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Abstract

Purpose The study of long-term radiation effects has become important due to the growing survival rates among cancer
patients. Brachytherapy treatment planning systems do not account for radiation doses remote from the irradiated regions.
The use of Monte Carlo (MC) simulation for the evaluation of scattered radiation doses received by other parts of the body
of patients undergoing gynaecological brachytherapy has therefore become crucial to avert the causation of secondary can-
cers. This study compares two methods (MC simulation and TLD measurements) used to estimate scattered radiation doses
received by other parts of the body (breast and thyroid) of patients undergoing gynaecological brachytherapy.

Method 100 patients undergoing HDR intracavitary brachytherapy were randomly selected and TLDs placed on their breast
and thyroid region during treatment delivery. The patient treatment was modelled with SimpleGeo for the considered cancer
types and simulated with MCNP using a predefined patient model based on the mean BMI of patients involved in this study.
Result Average MC simulation doses were 2.65+0.07 mSv and 8.62 +0.03mSv to thyroid and breast, respectively. The
TLD measurements were 2.76+0.14 mSv and 8.73 +£0.09 mSyv to the thyroid and breast, respectively. P-values of 0.64 for
thyroid and 0.43 for breast (p > 0.05) were recorded.

Conclusion P-values reveal an insignificant difference between measured and simulated doses. It is recommended that the
verified MC models be used to develop an algorithm for organ dose estimation of other parts of the body (i.e. organs not
considered by the treatment planning system).
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1 Introduction

Advances in brachytherapy (BT), over the years have
increased the life expectancy of cancer patients [1, 2].
Regardless, life expectancy after BT is still a major concern
due to certain long-term side effects and in some instances,
the development of secondary cancers in other organs of
patients after the procedure [3, 4].
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One important advancement in the field of BT is the
use of sophisticated treatment planning systems (TPS) to
estimate dose distributions inside a patient’s body and cal-
culate doses to the target and organs in proximity to the tar-
get being treated with high accuracy. However, the doses
received by organs further away from the irradiated area are
not accurately calculated by most commercial TPS [5-7].
This inaccuracy may lead to an underestimation of the dose
by up to 40% [8] Additionally, dose calculations outside the
irradiated area are often restricted by the limited anatomi-
cal coverage of the computed tomography (CT) simulation
images used for the treatment planning during BT. Another
cardinal point is that the doses outside the irradiated area
vary with delivery techniques, treatment site, patient dimen-
sions, and energy spectrum, hence making it challenging to
estimate the doses [9].
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Radiation dose to healthy tissues during gynaecological
BT may lead to various side effects that may occur imme-
diately after treatment or later [10, 11]. Studies in BT have
shown a significant amount of dose to other organs of patients
due to internal scatter within the patient’s body during BT
[12—17]. The internally scattered radiation has the potential
to contribute doses to any part of the patient’s body, either
within or outside the irradiated area. Even though doses out-
side the irradiated region may be low compared to the doses
within the irradiated area, they are of radiobiological inter-
est. This is because they are administered to a considerable
region of the healthy organs and tissues which may lead to
new tumours or an increased chance of the occurrence of
secondary cancers induced by ionizing radiation [18].

Monte Carlo N-Particle (MCNP) calculations for dose
estimations in brachytherapy have become crucial and
increased almost exponentially in the last decades due to
the inability of the treatment planning systems to accurately
account for doses outside the irradiated area [19-22]. Ther-
moluminiscence dosimeters (TLD) have also been available
for nearly 100 years in the use of dosimetry for ionizing
radiation [23].

This study therefore seeks to compare two methods (MC
simulation and TLD measurements) used to estimate scat-
tered radiation doses received by other parts of the body
(breast and thyroid) of patients undergoing gynaecological
brachytherapy using a cobalt-60 source. The MCNP com-
putational simulation from this work can also be used to
assess doses to other parts of the body during gynaecologi-
cal brachytherapy in future studies. Parts of the body con-
sidered for this study were the breast and thyroid regions
due to their sensitivities to radiation [24, 25].

