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Abstract

Introduction: High-dose-rate (HDR) %°Co brachytherapy necessitates accurate dose calculations to minimize normal
tissue toxicity and late malignancy risks. Conventionally, the American Association of Physicists in Medicine (AAPM)
Task Group 43 (TG-43) formalism, utilizing table-based dose superposition, has been employed for dose calculations,
overlooking tissue inhomogeneity effects.

Material and methods: This study focuses on characterizing the high-dose-rate BEBIG %°Co brachytherapy source, in
combination with a gynecological applicator, using Monte Carlo simulations. The investigation is based on the model of
the modified BEBIG ®°Co source (C00.A86) implemented at the University of Malaya Medical Center. Dosimetric
properties are evaluated according to AAPM TG-43 formalism, with validation against existing published data.

Results: Our investigation presents comprehensive MC dosimetric properties of the high-dose-rate BEBIG %°Co
brachytherapy source, highlighting its accuracy in dose calculations compared to established data. The study also
examined the impact of the applicator on depth dose calculations within a Krieger phantom and explored the influence of
various tissue inhomogeneities on the depth dose.

Conclusions: Our findings revealed that the applicator had a relatively minimal effect on the delivered dose, with only
marginal differences observed. Furthermore, we investigated the depth doses along the central axis of the applicator,
within a segment characterized by various tissue inhomogeneities where dose differences of up to 12% were observed,
with the lowest and highest doses recorded within bone and adipose tissues, respectively. This study underscores the
valuable role of MC simulations in estimating doses at locations where physical measurements are unfeasible, such as the

intra-uterine tube surface, as well as in scenarios featuring tissue inhomogeneities.
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Introduction

Cancer treatment, particularly through radiation therapy, hinges
on the precise delivery of therapeutic doses to cancerous tissues
while minimizing damage to surrounding healthy structures.
One established approach in radiation therapy is external beam
techniques, well-suited for treating larger tumors. While
external beam radiotherapy is typically considered less invasive
and requires less labor, brachytherapy offers potential benefits,
including shorter treatment durations and the ability to deliver
high doses of radiation directly to the tumor site with steep dose

gradients, potentially leading to better sparing of surrounding
healthy tissues. Additionally, brachytherapy allows for tailored
dose distributions and may be particularly advantageous for
certain tumor locations or anatomical situations. For external
beam radiotherapy, the International Commission on Radiation
Units Measurements (ICRU) Report No. 50! has set forth the
ideal target range for cancerous tissue to receive radiation doses,
stipulating that they should fall within the range of 95% to 107%
of the prescribed dose. Instead, for brachytherapy specific dose
prescriptions and recommendations are typically outlined in
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clinical guidelines and consensus statements. These guidelines
provide evidence-based recommendations tailored to specific
cancer types and treatment modalities. Achieving the required
level of precision is a challenging task, particularly when
treating tumors that are situated in areas where radiation
distribution can become highly inhomogeneous.

Various cancer types, including breast, prostate, lung, and
esophageal cancers, have benefited from brachytherapy
approaches. Nevertheless, the development of high-dose rate
(HDR) brachytherapy marked a pivotal advancement, aimed at
addressing limitations previously associated with low-dose-rate
(LDR) brachytherapy, a method commonly employed for the
treatment of cervical carcinoma.? Brachytherapy, and
specifically high-dose rate (HDR) brachytherapy, offers unique
advantages. Unlike low-dose-rate (LDR) brachytherapy, HDR
brachytherapy is characterized by a rapid dose fall-off with
distance from the radiation source. This feature leads to a
significant increase in the radiation dose near the source, while
simultaneously reducing the risk of radiation toxicity to adjacent
healthy tissues.

While HDR brachytherapy stands as a widely accepted and
practiced approach across the globe, it's important to note that
its effectiveness can be influenced by the choice of isotope
sources. In this context, isotopes such as **Ir and %°Co are
commonly employed. To illustrate, a study by Richter et al.®
highlighted the physical properties of ®Co and *Ir HDR
sources. It demonstrated that within a specific proximity (e.g.,
within 22 cm from the source), the integral dose fall-off varies
between these sources. Moreover, a key advantage of 5°Co over
192Ir is its considerably longer half-life of 5.27 years. This
extended half-life translates to a reduction of equipment
downtime and offers practical and economic benefits.*

However, despite the well-established advantages of HDR
brachytherapy, there remains a notable gap in research regarding
a highly relevant aspect in this field - the effect of tissue
inhomogeneities on the radiation dose distribution in close
proximity to the brachytherapy applicator. The gynecological
area, where brachytherapy is frequently employed, may exhibit
variations in tissue density and composition or interfraction
variations, potentially introducing inhomogeneities that
influence dose delivery.>® Addressing this concern and
understanding its implications are important for optimizing
cancer treatment.

