate and air kerma rate of the mHDR-v2r and mHDR-v2 sources were
examined using EGS5 with full MC simulations. After comparing the mHDR-v2r and mHDR-v2
sources, it was found that the difference in the absorbed dose was caused by the electron and
structure. The TG-43U1 dataset was obtained by MC simulation. For the dose-rate constant values,
both mHDR-v2r and mHDR-v2 were greater than those reported by Granero et al., and the consensus
values were within the margin of error. For the radial dose function, the mHDR-v2r source and those
of Granero et al. were generally consistent, within 1%, while the mHDR-v2r and mHDR-v2 sources
were consistent at distances >0.2 mm. A comparison of the mHDR-v2r and mHDR-v2 sources for the
2D anisotropy function revealed a difference of -3.2% at 0.50 cm and a difference of —2.0% at 1.0 cm.
These differences indicate that when using the mHDR-v2r source, its accuracy is not sufficient to use
the TG-43U1 dataset of the previous mHDR-v2 source, even at distances greater than 0.5 cm. Also,
for the mHDR-v2r source, there was a difference of —1.7% to +1.1% at a distance of 0.10 cm and a
difference of +1.7% at a distance of 0.25 cm when compared with that of Granero et al. Thus, the
results of Granero et al. and our mHDR-v2r sources are inconsistent. The results of this study may
provide valuable insight into the treatment planning of HDR brachytherapy.
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