Fig. 1 A graph of Thermolumi-
nescence (TL) counts against
dose rate
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2 Materials and methods

Ethical clearance (ECBAS 002/21-22) was sought from the
College of Basic and Applied Sciences (CBAS) before the
study commenced. Additionally, approval was also sought
from the Cancer Center to use their Brachytherapy Unit for
the study, and informed consent was obtained from all indi-
vidual participants included in the study.

2.1 Thermoluminescence dosimeter calibration

Thermoluninescence dosimeters (TLDs) were used for
dose measurements in this study as described in the work
by Doudoo et al. (2023) [26]. Before the use of the TLDs
(TLD-100 LiF, Thermofisher, Germany) for this study,
a sensitivity test was performed to establish the dose as a
function of the TLD reading. All the TLDs were irradiated
to a dose of 2 Gy at depth of 5 cm within a solid water
phantom (RW3; PTW Freiburg, Germany) using collimator
settings of 10 cm X 10 cm and SSD of 100 cm with a 6 MV
beam from a Synergy platform medical linear accelerator
(Elekta, Sweden). TLDs with a sensitivity response fall-
ing within +3% of the given dose were considered for this
study. All TLDs used in this study (for calibration and organ
dosimetry) were read within 24 hours’ post-irradiation to
allow them to settle to give a more reproducible result and
to minimize fading effect.

Additionally, a dose rate dependence test was done
where TLDs were irradiated with a known dose of 2 Gy for
dose rates in the range 100-700 Gy/min for 6 MV energy.
A graph of thermoluminescence (TL) count was plotted
against dose rate and represented in Fig. 1. The results,
displayed in Fig. 1 indicates a very weak trend towards
a slightly increased yield with dose rate. This weak trend
towards increased dose rate reveals the independence of the
TLDs on dose rate.
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2.2 Treatment planning and physical dosimetry

One hundred (100) gynaecological cancer (i.e., cervical,
vagina, endometrial) patients undergoing HDR BT were
intentionally selected based on their availability using a
homogenous non-probability sampling method (purposive
sampling) at the cancer facility. This was a prospective study
within a 3-year period (2019 to 2023). Patients’ weight and
height were collected from the hospital information system
to obtain their body mass index (BMI). Information on the
choice of applicators to use and their orientations within
patients were determined by a Radiation Oncologist, and the
applicators were inserted under local anaesthesia.

The patients were transferred to the computed tomog-
raphy (CT) room for the acquisition of simulation images
using the Siemens CT machine (Emotion 16, Siemens, Ger-
many) to verify patient position and applicator position and
also to be used for planning. The acquired diagnostic images
were reconstructed to a 2 mm slice thickness and exported
to the Oncentra treatment planning system (Monaco, Elekta,
Sweden) to plan the dose delivery to the concerned target
volume.

The Oncentra treatment planning system (OTPS) was
used to create 3D conformal treatment plans for all the gyn-
aecological patients involved in this study. An average dose
of 7 Gy per fraction in 4 fractions were prescribed and eval-
uated quantitatively for the target volume as well as organs
at risk (OARs). The high-risk clinical target volume (HR-
CTV) was prescribed and defined as the area of gross resid-
ual disease at the time of brachytherapy. The parameters of
the 3D treatment planning system were used for evaluation
purposes and the planning modalities followed the standard
protocols in use at the center.

Applicators for brachytherapy consisted of a 30° intra-
uterine and 20 mm small ovoid Fletcher System (Tandem

Fig.2 Samples of HDR Brachytherapy planning during this study

and ovoid pair), vaginal cylinders as well as tandem and
ring applicators (Nucletron BV, Netherlands).

The cumulative dose volume histogram (DVH) was com-
puted for critical organs like the bladder, rectum and bowel
(including sigmoid), and the dwell positions and the dwell
times were adjusted to optimally minimize dose to these
critical organs. Samples of HDR Brachytherapy treatment
plans created for some of the patients of the study are shown
in Fig. 2; where ‘A’ is a plan with vaginal applicator and ‘B’
is one with a tandem and ovoid.

