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Objective: The purpose of the present study was to compare the effect of tissue composition of the
prostate on dose calculation in the TG-43U1 formalism for '»I brachytherapy of prostate carcinoma
and to study how prostate medium differences lead to differences in dose distributions. Clinical
significance of the results is also examined.

Methods: Geant4 Monte Carlo code was used to calculate dose distributions by simulation in four
types of tissue compositions: water, average male soft tissue (AMST), skeletal muscle (SM), and the
International Commission on Radiological Protection (ICRP) report No. 23 prostate tissue. The
dosimetric parameters A and g, (r) for the prostate media were examined. The clinical dosimetry
parameters of Dy, Dyy, Dgo, Voo, Viso, and V,, were evaluated by using the dosimetric parameters and
the postplan CT images for 50 patients treated with permanent brachytherapy at the Tokyo Medical
Center.

Results: The average differences of D, (Gy) between water and prostate medium were 8.4 Gy = 1.9
Gy for AMST, 0.7 Gy %= 0.5 Gy for SM, and 2.7 Gy £ 0.6 Gy for ICRP. The distribution of the
differences of D,, between water and prostate medium was 5.2 £ 0.3% for AMST, 0.4 = 0.3% for
SM, and 1.7 &£ 0.2% for ICRP. The dose volume histograms (DVHs) for SM and ICRP were close to
that of water, while the DVH of AMST shifted to a lower dose.

Conclusions: The DVHs in water and prostate media showed small discrepancies. The TG-43U1-
based calculation is acceptable to assumed a prostate medium comprised of homogeneous tissue that
is equivalent to the weight of water and the use of water as a prostate medium is suitable for clinical
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dose calculations.
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Introduction

P

early-stage prostate carcinoma, and the method is now

ermanent seed-implant treatment using '*I
radionuclide is currently a standard procedure for

considered comparable to external-beam radiation therapy
and prostatectomy.! As with external beam radiation
therapy, permanent seed implant treatment of the prostate
requires a dose-outcome correction, pointing out the
importance of the planning process.” The positions and
number of seeds are selected using the treatment planning
system to achieve the best dose coverage of the prostate.
The dose, calculated in accordance with the formalism
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established by the American Association of Physicists in
Medicine Task Group No. 43 (AAPM TG-43), and the
updated report (TG-43U1) is used in clinical practice to
evaluate the two-dimensional dose deposited in water.*

The TG-43U1-based calculation assumes a prostate
medium comprised of homogeneous tissue that is
equivalent to the basic make up of water. However, the
ways in which real prostate tissue composition differs
from water may be important, because the absorption
cross section due to the photoelectric effect of low-energy
photons emitted from '>T sources are proportional to the
third to fourth power of the atomic number Z. Therefore,
even small differences in effective atomic numbers of
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water and the prostate lead to a difference in the cross
sections of approximately more than 10%. It is possible
that this difference causes a non-negligible effect in the
real dose distribution, compared with that determined by
the TG-43U1-based calculation.

Previous studies have suggested that only the accurate
CT-based Monte Carlo technique, which takes into
account the details of the implant, can accurately handle
the effects of tissue heterogeneity.™” However, in a real
clinical situation, it is impossible to follow the procedure
recommended by the physicians according to the findings
of the studies described above because realistic prostate
simulations are far too time consuming. While the TG-
43U1-based calculation has the advantages of providing
a fast, simple, and established method compared with
the Monte Carlo simulation method, its most useful
characteristic is the flexibility of dose-rate calculation
during a real-time ultrasound-guided technique with
intraoperative planning. Demonstrating the effect of
prostate tissue composition on the TG-43U1-based
calculation is therefore important for the accurate
interpretation of the results of this method.?

