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Purpose: The present work aimed to evaluate organ doses and related risk for cancer from external beam ra-
diation treatment (EBRT) and high-dose-rate (HDR) brachytherapy (BT) involving Co-60 source for patients with
cervical carcinoma in Tanzania based on Monte Carlo methods and to evaluate the secondary cancer risks in

Methods: EBRT and HDR-BR were modelled by using the MCNPX Monte Carlo (MC) code. The MC simulations
were performed by using validated models and isocentric irradiation of an adult female computational phantom.
The organ doses and cancer risks estimates were obtained.

Results: The highest absorbed doses of 6.98 x 102 and 5.74 x 10~ 2 Sv/Gy were recorded in the bladder for BT
and EBRT. The higher risk was found for colon at 1.06 x 102 in the HDR-BT and 9.75 x 10~ ° in the EBRT per
100,000 population at exposure age of 35 years than in the other organs. The risk magnitude decreased with
increasing age at exposure. In general, the secondary cancer risks in all sites considered from EBRT and HDR-BR
for cervical cancer patient were lower than the baseline risks.

Conclusions: The chances of developing secondary cancer take years following radiation therapy are extremely
low, but the results of present study can support to establish a future database on secondary cancer risks in-
volving radiation therapy in patients with cervical cancer by using HDR-BR and EBRT with Co-60 source in

Tanzania and other developing countries.

1. Introduction

The risk of radiation-induced secondary cancer after patients with
primary cancer undergo radiation treatment has been widely reported
by various investigations [1-5]. This is a well-known problem, and
related studies have focused on successfully using of new procedures
and modalities for treating tumours, such as intensity-modulated x-ray
therapy (IMRT) and 3D-conformal radiation therapy (3D-CRT); how-
ever, these procedures can potentially increase the risk of secondary
cancer [6]. Lee et al. [5] indicated that radiation-induced secondary
malignancy of 88.6 per 100,000 population for stomach is obtained
after cervical cancer (CxCa) brachytherapy (BT). Qi et al. [7] found the
highest secondary cancer risks of 0.0935% and 0.186% in the lungs and
lower oesophagus after oesophageal cancer patients underwent IMRT.
Radiation treatment aims to provide maximum dose to the tumour

target while minimising the radiation dose to the adjacent healthy tis-
sues or organs. Xu et al. [2] stated that the patients’ bodies received
unavoidably secondary radiation resulting from the leakage in the
treatment head and scattered radiation inside the patient's body or from
the accelerator components. Organs at risks inevitably receive radiation
doses from radiation therapy, and such doses can subsequently increase
secondary cancer risks [2,6]. The development of these modern radia-
tion treatment techniques serves to increase patient’s lifetimes; how-
ever, the related risks of radiation-induced secondary cancer in patients
are increased as well [8].

Compared with the previous studies that used modern radiation
therapy treatment devices, the current study focuses on traditional
technology, that is, the Co-60 source for treating CxCa patients. CxCa is
the most common malignancy among the women and has an estimated
485,000 recent cases and approximately 236,000 deaths per year
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worldwide [9]. As reported, 70% of new cases have occurred in de-
veloping countries [10], including Tanzania, which has an estimated of
506 cases per 1,000,000 population [11]. For decades, worldwide lar-
gely in developing countries, patients with CxCa have been treated by
using high-dose-rate (HDR) BT and external beam radiation treatment
(EBRT) involving a Co-60 source [12]. The application of new radiation
treatment modalities has a possibility of developing secondary cancers
in patients because of the photons and neutrons produced from either
inside a patient’s body or from a machine head [2]. The application of
Monte Carlo (MC) methods to calculate organ dose in computational
phantoms has become a worthy alternative [13,14]. In this study, the
MC techniques and an adult female computational phantom were used
to evaluate organ-absorbed doses from secondary scattered photons
outside the target volume. The radiation-induced secondary cancer
risks involving the EBRT and HDR-BT Co-60 source have been ex-
tensively reported, but organ-absorbed doses outside a target volume
remain poorly studied. No MC study has been conducted on secondary
cancer risks in patients with CxCa that received treatment involving
EBRT and HDR-BT with Co-60 source, which is usually used in Tanzania
and in many other developing countries.