The treatment plans were then exported to the HDR-BT
Cobalt-60 Afterloader machine for treatment to commence.
Calibrated Lithium Fluoride (LiF) thermoluminescence
dosimeters (TLDs) [27] were placed on the thyroid and
breast of the patient with the help of a masking tape. The
Radiation Oncologist used his knowledge in anatomy to
place the TLD at the front of the neck just below the base of
the throat, which is where the thyroid gland is anatomically
located. For the breast, TLDs were put on both breasts and
average found during each insertion.

The dose measurements were taken by a team of Radia-
tion therapy professionals and under the supervision of the
Oncologist. The patient couch was positioned in the central
part of the room to prevent scatter radiation influence from
the walls if any. After dose delivery, the TLDs were read
using a Harshaw TLD reader (6600 Plus, ThermoFisher,
USA). This was repeated for all fractions for every patient
(at most 4 fractions) and the average was documented in a
data entry sheet. Figure 3 illustrates a schematic diagram
of patient positioning and TLD positions during the HDR
gynaecological cancer treatment.

The characterization of the LiF TLD makes it viable for
the measurement of out-of-field radiation doses [28] as well
as its use for the measurement of internal scatter radiation
doses [29]. To ensure a high-quality performance of the
TLDs, they were calibrated with a 6 MV photon energy.
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Fig. 3 Schematic illustration of
BT setup for the study where
points A, B and C are the posi-
tion of the thyroid TLD, breast
TLD and applicator, respectively

Fig.4 Calibration curve of TLDs as
exposed to 6 MV photon beam

TL Signal (uC)

TLDs were exposed to different doses from 0 to 8 Gy of
6 MV photons. A graph of the Thermoluminescence (TL)
signals was plotted against the various doses to produce a
calibration curve as shown in Fig. 4. The calibration curve
in this study had a linear behavior under 10 Gy which is in
agreement with other studies [30, 31].

2.3 Modelling and monte carlo simulation

The patient, applicators, TLDs, the BT source and patient
table were modelled using SimpelGeo, a three-dimensional
(3D) modelling tool (Version 4.3.3, CERN, Switzerland).
The geometry of the models was created by employing an
interactive point, click, drag and drop technique using basic
primitives and shapes in the constructive solid geometry
(CSQ) tree. The patient was modelled as a perspex whole
body (not organs specific) phantom with an average BMI of
27.5 kg/m? [26]. The applicators were modelled as an alloy
of titanium (90%), aluminium (6%) and vanadium (4%).
The TLDs were modelled as thin films of LiF.

The patient table was also modelled as steel with a carbon
cover material. The BT source was modelled as a cobalt-60-
point source with an average energy of 1.25 MeV. The mod-
els were outputted from the SimpelGeo tool to the MCNP
simulation input file.

@ Springer

Dose (Gy)

The energy tally of F6 (energy absorbed per mass per
particle) was set on the TLDs. The input file was simulated
to track 1.5x 10° gamma particles. The models were vali-
dated with the TLD-measured organ doses as recommended
by the American Association of Physicists in Medicine
(AAPM) Task Group 158 [32]. Figure 4 is an illustration
of the modelled patient in this study using the SimpleGeo
software.

2.4 Statistical analysis

Measured and simulated doses for all the identified cancer
sites were transferred from Microsoft Excel and analysed
using the Statistical Package software for the Social Sci-
ences, SPSS (Version 25, IBM, U.S.A). The paired T-test
method was used to compare the means of the measured
doses to that of the simulated doses to determine whether
there was statistical evidence between the average values.
A confidence interval of 95% (p <0.05) was used to show
significant relationships.
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Table 1 Measured organ dose for gynaecological cancer types

Mean Organ Dose (mSv)
Cancer Type Thyroid Breast
Cervical 2.32+0.14 7.44+0.09
Vagina 2.95+0.14 8.03+0.09
Endometrial 3.02+0.14 10.72+0.09