Given the potential for anatomical variations and dynamic
changes within the gynecological region and to explore this
critical aspect, this research employs Monte Carlo (MC)
simulation, which is known as a reliable and robust approach for
dosimetric studies in both external beam radiotherapy and
brachytherapy scenarios, particularly when measurements are
costly or labor-intensive.>*? While characterizing established
%0Co HDR sources has been undertaken in prior studies,***# this
work endeavors to extend the knowledge base by modeling the
8Co source and the gynecological applicator introduced by
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Eckert & Ziegler BEBIG GmbH company (Berlin, Germany).
The primary objective is to evaluate the influence of the
applicator on depth dose distributions in a standard phantom
(Krieger phantom) and to scrutinize the effect of various tissue
inhomogeneities in close proximity to the applicator. These
critical investigations become increasingly pertinent in cases
where physical measurements are challenging or virtually
impossible, necessitating advanced simulation techniques.
Following this introduction, we will detail the dose calculation
formalism, elucidate the validation of MC simulations using the
MCNPX code, and present the simulation results within the
phantom.

Materials and methods

General formalism for 2D dose calculations

For brachytherapy sources that are cylindrically symmetric, the
dose distribution can be considered two-dimensional and
therefore be described in terms of a polar coordinate system with
its origin at the source center as schematically shown in
Figure 1.

Figure 1. Coordinate system used for dosimetry calculations in this
work (L = 0.35 cm) as suggested by AAPM TG-43%

Where r is the distance of the point of interest from the center of
the source and 4 is the angle with respect to the axis of the source
cylinder. The general equation from AAPM protocol*® for 2D
dose calculation is

GL(r.8)
GL(10,00)

D(r,8) =S, A g, (r) - F(r,0) Eq.1

In which, Sy and A are Air-kerma strength and dose-rate
constant in water. G,(r,8), g,(r) and F(r,0) represent the
geometry function, the radial dose function and the 2D
anisotropy function respectively.

As defined, the dose-rate constant in water is calculated by
division of dose rate at the reference position, P(ry, 6,) t0 Sy.

A — D(To,eo) Eq 2
Sk
And the radial dose function, g, (r), is defined by Equation 3.

D(r,80)  GL(ro.80)
D(r9,00) GL(r.80)

9.(r) = Eaq.3
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In this study, the calculation of two primary parameters, namely,
the dose-rate constant and radial dose function, as defined in the
revised AAPM protocol for brachytherapy dose calculations?®,
is performed for the purpose of validation against published
data. Details of the calculation of other parameters are not
presented here, as they are available in the mentioned protocol.

Monte Carlo simulations

The modeling of the BEBIG ®Co HDR brachytherapy source
type C00.A86-1 was conducted using the MCNPX code (version
2.6) with the precise geometry provided by the manufacturer, as
illustrated in Figure 2. Compositions and densities of all
materials simulated in this step are listed in Table 1. The
components that were modeled included the cylindrical active
source (0.5 mm diameter, 3.5 mm length) made of 8°Co, situated
within air, and enclosed by a 0.15 mm thick capsule made of
stainless steel (316L) that was connected to a cable. Every point
in the source was assumed to emit two ®Co gamma lines of
1.1732 1.3325 MeV isotropically. Simulations were run in
photon electron transport mode, and the air-kerma was
computed at a 100 cm distance from the source center on the
transverse axis within a ring-shaped cell with a 2 cm thickness
and 1 cm height, similar to the method employed in a previous
report*.