This study presents secondary dose calculations in patients with
CxCa that underwent EBRT and HDR-BT with Co-60 source by using MC
methods. This was achieved by integrating the treatment models and
computational adult female phantom into Monte Carlo N-particle
eXtended (MCNPX) code. Our aim was to estimate the organ doses and
associated lifetime attribute risks (LARs).

2. Materials and methods
2.1. Co-60 HDR source simulation and modelling

In this article, all simulations and the calculations were performed
by using the MCNPX MC code [15]. The code has high efficiency in
simulating photons, electrons, and neutrons with a wide-ranging energy
settings. A photon beam model has been developed for the BEBIG HDR
Co-60 source (model Co60.A86) by using the MCNPX methods. The Co-
60 source decays through 8~ emission, followed by two main y-photons
per disintegration with energies of 1.17 and 1.33 MeV. The two energy
spectra of the Co-60 source (i.e. 1.17 and 1.33 MeV) constitute useful
radiation for cancer treatment inside the patient’s body and are used for
source simulations in BT and EBRT. Fig. 1 shows the basic details of a
new BEBIG HDR Co-60 source as modelled in our computer simulation.
The geometrical modelling and detailed components of the source were
obtained from previous studies [16,17]. The Co-60 source was com-
posed of a central cylindrical active core with 3.5mm length and
0.5mm diameter. The source core was encased by a 0.15mm thick
cylindrical stainless steel with 1.0 mm outside diameter and a rounded
tip that closed the structure. The distal end included a source cable with
5.0 mm length and 0.9 mm diameter.

To obtain the dose rate distributions in water phantom and simu-
lation geometry, the source was placed at the centre of a spherical
phantom with a radius of 100 cm, which acted as an unbounded
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Fig. 1. Internal construction and dimensions of Co-60 HDR source (model
C060.A86) used in the simulations performed in the current work.
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phantom. The density of phantom used was 0.998 g/cm®, as re-
commended in the TG-43UI report [18]. The radial dose function, g; (r),
which accounted for dose fall-off along the transverse axis due to the
scattered photons and the attenuation in spherical water phantom, was
calculated as follows:

D(r, 60) G (1, 60)
D(r, 6y) GL(r, 6)
D(r,60)
D(ro,60)
is the geometric functions ratio. In this study, the line-source

gL(r)= oD

where, is the dose-rate ratio at the distance of interest and the

Gr(ro,60)
G (r,60) X i
approximation was used as suggested in the report [18] for the calcu-

lation of the geometry function, and was defined as follows:

B

Lrsinf

G(r, 0) = if6 #

(2)

2\
G(r,0) = (,,2 - —) if6 = 0°

4 3
where, L denotes the length of the source core, r is the radial distance, 6
and B are angles, in radian. The radial dose function was derived by
using the line-source geometry function, with L = 3.5 mm over a radial
range r = 0.1 cm to 20 cm in 0.01 cm steps. The results obtained in the
MCNPX code were verified by comparing the calculated g; (r) with re-
cently published data. Up to 10 million photon histories were simulated
and the statistical uncertainty of results was less than 0.1%.

2.2. Co-60 EBRT simulation and photon beam modelling

In this section, different stages of the Co-60 EBRT unit head simu-
lation are presented. A model of the photon beam was developed for
Co-60 EBRT by using the MCNPX method. A validated model of tele-
cobalt unit head is also presented in the study [19-21]. Fig. 2 illustrates
a simplified model of a teletherapy unit that contains of both fixed and
adjustable collimators that define different field size opening to shape
the treatment beam and the active material of Co-60 pellets. The pellets
of the radioactive source were embedded into the cylindrical capsule
made of stainless-steel. On the upper side of the source capsule, the
tungsten and lead materials were simulated. All air gaps were included
between the material components in this model. To calculate the ra-
diation-scattered doses away from the target tumour, the following two
elements should be considered in this model; the leakage photon ra-
diation from the Co-60 treatment head and the scattered photon from
the Co-60 treatment head and in the patients’ body.