The purpose of the present study was to compare the
effect of the prostate media on the dose calculation using
TG-43U1 clinical prostate implants with three different
kinds of prostate media. The dosimetric parameters in
the TG-43U1-based calculation, such as A and g, (r),
were estimated in prostate medium using the Monte Carlo
simulation code Geant4, since /A and g, () are directly
sensitive to the differences in the medium.” Subscript L
denotes the use of the line source geometry function.
The tissue composition effect can be studied by comparing
the dose volume histogram (DVH) calculated in water
with that calculated in a prostate medium using a revised
TG-43U1-based calculation.

The institutional ethics committee of Tokyo Medical
Center, National Hospital Organization and School of
Allied Health Sciences, Kitasato University approved
this retrospective study. Informed consent was waived,
since it was not applicable due to the retrospective nature
of the study.

Materials and Methods

Dose calculation formalism

The dose calculation formalism AAPM TG-43? and TG-
43U1* was developed by the Interstitial Brachytherapy
Collaborative Working Group to predict the dose
distribution around cylindrically symmetric sources.
According to this formalism, the dose rate D(r, 0) in
water, at a point expressed as (r, 0) in the polar coordinate
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system relative to the geometric center of the line source,
is given by the equation:
G, (r, 0)

D(r, 0) =Sy A" g (r)*F(r, 0)

1
G.(ry, 0) =

where 7 is the distance to the point of interest; r,, denotes
the reference distance, which is specified to be 1 cm; 0 is
the polar angle with respect to the longitudinal axis of
the source; 6 is the reference angle that defines the
source transverse plane and is specified to be 77/2; S is
the air-kerma strength; A is the dose-rate constant and
corresponds to the dose rate at a distance of 1 cm on the
transverse axis for a source with 1 unit of Si; G, (r, 0) is
the geometry distribution given in cm™ that accounts for
spatial distribution of radioactive material; F(r, 0) is the
anisotropy function that accounts for the angular
dependence of photon absorption and scatter in the
encapsulation and the medium; and g, (r) is the radial
dose function that accounts for radial dependence of
photon absorption and scatter in the medium along the
transverse axis for the line-source model.

Two dosimetric parameters considered in the present
study are given as follows.

A= D(”o’ 0,)

2
5, 2)

D(", 90) * G(r, 00)
D(ry, 90) * G(r, 0y)

&= 3)
Detailed descriptions of the formalism can be found in
the TG-43U1 report.*

Seed model

The Monte Carlo simulations were based on a complete
3-dimensional model of the 6711 source manufactured
by General Electric Health Care. The model 6711 has
been the most widely used source for permanent
implantation since its introduction in 1983. This source
consists of a 4.5 mm titanium capsule, 0.06 mm thick,
with welded end caps. The capsule contains a cylinder
silver rod core of 3.0 mm in length and 0.5 mm in
diameter, coated with an Ag-halide of approximately 1
1m thickness onto which %1 is absorbed. These source
dimensions are the same as the ones used in the study by
Williamson'® and in the TG-43 update.* Figure 1 shows
the geometry of the model 6711 source used in this Monte
Carlo simulation.

Monte Carlo simulation
Simulations of particle transport in media were performed
with the Geant4 (version 9.2) toolkit,"" with a special
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package of electromagnetic processes for photons and
electrons for obtaining the dosimetric parameters. In
recent studies, the Geant4 code was selected from several
available Monte Carlo simulation codes for its
combinatorial geometry capabilities, which allow an easy
seed insertion into the 3D patient model.*” Geant4 code
has been used to validate the dosimetric parameters for
1921t and '¥’Cs sources'>!? and is well benchmarked, based
upon the AAPM-ESTRO (European Society for
Therapeutic Radiology and Oncology) recommendations.'*

For calculation of the dosimetric parameters /A and
g.(r), the methodology proposed by Rodriguez et al. was

Longitudinal view

0.06 mm Titanium

Ag-halidecoated Agrod

Transverse view

Air cavity

1257 distributed on
plane 0.5 pmdeep

Titanium (0.06 mm thick)