To obtain dose distribution, the ®Co source model was
positioned at the center of a spherical water phantom with 50 cm
radius that could be assumed as an infinite medium in this case.
The dose was calculated using ring shape dosimeters with 0.5
mm thickness and 0.5 mm height, concentric to the central axis
of the source. Various radial and longitudinal ring dosimeters
positioned at distances ranging from 0.25 cm to 14 cm were
considered to reproduce dose distributions reported in the work
of Granero et al.®® for the same source, Co0.A86-1. A sufficient
number of histories were run to calculate the air-kerma and the
radial dose function with an obtained uncertainty of better than

1% comparable to that documented in other reports. This was on
the scale of 108 for air-kerma calculation and up to 2x10° for
dose calculations. Energy cutoff for both photons and electrons
were set to 0.01 MeV?, while the effect of using the lower
energy cut off equal to 0.001 MeV was also examined with
almost negligible effect on radial dose function and depth doses
observed.

In the second series of simulations, gynecological applicator
constructed from stainless steel with the thickness of 0.75 mm
along its length and 3 mm at the tip was modeled using the
manufacturer's provided information. For depth dose
calculations, the source and applicator were positioned within a
PMMA phantom with the same specifications as the afterloading
calibration phantom, commonly referred to as the Krieger
phantom. This cylindrical phantom features dimensions of 20
cm in diameter and 12 cm in height, and is composed of
polymethylmethacrylate with a density of 1.19 g/cm?. It is
specifically designed for the calibration and characterization of
afterloading HDR brachytherapy sources.

Z
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Concentric cylindrical volume
for dose calculation

Figure 2. A) Cross-sectional view and B) Front view of the MCNPX
simulated HDR BEBIG %°Co brachytherapy source for calculation
of the radial dose function

Table 1. Material compositions used in the MC simulations in this work in terms of weight percentage

Element Air Water Stainless steel capsule Steel cable Cobalt

H 11.19 — — —

o 0.0124 — 0.03 0.03 —

N 75.527 — — — —

0 23.178 88.81 — — —

Si — 1 1 —

P — 0.045 0.045 —

S — 0.03 0.03 —

Ar 1.2826 — — — —
Cr — — 17 17 —
Mn — 2 2 —
Fe — — 65.395 65.395 —
Co — — — — 100

Ni — 12 12 —
Mo — 25 25 —
Density (g/cm?®) 0.0012 — 8.03 4.81 8.9
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Figure 3a and 3b show the schematic of the simulation setup to
obtain depth dose on the central (longitudinal) axis of the source
without and with the presence of the applicator. Dosimeter cells
were considered as cylinders with 0.5 mm diameter and 0.5 mm
height on the central axis located at distances from 0.5 to 10 mm
away from the applicator’s tip. To investigate the effect of tissue
inhomogeneities, various materials including soft tissue,
adipose, muscle, bone and water with compositions adopted
from the ICRU Report 4417 in the form of a cubic segment with
dimensions 20x20x3 mm?® were introduced within the PMMA
phantom from 2.5 to 5.5 mm distance from the applicator’s tip.
Figure 3c demonstrates the schematic of the simulated setup
with tissue inhomogeneity added to the phantom.
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Figure 3. Simulations setup for depth dose calculation of BEBIG
HDR Cobalt-60 source (a) without applicator and (b) with
gynecological applicator (c) with applicator in the presence of
inhomogeneities (figure not to scale)

Results and discussion

To validate the simulations, functions and parameters as per the
TG-43U1 formalism were determined through MCNPX
simulations, and these results were compared with the
corresponding values reported by Granero et al.*® for the same
source. The air-kerma strength (Sg) was directly computed from
the simulation outcomes in air, as detailed in ‘Monte Carlo
simulations’ section. Subsequently, the dose-rate constant in
water (A) was derived from the results of dose calculations in
water using Equation 2. The calculated value was then
compared to values obtained from other studies and the
experimental data sourced from an institution currently utilizing
this source (specifically, the Clinical Oncology Unit of the
University of Malaya Medical Center-UMMC), as presented in
Table 2.

Table 2. Comparison of the calculated dose-rate constant in water
in this work with other references

Dose Rate Constant, A (cGy h™t U™)

This work 1.0893+0.0002
Experimental (UMMC) 1.087+0.012
[13] 1.087+0.0011
[4] 1.108+0.001
[16] 1.097

The radial dose function which is defined to characterize the
dose fall-off on the source transverse-plane, was obtained as
presented in Table 3. As it is observed the data are consistent
with the results of Granero et al.'® and except for the very close
vicinity of the source (0.25 and 0.5 cm distance from the
source’s center), relative differences between the radial dose
functions are less than 0.6 %, that fall within the uncertainties of
the MC simulations.