Tungsten
Steel

Co-60
source

c 1
I T 2em

Fixed
Collimators

031cm

(lead)

31.123 cm

Adjustable collimators

Fig. 2. Schematic representation of Co-60 EBRT unit head model used in the
present study.
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To validate our model, we used the MCNPX MC code to simulate the
water phantom of sizes of 50cm X 50 cm X 50 cm situated 80 cm
below the telecobalt unit head. A spherical cell with 1 cm radius along
the central axis of the photon beam was defined in the phantom and
was divided into small scoring cells. The energy deposited was calcu-
lated in each scoring cell, in the phantom, which was placed at different
depths by using the pulse height tally (*F8: p, e card) in MeV units. The
ratio in each scoring cell at different depths with maximum dose
scoring (i.e. 0.5cm for Co-60) was used to construct the percentage
depth doses (PDDs). The PDDs for the field sizes of 5c¢cm X 5cm and
10cm X 10 cm were calculated and compared with published data in
other studies. Moreover, the lateral dose profile was determined in the
cross-plane direction with a voxel size of 4cm X 0.3cm X 0.6cm at a
depth of maximum dose and 5 cm for a field size of 10 cm X 10 cm. The
MCNPX input files were run up to 107 histories.

2.3. MC modelling for cervical treatment and equivalent doses calculation

The mesh-based USTC computational phantoms were constructed
by using ARCHER MC code [22]. These phantoms were age-dependant
(i.e. 5-year-old, 10-year-old, 15-year-old and adult) representing male
and female in the different body heights [22-24]. The phantom model,
which resembled an adult female that weighed 54 kg (Fig. 3), was used
in the current study. To perform organ dose calculations by using the
MC techniques, the mesh-based phantoms were converted to voxelized
formats with a resolution of 0.2cm. A spherical cell with a radius
0.75 cm at the precise location of the cervix was defined in the phantom
as the target tumour to score the energy per unit mass deposited at the
isocentre. An adult female phantom was located below the Co-60 EBRT;
thus, a tumour target was located at 80 cm source-to-surface distance
(SSD) away from the Co-source. During the radiation treatment, a direct
anterior beam with a field size of 10 cm X 10 cm at 80 cm SSD was used

Fig. 3. 3D rendering of USTC adult female phantom.
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to deliver doses to the isocentre per 45 Gy entirely tumour target dose.

To calculate the equivalent dose by the MCNPX MC code, the pulse
height tally (‘F8: P, E) was used to scores the deposited energy in the
selected organs in terms of MeV. During MC simulation, the results
provided by “F8 tally were normalised per source history. The recorded
results in MeV were divided by the mass of each organ in kilogram and
later times by 1.602 x 10~ '3 to change the fundamental unit from MeV
toJ kg_1 or Gray (Gy). The total number of photons (N) was defined as
follows to achieve 45 Gy-prescribed doses to the entire target volume:

N= 45Gy/(Dtumour/photon) (4)
where, Dymour/photon i the target absorbed dose per photon in MCNPX.
The absorbed dose for every critical organ was calculated for an equally
weighted field size irradiation giving 45 Gy to the tumour site as fol-
lows:

(5)

Dcr[tical—organ =N X Dcr[tical—crgan/photon

where, Dcrisicat-organ iS the total absorbed dose. The cut-off energies of 10
and 500 KeV were set for photon-electron mode. A 24-core MC com-
puter server with 2.6 GHz RAM running on Ubuntu operating system
was used. An average time of ~11.2 CPU-hours was required for each
MC simulation to obtain a statistically reliable error of less than 1% for
each organ. Because we simulate the photon in the MC code, the ra-
diation weighting factor (wg) of 1 was used to obtained the radiation
equivalent dose in every organs considered. The total number of his-
tories up to 30 million particles were simulated.

Moreover, the BT treatment was modelled with MCNPX by using an
adult female phantom and the exact geometry of the HDR Co-60 source
(Fig. 1). The length and diameter of Co-60 source were 3.5 and 0.5 mm.
The treatment involving a single dwell position in the centre of the
sphere used in clinical plans was considered in this study. In the MC
calculations, the energy distribution was scored in the selected organs
by using the *F8 tally of the MCNPX. This tally recorded the energy in
MeV, which was then converted into absorbed dose. The results of this
paper involving an adult female computational phantom may not be
generalisable into all females. However, the data values of organ dose
distribution presented in this study are expected to be typical of a broad
range of clinical situations. Several particle histories were run to ensure
that the statistical uncertainty of the MC results were less than 1% for
most organs.