Ag-halidepaste
1pmthick

Agrod 0.5 mm

Figure 1. The geometry of the GE Health Care model 6711
source'

used.’ The simulation geometry for calculating /\, the
air ring detector was located to surround the source, which
was immersed in vacuum. An air ring detector is built
with 1 cm height and 1 cm thickness and an inner and
outer radius of 99.5 cm and 100.5 cm, respectively. In
the air-kerma strength calculation, the characteristic x-
rays from the titanium capsule were systematically
suppressed to comply with the 1999 NIST standard. The
simulation for g, (r), the source was located at the center
of a water cylinder with dimensions sufficiently large to
cover all of the simulation distances from the source.
The cylinder was divided into a set of concentric rings
with a width of 0.01 cm at distances to the source less
than 0.2 cm, 0.05 cm at distances between 0.2 cm and 2
cm, 0.1 cm at distances between 2 cm and 5 cm, and a
width of 0.5 cm at distances greater than 5 cm. The
thickness of the cylinder was 0.01 cm at any distance.
The Geant4 code and the source modeling have to be
validated through standard tests, including energy
spectrum analysis, dose rate constant analysis, and radial
dose function analysis. These data are acquired for the
specific source used, and compared with published values.

Density and elemental composition of prostate medium
To evaluate the effect of tissue composition on the dose
distribution in the prostate for the '*I brachytherapy,
Geant4 code was used to simulate four different media.
In the first calculation, prostate medium is made of pure
water, which is the conceptual basis of TG-43U1. In the
second calculation, prostate medium is made of average
male soft tissue (AMST) as defined in the ICRU report
44.'S In the third calculation, prostate medium is made of
ICRU report 44 skeletal muscle (SM).'® In the last
calculation, prostate medium is made of ICRP report 23
prostate tissue (ICRP).!” Table 1 shows the elemental
compositions and densities of the prostate media used
for this study. The effective atomic number of the prostate

Table 1. Density and composition of prostate media obtained from the literature'>'s

Water 1.000
Density ~ AMST 1.030
(g-cm™) SM 1.050
ICRP 1.045
H C N O Na P S Cl K Ca Zn Mg
Water  11.1 00 0.0 889 0.0 00 00 00 00 0.0 0.0 0.0
Weight AMST 105 256 2.7 60.2 0.1 02 03 02 02 00 0.0 0.0
(%) SM 10.2 143 34 71.0 0.1 02 03 01 04 0.0 0.0 0.0
ICRP 976 911 247 781 021 0.1 0.0 0.0 02 0.023 0.008 0.019
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medium developed by AMST was 7.45, while it was
7.70 for SM and 7.66 for ICRP.

In this article, the dosimetric parameters /A and g, (r)
calculated in water are expressed as A, and g; (yuers
and those in a prostate medium (pm) are expressed as /,
and g, (1), (subscript pm represents one of the prostate
medium such as AMST, SM and ICRP).

Clinical dosimetry parameters

This retrospective study focused on post-plan dosimetry
calculations for the DVH, compared among a subgroup
of 50 randomly selected patients from 202 patients. Thirty
patients were treated with seed implantation alone to
deliver a minimum dose of 160 Gy. The remaining 20
patients received combined therapy of a minimum dose
of 100-110 Gy for seed implantation and a boosted dose
of 45 Gy for external beam radiotherapy. These patients
had been treated with permanent brachytherapy between
January 2008 and December 2008 at the Tokyo Medical
Center. Table 2 details the characteristics of patients of
this subgroup. For post-plan dosimetry, a CT scan was
performed on the patient approximately 4 weeks after
implantation, with a slice thickness of 3.0 mm. The
prostate was contoured by the physician on the CT
datasets and detailed dose information, including clinical
dosimetry parameters, was obtained with a dose
calculation engine. For the present study, we used the
clinical dose calculation engine from the VariSeed system
(Varian). The dose calculation algorithm of the engine
manipulates dosimetric parameters, such as A and g, (r),
which are derived from the TG-43U1-based calculation
that is expressed in equation (1).