Table 2 Simulated organ dose for gynaecological cancer types

Mean Organ Dose (mSv)
Cancer Type Thyroid Breast
Cervical 2.26+0.07 7.33+0.03
Vagina 2.44+0.07 8.01+0.03
Endometrial 3.24+0.07 10.52+0.03

Table 3 Paired T-test table comparing measured doses to simulated
doses for the thyroid

Mean Std. Deviation T-test
measured thyroid dose 2.7633 0.38553 0.549
simulated thyroid dose 2.6467 0.52166 0.526

Table 4 Paired T-test table comparing measured doses to simulated
doses for the breast

Mean Std. Deviation T-test
measured breast dose 8.7300 1.74846 1.00947
simulated breast dose 8.6200 1.68021 0.97007

3 Results

Table 1 shows mean measured doses of the thyroid and
breast for the various cancer types from the work by Dou-
doo et al. (2023) [26]. Table 2 shows mean simulated patient
organ doses of the thyroid and breast for the various gynae-
cological cancer types involved in this work.

The measured doses provided in Table 1 recorded aver-
age doses of 2.76+0.14 mSv and 8.73+0.09 mSv at the

Fig.5 A modelled patient on the
treatment table using SimpleGeo

thyroid and the breast, respectively. On the other hand, the
simulated doses provided in Table 2 recorded average doses
0f 2.65+0.07 mSv and 8.62+0.03 mSv at the thyroid and
breast, respectively.

Table 3 provides the comparison of statistical t-tests con-
ducted for measured and simulated doses for the thyroid.
Table 4 also provides the comparison of statistical t-tests
conducted for measured and simulated doses for the breast.
A p-value of 0.64 (p-value> 0.05) was obtained for the thy-
roid comparison whilst a p-value of 0.43 (p-value>0.05)
was obtained for the breast comparison.

Figure 1 is a graph of Thermoluminescence (TL) counts
against dose rate. A schematic diagram to illustrate the BT
setup and the placement of TLDs on a patient for this study
is shown in Fig. 5. Figure 3 is a calibration curve of TLDs
exposed to 6 MV photon beam and Fig. 4 is a modelled
patient on the treatment table using the SimpleGeo software.

Lastly, Fig. 6 presents the comparison between measured
and simulated doses for the organs considered for this study.

AB.

4 Discussion

This work was conducted in a clinical environment in a
radiotherapy centre. It primarily compared TLD measure-
ments and MC simulations of radiation doses received
by other parts of the body during gynaecological brachy-
therapy. For this work, the breast and thyroid regions were
studied due to the sensitivity of the organs (breast and thy-
roid) within the area to radiation as well as being outside the
irradiated area during HDR gynaecological brachytherapy
treatment with Cobalt-60 source.

@ Springer
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Fig. 6 Measured and simulated
organ doses for the different
cancer types
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The MC approach using MCNP6 was used and validated
with TLD measured doses for the organs in the region stud-
ied. It must be noted that the breast and thyroid are organs
situated just beneath the skin and since they are located only
a few millimetres from the skin surface, one may estimate
that the dose absorbed by the TLD (either simulated or mea-
sured) placed on the surface of the anatomical position is
the dose absorbed by the organs [33, 34]. Therefore, the
doses measured or simulated by the TLDs in this study dur-
ing the various treatments provide reliable estimates of the
absorbed organ doses. In addition, TLDs had successfully
been used for the measurement of doses to organs out of the
irradiated area since scatter radiation is dominant in these
areas during brachytherapy and not the primary radiation
[35]".

It can be seen from Tables 1 and 2; Fig. 6 that endome-
trial cancers recorded a higher dose to the breast and thyroid
compared with the other cancer types. Vaginal and cervi-
cal cancers were the second and third highest, respectively.
The variation in the doses in these areas or organs could be
attributed to their proximity to the cancer sites.