2.4. Cancer incidence risk evaluation attributable to secondary doses

Cancer incidence risks to organs due to scattered photons from HDR
Co-60 BT and Co-60 EBRT were estimated by using the biological ef-
fects of ionising radiation (BEIR) VII methods [25,26]. The metho-
dology for calculating secondary cancer risks can be found inside the
BEIR VII report, Chapter 12. This report developed models for excess
absolute risk (EAR) and excess relative risk (ERR), which depend on the
total dose equivalent D, sex of cancer patient s, age at treatment e in
years and the total time since treatment a in years. The EAR and ERR of
secondary cancer were computed by using the following equation:

ERR(D, s, e, a)andEAR(D, s, e, a) = D-ﬁ’s-exp(ye*)(i);7

60 (6)
where, e* is (e — 30)/10 when the value of e is less than 30 years and
zero when the value of e = 30 years. v, f3; and 7 represent the model
parameters which are offered for ERR and EAR in the BEIR VII [25]. For
solid cancer sites, the ERR and EAR are linear functions of dose
equivalence. The risk models are used to link the gap between the
cancer induction risk and the equivalent doses. Using the risk model
values, the lifetime attributable risk (LARs) for a secondary cancer in-
cidence was calculated as follows [25,26]:
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LAR(D, ¢) = [ (ERReAf+S(a)/S (e)da)’”
e+L
Amax 0.3

x [ (BAR-S(@)/S (e)da) o
where, L is the latency period after exposure (for solid tumour is 5 y),
Afis baseline risk for an exposed individual and S(a)/S(e) is the pos-
sibility of a cancer patient surviving from age e to age a founded on the
data existing at the National Bureau of Statistics in Tanzania [27].
Following the recommendation of BEIR VII report, the weights for EAR
and ERR integrals were described as 0.3 and 0.7, for most organs. For
the lung cancer risk, the weights for the models in Eq. (7) were re-
versed, that is, 0.3 used for ERR estimate and 0.7 for the EAR estimate;
only the EAR model was recommended for breast cancer [28]. No EAR
model was observed for thyroid cancer risk, and LAR was estimated by
using only the ERR model. For the final total risk estimation, the
weighted average of LAR used the values of EAR and ERR risk models
divided by dose and dose-rate effectiveness factor of 1.5 as re-
commended by the BEIR report [26]. Based on the present life ex-
pectancy at birth of a Tanzanian female aged 63.8 years, we set the ages
at exposure between 35 and 50 years with five-year increments and the
attained age at 60 years.

3. Results
3.1. Validation of the simulated models

Fig. 4 shows the g (r) for the HDR Co-60 source compared with
published results. For the HDR Co-60 source, the maximum percentage
difference between the g () results and the data by Granero et al. [16]
were 1.14%, 1.59%, 1.17% and 2.78% at 10, 12, 15 and 20 cm, re-
spectively. However, in the MC results, the statistical uncertainties for
all points were less than 0.1%, which were within the final uncertainty
obtained by Granero et al. [16] who found it to be less than 0.7%. The
results in Fig. 4 depict that our isotropic cylindrical model for the HDR
Co-60 source was suitable for this study.

Fig. 5 depicts the comparison plots of PDDs between the EBRT Co-
60 source and the data published in the BJR Suppl 25 at field sizes of
10cm X 10cm and 5cm X 5cm. For all calculations, the field sizes
were taken at the point of maximum dose (i.e. 0.5 cm for Co-60 source)
beneath the surface of simulated water phantom. A comparative plot
revealed that there is a good agreement between the MC calculation
results and that published in BJR Suppl. 25. Significantly deviations
below 0.5% were detected between the calculated and published data,
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Fig. 4. Plotted MC results of radial dose function against radial distance for the
BEBIG Co-60 (model Co00.A86) source compared with data published by
Granero et al.
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and the maximum was close to 1.5%. The lateral beam profile was
determined at the maximum dose and 5cm depth for a field size of
10 x 10 cm> A comparison plot of our MC results and experimentally
measured beam profiles obtained by Sahan et al [29] is shown in Fig. 6.
Good agreement was attained between the two sets of data, whereby
statistical uncertainties of the MC simulation results were below 0.1%.
Consequently, the results confirm that the geometrical dimensions for
our model were accurately considered in the MC simulations.