Clinical dosimetry parameters such as Dy, Dyg, Dy,
Vaoor Vises and Vg, in respective media were obtained
using the above method, installing the calculated values
of A, and g, (r),, into the VariSeed source file, and
these were compared for each patient. Here, Dy is the
minimal dose deposited in X% of the medium volume,
and Vy is the medium volume covered by X% of the
prescription dose.

In this study, when two media are compared, results

are given in terms of relative differences. The relative
) and
) are given as follows.

differences of Dy values between water (D

X, water.

other prostate medium (D

X, pm
ADX(C}y) = DX, water ~ DX, pm (4)
D water ~ D m
AD(%) =" e )

X, water

For Vy values are given in percentages, the relative
difference is given as follows.

A VX(%) = VX, water VX, pm (6)

Results and Discussion

Validation of the Monte Carlo simulation
We applied the method to obtain the energy spectrum,
dose-rate constant, and radial dose function in water to
assess the accuracy of the present Monte Carlo simulation
method with Geant4. We compared these results with
those of TG-43U1 as well as with some published data.
The photon energy spectrum of '*T used in this study
was obtained from the NuDat 2 database.'® A comparison
is drawn between the photon energy spectrum obtained
using Geant4 and other spectra found in literature (Table
3). The published spectra were either measured
experimentally'®?° or calculated using Monte Carlo
simulation.®?! The six peaks come from different
processes. The three lower energy peaks are fluorescence
peaks due to the titanium shell and the silver rod. The
three more energetic peaks are directly due to the '*I
radionuclide decay (electron capture decay produces 27.4
keV Te K, and 31.0 keV Te K; gammas, while gamma
ray transition produces 35.5 keV gammas). It should be
noted that the spectra have been normalized to 1.0 at the
27.4 keV peak. The difference between the results for
the two Monte Carlo Geant4 codes was less than 1.0% of
the major peak intensity for any of the five other peaks.
The dose-rate constant and the radial dose function,
obtained in a similar way by the present authors, were
compared with TG-43U1 values and the results of Dolan

Table 2. Characteristics of 50 patients used for the analysis of the DVH

Median Star_ldf%rd Maximum  Minimum
Deviation
Age 66 7 79 46
Prostate Volume (cc)  30.61 6.76 52.50 17.77
Number of Seeds 74 13 104 45
Gleason Score 6 1 9 5

139



Hanada, et al.

et al.? and Kirov et al.,” and these proved to be in good
agreement.® Accordingly, we believe that our method
exhibited sufficient reliability and validity to carry out
calculations of the dosimetric parameters in the prostate
media.

Comparison of the dosimetric parameters
The calculated dosimetric parameters in water, A,
8L(Nyaer Were compared to the calculated values in each
prostate medium, A, and g (r),,,.

The dose rate constants water A, calculated in our
study, was 0.964 cGyh™U"" and for prostate medium A,,,
were 0.905 ¢cGyh™'U™! for AMST, 0.971 ¢cGyh™'U™! for

and

ater

SM, and 0.956 cGyh 'U™! for ICRP. The relative
differences between the A, value and the A, values
were 6.1% for AMST, 0.7% for SM, and 0.8% for ICRP.
The A, of AMST was clearly lower than A,,.,. The
other two /A, values, SM and ICRP, were slightly affected
by medium composition.

The results of the radial dose function in prostate
medium g, (7),,, at distances of 0.1 <7 < 10 cm are plotted

in Figure 2 and the differences between g, (7). and

water
&1(r),m are plotted in Figure 3. The radial dose function
g.(r) exhibits a prominent difference in the region over 2
cm, and this difference is maintained within 3.3% for all

prostate medium in the region close to the source.