The location of the endometrium is anatomically proxi-
mal to the breast and thyroid regions as compared to the
cervix and vagina. However, the same reasoning could not
be made for the vagina and cervical as they are approxi-
mately (on average about 7.6 cm apart) located around the
same place in the body. Hence, the variation in the doses
could not primarily be as a result of the distance between
them and the studied organs. This could be attributed to the
dose distribution around the choice of applicator used for
the cervix (Tandem and ovoid) as against that of the vagina
(cylindrical) cases.

The percentage difference between the measured and
simulated average doses for the thyroid and breast was
2.0% and 0.7%, respectively. The measured average dose at
the thyroid was higher by a factor of 1.04 compared to the
simulated average dose resulting in a percentage deviation
of 4%. The measured average dose at the breast was higher
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by a factor of 1.01 compared to the simulated average dose
resulting in a percentage deviation of 1.3%. The differ-
ence in the measured and simulated average doses could be
attributed to possible sampling error from the placements of
the TLDs during the process, the use of perspex phantom to
represent the patient for the simulation and possible errors in
the TLDs position in the model as compared with the physi-
cal position. However, the results of this study corroborate
with several other studies [36—39] that also performed phys-
ical measurements against simulated measurements result-
ing in a percentage deviation of 2—5%. It must be noted that
most of the other studies compared with this study focused
on organs or areas that are a few centimetres from the irradi-
ated area whereas this study focused on organs further away
from the irradiated area.

It can also be seen from Tables 1 and 2 that the dose to
the breast region was more than that to the thyroid region by
an average factor of 3.16 and 3.26 for measured and simu-
lated approaches, respectively. This could be attributed to
the proximity of the organs from the irradiated area and the
dominance of the influence of dose by the inverse square
law in brachytherapy [40].

Additionally, both p-values (p-value of 0.64 for thyroid
and 0.43 for breast) obtained from the paired t-test statisti-
cal analysis as shown in Tables 3 and 4 of this work were
all greater than 0.05 indicating an insignificant difference
between measured and simulated doses at the thyroid as
well as measured and simulated doses at the breast. One
can therefore conclude that there is no significant difference
between the measured TLD doses and the doses from the
MCNP computational simulation.

Therefore, the computational simulation approach pro-
vided by this study could be used in further studies to evalu-
ate doses outside the irradiated area during gynaecological
brachytherapy at the radiotherapy centre. Further studies on
dose reduction techniques for organs or regions out of the
irradiated area may be proposed using the computational
model of this study for clinical approval. This will enhance
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the dose optimization of patients in radiotherapy as recom-
mended by ICRP. Further studies are also recommended to
verify the MC model with doses from a 3-D TPS planning
system.

Lastly, as a potential limitation of this work, there is a
possibility of an overestimation of the measured absorbed
dose, since a higher energy (6MV) was used for calibrat-
ing the TLD for a low energy (HDR Cobalt-60 source)
during this study and this has been corroborated by other
studies [41]. To this end, an average energy correction fac-
tor of 1.005 obtained from Lee et al. (2015) [42] was used
to correct the TLD readings calibrated with a 6MV photon
energy relative to a Cobalt 60 beam for the brachytherapy
treatments. Using the energy correction factor, a percentage
deviation of 0.49% was noted for the TLD readings at the
thyroid and breast regions.

The results showed less than 0.5% correction which com-
pares well with other studies [43, 44]. This is an acceptable
deviation for Radiation therapy applications where accuracy
is expected to be less than a 3—5% deviation [45].

5 Conclusion

The observed percentage deviation between the simulated
dose and measured doses at the thyroid and breast regions
compared well with each other. This also compared well
with that of other studies. The MC computational approach
developed and validated by this study for assessing dose to
organs out of the irradiated area is expected to be incorpo-
rated into the gynaecological brachytherapy treatment pro-
tocol of the facility to aid in assessing distal organ doses.
This will go a long way to strengthen patient protection in
radiotherapy at the radiotherapy centre.
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