3.2. Equivalent doses in various organs away from tumour target

The comparison between the photon absorbed doses to various or-
gans in the patients with CxCa during HDR-BT and EBRT involving Co-
60 source is provided in Table 1. The results in Table 1 were normalised
to the maximum prescribed dose to the target tumour and expressed in
Sievert per prescribed Gray (Sv/Gy). In the case of BT, inverse square
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Table 1
Comparison of the absorbed doses (Sv/Gy) to various organs in the patients
with CxCa.

Organ HDR Co-60 BT EBRT Co-60
Colon 6.11 x 1073 2.99 x 1074
Lungs 1.99 x 10™* 5.21 x 107°
Stomach 6.80 x 107* 2.29 x 107°
Ovaries 1.98 x 1072 1.40 x 1073
Bladder 6.98 x 102 5.74 X 1072
Oesophagus 5.79 x 107° 1.28 x 107°
Liver 7.07 x 1074 2.26 x 107°
Thyroid glands 2,92 x 107° 4.82 x 1077
Brain 7.25 x 107° 1.05 x 1077
Salivary glands 1.39 x 107° 2.04 x 1077
Adrenals 5.89 x 10™* 2.05 x 107°
Gall bladder 6.62 x 1074 2.07 X 107°
Small intestine 6.00 x 1073 3.85 x 1074
Kidneys 1.40 x 1072 5.92 x 1074
Pancreas 1.16 x 1072 433 x107°
Spleen 6.80 x 10™* 2.29 x 107°
Thymus 7.00 x 105 1.30 x 107°
Heart wall 1.74 x 107* 434 x10°°
Breasts 1.07 x 10™* 1.83 x 107°

law is the most dominant physical result, whereby the radiation dose
varies inversely as the square of the distance from the radioactive
source. Practically, this allows for excessive radiation dose to the target
tumour with relatively low radiation dose to the organs far away from
the target, as shown in Table 1. The higher radiation doses in EBRT
were the most dominant from the telecobalt machine leakage and ra-
diation scattering from the machine or inside the patient’s body [2]. For
the selected organs, the normalised organ absorbed doses were higher
in HDR-BT than in the EBRT, because the distance between radioactive
source and normal organs in HDR-BT was shorter compared with EBRT.
The short distance caused the increased radiation exposure and organ-
absorbed doses. The larger absorbed doses were calculated in the
bladder, ovaries and colon in both treatment modalities (Table 1). Si-
milarly, for the brain and other organs away from the target volume,
the absorbed doses decreased to 7.25 X 10~ ° and 1.05 x 10~7 Gy for
the HDR-BT and EBRT, respectively.

3.3. Estimate of second cancer risk

Table 2 presents the comparison results of the LARs associated with
HDR-BT and EBRT for some organs away from the target tumour

Physica Medica 62 (2019) 13-19
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Fig. 7a. Comparison of LARs of different anatomical sites distant from the
target volume for an adult patient with cervical exposed at 50-year-old and the
attained age of 60 years.

depending on age at exposure. Several important conclusions can be
drawn from Table 2. For all of the considered organs, the LAR values
denote the function of age at exposure and demonstrate a general fea-
ture of the BEIR-VII risk model. By designating the age of exposure of
cancer patient as 50-years as a reference value, we found that the
highest value of LAR per 100,000 in the population was in the colon
(i.e. 6.11 x 10~ * and 5.50 x 10~° for the HDR-BT and EBRT, respec-
tively). The relatively lowest LAR was observed in the lungs (i.e.
5.15 x 107 %and 2.52 x 10”7 for the HDR-BT and EBRT, respectively).
Fig. 7a and 7b present the results of LARs of the different anatomical
sites of an adult female patient exposed at 50 years of age compared
with the values of baseline risk obtained to the SEER Cancer Statistics
Review [30].

Another risk model was proposed by the NCRP report 116 to cal-
culate secondary cancer risk [31]. In this model, the risk value coeffi-
cients were primarily based on the cancer incidence data from a Ja-
panese atomic-bombing survivor. However, the NCRP model
considered all of the age groups and entered the populations, thus
making it relatively more diverse than the BEIR VII model. The risk
estimates for each organ site selected were determined by multiplying

Table 2

Comparison of LAR for various organs in accordance with age at exposure to HDR-BT and EBRT with Co-60 source (per 100,000 population) by using the BEIR-VII

model.