Table 3. Comparison between the photon energy spectrum calculated using Geant4 and other

published spectra

Relative peak intensity

Energy (keV)

Carrier-this work

Ling Kubo Bohm  Carrier This work
4.5 - 0.0089  0.0081  0.0078 0.0074 0.0004
22.1 025 0.263 0.240 0.240 0.235 0.005
25.2 0.07  0.075 0.065 0.0625 0.0620 0.0005
27.4 1.0 1.0 1.0 1.0 1.0 -
31.0 025 0.228 0.235 0.231 0.224 0.007
355 0.06  0.048 0.07 0.068 0.064 0.004

Data are presented relative to the major peak intensity. Bohm et al.>* used MCNP and Carrier
used Geant4® to calculate their spectra, while Ling et al.'® and Kubo! performed experimental

measurements.
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Figure 2. Radial dose functions in water and three prostate media
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Clinical significance

A list of clinical dosimetry parameters, such as D, Dy,
Dy, Vaoos Vs, and Vg, are presented in Table 4 and the
relative differences are presented in Table 5, in which
values in water and each prostate medium are compared.
For clinical dosimetry parameters in Table 4, the mean
values are given as well as the difference between the
prostate medium in Table 5. Regarding the prostate
media, we observed a systematic decrease in the deposited
dose of Dy, Dyy, and Dy, when compared with water.
For example, the average differences of Dy, (Gy) between
water and prostate medium made of AMST was 8.4 Gy
with a standard deviation of 1.9 Gy. The same comparison
for the prostate media made of SM and ICRP leads to 0.7
Gy with a standard deviation of 0.5 Gy and 2.7 Gy
decreases with a standard deviation of 0.6 Gy for Dy,

The distribution of the differences of D,, between water
and prostate media is presented in Figure 4 and shows a
spread of 5.2 = 0.3% for AMST, 0.4 = 0.3% for SM,
and 1.7 £ 0.2% for ICRP.

Figure 5 shows the cumulative DVH in water and in
each prostate medium. The prostate medium DVHs for
SM and ICRP are very close to that of water, while the
DVH of AMST is clearly shifted to a lower dose. Water
is the medium with the lowest density, but with the highest
oxygen content, which is the dominant element with
regards to photoelectric absorption. AMST, SM, and
ICRP have similar densities, but different oxygen
contents. Water and SM and ICRP prostate media
produced much closer DVHs although water has a higher
oxygen content in comparison with SM. The lower
oxygen content in SM is compensated by its higher density

20
18
- AMST
16
- SM
14
= < ICRP
S 12 -
3 H ;
g 10
& el
s 8 . .
6 : = & el
4 ... ; - -
2 4= T S
xR | :
0 FEm .= ;
0 2 4 6 8 10
Radial Distance (cm)

Figure 3. Differences in radial dose functions for three prostate media compared

with water

Table 4. Summary of clinical dosimetry parameters

Table 5. The relative differences between prostate media and

for the DVH water as defined in eq. 4 and eq. 6

Parameter Water AMST SM ICRP Parameter AMST SM ICRP

D,y (Gy) 105 100 104 103 D,y (Gy) 49 + 0.2 1.1 £04 1.9 £0.2
Dy, (Gy) 161 152 160 158 Dy, (Gy) 52 £02 04 +£0.3 1.7 £02
Dy, (Gy) 175 166 174 172 Dy, (Gy) 53 £ 0.1 03 +0.3 1.6 £ 0.1
Voo (%) 28 23 28 27 Voo (%) 47 £ 1.5 -0.7 £ 0.2 0.9 £ 0.3
Viso (%) 62 54 62 60 Viso (%) 8.1 =E15 -0.1 =04 2.0+ 0.5
Vi (%) 98 97 98 98 Vi (%) 14=£15 02 +0.3 04 £0.5
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in comparison with water. AMST leads to less energy-
deposition in the prostate tissue, therefore it lowers D,
Dy, and Dy, in comparison with water. The slightly
higher density of AMST does not fully compensate for
its lower oxygen content in comparison with water.
The V,,, value stayed almost constant, with a
maximum difference of 1.4% for AMST, indicating that

volume coverage was equivalent in all prostate media.
The low energy range of photons emitted from '*I,
where the photoelectric effect is the dominant absorption
process, is one of the factors that causes differences in
absorption and scattering properties between water and
other tissue media. The average photon energy emitted
from '*I is approximately 28 keV. For example, at an