Table 3. The radial dose function, g_L (r) of present work compared to that of ref. 13

. Radial dose function, g, (r) Relative
Radius, r (cm) This work Granero et al.’3 differences (%0)

0.25 0.9899 0.9633 2.96
0.5 1.0378 1.0498 1.14
0.75 1.0489 1.0483 0.05
1 1.0505 1.0483 0.21
15 1.0466 1.0446 0.19
2 1.0397 1.0360 0.37
25 1.0317 1.0300 0.17
3 1.0240 1.0213 0.26

4 1.0077 1.0040 0.36

5 0.9904 0.9864 0.41

6 0.9740 0.9700 0.41

8 0.9377 0.9337 0.43
10 0.9009 0.8959 0.55
14 0.8233 0.8186 0.58
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Figure 4. Dose rates per unit air-kerma strength calculated on
transverse axis () of the source in comparison to the published
data

Calculated dose rates on transverse and central axes normalized
to their maximum values are compared vs published data in
Figures 4 and 5, respectively. It should be noted that the
asymmetry of the dose rate curve in terms of distance from the
source’s center on the central axis stems from the asymmetric
shape of the source on Z axis i.e., the existence of cable and steel
capsule.

In order to have a detailed comparison of calculated values of
dose rate in other positions, data obtained at various longitudinal
distances on central axis (Z) including -10, -5, -1, -0.5, 0, 0.5, 1,
5 and 10 cm at various (radial) distances from the center on
transverse axis (Y) ranged from 0 to 14 cm from our simulations
were compared to the published data'®. Results showed the
differences as small as below 1 % in most cases while at very
close distances to the source i.e., closer than 0.5 cm to the center
on each of the axes, in a few points differences of up to 5.9 %
are observed. Such differences and even higher values of up to
14% reported in other studies for points very close to the source,
have been attributed to the possible impact of the length of the
stainless-steel cable modeled in different simulations on the dose
from scattered photons®®.

Subsequent to the validation of the MC simulations, depth
doses within the Krieger phantom were computed for both the
source, with and without the applicator, utilizing the
configuration depicted in Figures 3a and 3b. While the
applicator enhances the effective positioning and delivery of the
source to the tumor region, the results displayed in Figure 6
reveal that its presence minimally reduces the dose at various
depths without altering the dose rate falloff pattern. The
resulting graph adheres to the inverse square law as distance
increases, exhibiting a dose distribution pattern that aligns with
prior reports.*8

The simulation results for depth dose calculations, including
the gynecological applicator and the presence of
inhomogeneities, are depicted in Figure 7. For improved clarity,
the inset within Figure 7 provides a close-up view of the curves
in the inhomogeneity region.
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Figure 5. Dose rates per unit air-kerma strength calculated on
central axis Z of the source in comparison to the published data
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Figure 6. Depth dose in phantom with and without applicator
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Figure 7. Comparison of depth doses by BEBIG 60Co source with
gynecological applicator in PMMA phantom with various
inhomogeneities

The influence of inhomogeneity presence becomes evident
through variations in the depth dose, starting 0.5 mm (equivalent
to one dosimeter cell) prior to the entrance surface of the
inhomogeneity. Notably, the deposited dose in the region right
before the bone exhibits a slight increase compared to the other
curves, potentially attributed to the generation of scattered
radiation by the bone. Within the region of inhomogeneity,
relative differences of up to 12% were observed, with the dose
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curve for PMMA positioned in the middle, while the doses in
bone and adipose represented the lowest and highest values in
the plot, respectively. Despite bone having a higher density
compared to other tissues, the lower doses in bone can be
attributed to its lower mass energy absorption coefficient of
2.745x102 cm?/g, as opposed to, for instance, adipose with a
value 0 2.97x10°2 cm?/g, at a photon energy of 1.25 MeV, which
is equal to the average energy of ®°Co gamma rays. Depth doses
in muscle, soft tissue, and water exhibited values nearly identical
to those in adipose, with negligible differences. At the tissue
slice’s exit surface, the depth doses gradually converged, uniting
at a point approximately 1.5 mm from the interface.
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