Age at Exposure (yrs)
Organs 35 40 45 50
HDR BT Stomach 1.02 x 107* 1.00 x 10™* 8.75 x 107° 5.86 x 10°°
Colon 1.06 x 1073 1.05 x 10~ 3 9.12x107* 6.11 x 107*
Liver 3.05 x 107° 3.00 x 1075 2,62 x 1075 1.75 x 10~°
Oesophagus 1.50 x 10~° 1.47 x 10~° 1.29 x 107° 8.61 x 107
Kidneys 2.04 x 107° 2.01 x 107° 1.75 x 10~° 1.17 x 107°
Brain 4.93 x 107° 4,85 x 1075 422 x107° 2.83 x 1075
Lungs 8.96 x 107° 8.81 x 10°° 7.68 x 107° 5.15 x 10~°
Breasts 8.43 x 107° 8.28 x 107° 7.22 x 107° 4.84 x 107°
EBRT Stomach 6.46 x 107° 6.35 x 107° 5.54 x 107° 371 x107°

Colon 9.75 x 107° 9.59 x 10° 8.36 x 107° 560 x 107°
Liver 1.83 x 107° 1.80 x 107° 1.57 x 107° 1.05 x 107°
Oesophagus 6.21 x 1077 6.10 x 1077 532 x 1077 3.57 x 1077
Kidneys 1.62 x 107° 1.59 x 107° 1.39 x 107° 9.28 x 1077
Brain 1.34 x 10°° 1.31 x 107° 1.15 x 107° 7.67 x 1077
Lungs 439 x 1077 432 x 1077 3.76 x 1077 2.52 x 1077
Breasts 8.43 x 107° 8.28 x 10°° 7.22 x10°° 4.85 x 107>

17
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Fig. 7b. Comparison of LARs of different anatomical sites distant from the
target volume for an adult patient with a combination of Co-60 EBRT and Co-60
BT of cervical exposed at 50-year old and the attained age of 60 years.

Table 3

Risk of secondary cancer for various organs (%) using the NCRP model.
Organs HDR Co-60 BT EBRT Co-60
Stomach 9.80 x 1073 6.20 x 10™*
Colon 8.80 x 1072 8.06 x 1073
Liver 3.39 x 1073 2.04 x 107
Oesophagus 2.78 x 1074 1.15 x 107°
Kidneys 2.02 x 1072 1.60 x 1073
Brain 8.70 x 107° 2.36 x 1077
Lungs 2.87 x 1073 1.41 x 1074
Breasts 1.54 x 1073 4.94 x 107°

the whole-body equivalent-dose coefficient of 5% per Sv [31]. The
maximum absolute risks of fatal cancer for various organs attributable
to secondary radiation in the NCRP model are presented in Table 3. The
results in the NCRP model were considerably higher compared with
those in the BEIR VII risk model.

4. Discussion
4.1. Equivalent doses in various organs away from target tumour

In the present study, an adult female phantom was used to calculate
the absorbed doses in organs at risk and later was used to estimate the
secondary cancer risks related to CxCa irradiations. The BT and EBRT
involving Co-60 source were used for patient’s irradiations with CxCa. As
seen in Table. 1, those organs extremely close to or within the target
volume have relatively high radiation doses which decline as the distance
from the treatment volume increases. BT is related to various side effects
because it delivers high doses into a target. However, the doses to some
organs are influenced by the attenuation of photon beams. In EBRT, the
doses to distant organs are mainly caused by the scattered photons from
the treatment head [2], suggesting that only a significant fraction of the
total amount of radiation doses could reach non-target organs. The ab-
sorbed organ doses in patients with CxCa are higher in BT than in EBRT.
In both treatment modalities, the absorbed organ doses were are higher
in the bladder, ovaries, and colon than in other organs. Compared with
colon, doses to the bladder were 6.4% higher for BT and 5.7% higher for
EBRT. The observed difference in the results could be attributed to the
differences in radiation photon exposure between the considered treat-
ment modalities. For distant organs, such as brain and salivary glands,
the absorbed doses were nearly zero and decreased by 99.9% with
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respect to the absorbed doses to the bladder in both BT and EBRT, re-
spectively. Irradiation of distant organs during BT involves the impact of
attenuation of high-energy photons passing inside the patient’s body,
whereas in EBRT generally involves photon radiation scattered within
treatment head and inside the human body [2]. Zaman et al. [32] per-
formed a comparative study and revealed that the rectum obtains the
highest doses during HDR Co-60 BT of the patients with CxCa. In the
planning study of Yong et al. [33] on the dosimetric impact of applicator
displacement during the HDR Co-60 BR of CxCa, the maximum photon
doses of rectum and bladder were also found in 2 cc of the organ (D)
using the HDR Co-60 BT for cervical cancer. Our results demonstrated
that the organs closest to the tumour target, such as bladder and colon,
received relatively high absorbed doses.