15 ilicnsins il s s S s R S S

Number of Patients
[y
o

(%]
1

0o 1 2 3 4

6 7 8 9 10 11 12
Difference of the Dy, (Gy)

Figure 4. Distribution of differences of D,, between water and three prostate media
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energy of 30 keV, the mass energy absorption coefficient
for water (L.,/0)wuer 18 0.1557 cm?/g and for soft tissue
(Lo O)gor 18 0.1616 cm/g. In the case of adipose tissue,
(e ) adipose 18 0.09495 cm?/g; that is, absorption and
scattering properties between water and adipose tissue
exhibit a difference in (/L.,/0) of approximately 40%.

Several studies of the value of Dy, have been carried
out, in addition to our finding of a 0.4 % to 5.2 %
difference in Dy, between water and other prostate media.
In a previous study, Demarco et al.>* used Monte Carlo
simulations to evaluate tissue heterogeneity effects and
compared the effects with results obtained with TG-43-
based calculations. To this end, the researchers simulated
125] prostate implants merged in CT-based heterogeneous
phantoms. The use of a CT-based heterogeneous
phantom, compared with a pure water phantom, resulted
in a 5.6% decrease in the volume of tissue irradiated by a
described isodose line of 144 Gy. A study by Chibani et
al.’ reported a decrease of 2.4%, comparing water and
average male soft tissue using a Monte Carlo simulation
technique. Chibani et al.’ also showed a clearly left-
shifted DVH of prostate when prostate tissue is assumed
to be made of average male soft tissue, but not when
made of skeletal muscle. Carrier et al.® reported the
difference between Monte Carlo simulations in water
and Monte Carlo simulations in prostate tissue made of
ICRP and published values of between 4.4% and 4.8%
for the 26 cm?® and 59 cm? prostate sizes, respectively, on
Dy,. Carrier et al.” also reported an average 2.6% decrease
in systematic effects using a realistic Monte Carlo
calculation from patient data that considered more than
200 available tissue combinations of variable densities
and elemental compositions. We previously reported
the evaluation of the Dy, calculated by the prostate
medium determined from the CT images of 149 patients.?
The results show a systematic dose overestimation of 2.8
+ 0.7 Gy in water, whereas the distribution of the
differences can be seen with a spread of 1.8 = 0.3%
compared to that in prostate medium.

Interobserver differences in post-plan dosimetry are
well known as a significant problem because of the
unclear boundaries between the prostate tissue and its
adjacent organs.” In addition, remarkable interobserver
differences occur in Dy, Aoki et al. reported that variance
in Dy, caused by interobserver differences in postplan
dosimetry is more than = 10% from the reference Dy,.%
The current results showed a small discrepancy of 0.4%
to 5.2%, between water and other prostate media,
compared with the variance in the problem of
interobserver differences. As long as the TG-43U1-based
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calculation is used in clinical treatment planning, the
prescription dose should not be changed by such a small
discrepancy. Therefore, the TG-43U1-based calculation
used in the treatment planning is adequate for a prostate
medium comprised of homogeneous tissue that is
equivalent to water. Our results are valuable to confirm
the differences in the dose calculation caused by changes
in tissue composition.

The TG-43U1-based calculation is widely used in
treatment planning as the established method for real-
time ultrasound-guided techniques, because of its
advantages in speed, reliability, and simplicity. In the
present study, the dosimetric parameters of the TG-43U1-
based calculation in homogeneous prostate media,
determined from AMST, SM, and ICRP, were calculated
and compared with those in water. A comparison of Dy,
values shows a systematic dose underestimation of 5.2
+ 0.3% in AMST, 0.4 = 0.3% in SM, and 1.7 = 0.2%
in ICRP, compared with that in water. Our results
revealed that only minor discrepancies in the DVHs in
water and other prostate media are comparable to the
dose error variance caused by interobserver differences.
The TG-43U1-based calculation is acceptable to a prostate
medium comprised of homogeneous tissue equivalent to
water in clinical intraoperative dose calculation.
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