The use of HDR Co-60 (1.25 MeV) source is comparable to the Yb-
169 (92.7 keV) and Ir-192 (280 keV) sources. The average energy of Yb-
169 source is less than that of the Co-60 and Ir-192 sources; this led the
photon interaction inside the medium to be dominant by multiple ra-
diation scattering for higher photoelectric absorption [17]. Venselaar
et al. [34] showed that outside of the target volume, the dose com-
parisons in the peripheral organs at risks show a reverse behaviour (Co-
60 doses < Ir-192 doses) at short distances, as when the distance in-
creases from the target volume (Co-60 doses > Ir-192 doses). The Co-
60 source has advantages over Ir-192 and Yb-169 due to its lower en-
ergy photons, higher dose rate constant and longer half-life. These
properties make the Co-60 source suitable for use in BT application in
many developing countries, although a proper shielding is required for
the source.

4.2. Secondary cancer risks

In this study, the highest LARs per 100,000 of the population from
CxCa patients were found in the colon, and lower values were in the
lungs for both BR and EBRT. The LAR values for selected organs of CxCa
patients in the BR treatment were higher than in the EBRT in all ages at
exposure as shown in Table 2. By contrast, the organs close to the target
volume have higher LARs but have considerably lower values than the
baseline risks (Fig. 7a), showing that the secondary cancer risks were
lower in a patient who received BT and EBRT for CxCa. Moreover, the
risk values for the combination of two modalities (i.e. EBRT and HDR-
BT) were also lower than the baseline risks (Fig. 7b) but higher when
separate treatment was considered. Compared with Fig. 7a, the risk
values in the colon (Fig. 7b) were 5.6 x 1072 and 6.11 x 10~ 2%
higher than the BT and EBRT. In Table. 2 results show that the different
ages at exposure and the LAR values have a reverse relationship be-
cause the body tissue of younger aged patients is more sensitive to the
effects of radiation. The risk of secondary cancer was also found in the
Table. 3 for various organs using the NCRP model. In both treatments
(i.e. HDR-BT and EBRT), the highest risk was in the colon, and the
relatively lowest was in the brain. In comparison with the colon, the
risk values in the brain were reduced by 99.9% in BT and EBRT, re-
spectively.

The risks evaluation after radiation treatment of CxCa is significant for
clinical investigation, but few studies are available for comparison with
the current study. And the secondary cancer is conceptually different when
various risk models are used. The BEIR VII report depended on the age-
specific risk model, site-specific cancers and was chosen in the literature.
The BEIR VII report may provide a more reliable estimate of cancer risk
than the NCRP model [25]. In this manner, this study was based on the use
of Tanzanian population data and the BEIR VII risk model. As expected,
the organs closest to the irradiation isocentre had the highest LARs, but
their values were substantially lower than the baseline risks.

5. Conclusion

This research was conducted to calculate non-target organ absorbed
doses and related risks for cancer in Tanzania from scattered photons in
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cervical radiation treatment involving Co-60 source. The MC simula-
tions involved detailed use of EBRT and HDR-BT Co-60 source models.
The USTC-adult female phantom was used to estimate the absorbed
doses in each organ at risk. The organs located close to the target tu-
mour had the highest absorbed doses; however, the doses decreased
with increasing distance from the target. In general, the LAR values of
cancer incidence in all considered anatomical sites were lower than the
baseline risks. A follow-up study should be conducted to establish a
future database on secondary cancer risks involving radiation treatment
in patients with cervical carcinoma to provide useful records when
patients with cancer undergo radiation therapy more than once.
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