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Brachytherapy can deliver high doses to the target while sparing healthy tissues due
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CHAPTER |
INTRODUCTION

1.1 Background and rationale

Brachytherapy can deliver high doses to the target while sparing healthy
tissues due to its steep dose gradient property, leading to excellent clinical outcomes.
However, treatment was only performed according to the dose calculated by a
treatment planning system without verification of the dose due to its characteristics,
and it is difficult to measure the dose for intracavitary brachytherapy, which has been
subject to certain complexities such as CT/MR compatibility with the detector and

patient convenience to insert the detector within the body.

To avoid this limitation, phantoms made by using 3D printer materials like
PLA, which are robust, long-lasting, are commonly used. This makes it possible to use
in vivo dosimetry (IVD) as a direct method of measuring radiation doses, which would
verify the dose delivered to the organs at risk and the tumor while the treatment is
dispensed. It is important to realize that dose deviations observed between
calculated and measured doses can stem from deviations between the planned and
delivered dose (clinical effect) or between the delivered and measured dose

(measurement uncertainty).

In practice, commercial phantoms cannot be attached simultaneously to the
applicator and detector. Thus, in this study, the in-house phantom was designed to
evaluate the dosimetric differences of gynecological brachytherapy under clinical
conditions between calculation by the treatment planning system and measurement

by ¢lass dosimeters.



1.2 Objectives

1.2.1 To design the in-house phantom for in vivo dosimetry of 3D gynecological

brachytherapy measurement by the glass dosimeter

1.2.2 To evaluate the dosimetric differences of gynecological brachytherapy under
clinical conditions between calculation by the treatment planning system and

measurement by glass dosimeters.



CHAPTER Il
REVIEW OF RELATED LITERATURES
2.1 Theory

2.1.1 Gynecologic cancer

Gynecologic cancer is a type of cancer that affects the female reproductive
system, there are several types of gynecologic cancer, including cervical cancer,
endometrial cancer, ovarian cancer, vulvar cancer, and vaginal cancer. Treatment of
gynecologic cancer usually involves a combination of treatments, including surgery,
radiation therapy, chemotherapy, and targeted therapy. Radiation therapy is often
used in combination with other types of treatment to increase the chances of
recovery. In the case of gynecologic cancer, brachytherapy is often used after external
beam radiation therapy (EBRT) to deliver a higher dose of radiation directly to the
tumor site. This approach helps to minimize the side effects of radiation therapy

while maximizing the effectiveness of treatment.

2.1.2 Brachytherapy

Brachytherapy is the placement of radioactive sources in or just next to a
tumor. The word brachytherapy comes from the Greek “brachy” meaning “a close or
short distance.” During brachytherapy, the radioactive sources may be left in place
permanently or only temporarily, depending upon the tumor. Brachytherapy (BT), or
internal radiation therapy, puts a source of radiation in or near cancer. This makes it
possible to highly localized radiation dose to the tumor as well as tailor the dose
distribution to conform to the shape of the target. BT sources are designed such that
the dose fall-off with distance within a tissue is very steep (1). This characteristic of
BT sources facilitates the sparing of normal tissues in close proximity to the intended
target from receiving a significant amount of radiation dose in contrast to external
beam radiation therapy. For this reason, brachytherapy can deliver high doses to the

target while sparing healthy tissues due to its steep dose gradient leading to excellent



clinical outcomes(1, 2). There are two types of brachytherapy: low-dose-rate (LDR)

and high-dose-rate (HDR). LDR brachytherapy involves permanently or temporarily

placing radioactive seeds in the cervical to deliver radiation over an extended period

of time, while HDR involves inserting flexible needles into the cervical to deliver a

high dose of radiation over a period of a few minutes(3).

2.1.2.1 Brachytherapy technique

Overall, brachytherapy is a highly effective and targeted form of radiation

therapy that can be used to treat many different types of cancers. The specific

technique used will depend on the location and type of cancer being treated, such

as

1.

Interstitial brachytherapy involves placing the radioactive sources directly into
the tissues surrounding the tumor. This technique is often used to treat
prostate cancer, breast cancer, and head and neck cancers.

Surface mold brachytherapy involves placing a special mold on the surface of
the skin, with radioactive sources embedded within the mold. This technique
is used to treat skin cancers or other tumors close to the surface of the skin.
Intracavitary brachytherapy is a type of radiation therapy used to treat cancer
by placing radioactive sources inside body cavities, such as the vagina, uterus,
or esophagus. The radioactive sources are placed in a catheter or applicator,
as shown in Fig. 2.1 which is inserted into the body cavity and is typically left
in place for a short period of time before being removed. This treatment
approach can be used as a standalone treatment or as part of a larger
treatment plan, such as in combination with external beam radiation therapy
or chemotherapy. The goal of intracavitary brachytherapy is to deliver a high
dose of radiation directly to the cancerous cells while minimizing radiation

exposure to surrounding healthy tissues.



Tandem

Uterus

Ovoid Cervix

——— Vagina

Figure 2.1 Tandem and ovoid (T&O) applicator.

2.1.2.2 Iridium-192 in brachytherapy

Iridium-192 (Ir-192) is the most commonly used source in brachytherapy
because of its high specific activity and small size(4). Ir-192 has a half-life of 74 days
and is often encased in small pellets, wires, or tubes that are placed directly into the
tumor or surrounding tissue. Due to Ir-192 has a high specific activity, or activity per
unit mass, which means that a very small source can provide a very high dose rate
(HDR), which is essential for HDR applications(5). The radiation is delivered directly to
the tumor, allowing for a high dose of radiation to be delivered to cancer while

minimizing exposure to surrounding healthy tissue.

2.1.2.3 In vivo dosimetry in brachytherapy

In vivo dosimetry means measuring the dose received by the body during a
medical procedure, such as radiation therapy or imaging, while the procedure is
happening. This is done using specialized devices that can be placed on or inside the
body, or by analyzing the patient's biological material. In vivo dosimetry provides
immediate feedback on the amount of radiation or other energy received, and allows
for adjustments to be made during the procedure to ensure optimal dose delivery

and minimize the risk of harming healthy tissue.



In vivo dosimetry has been used in brachytherapy for decades and has been
referred to International Commission on Radiation Units and Measurements (ICRU)
recommendations(2). However, IVD in BT has been subject to certain difficulties and
complexities, in particular, due to challenges of the high-gradient BT dose distribution
and the large range of dose and dose rate. The initial motivation for performing IVD in
BT was mainly to assess doses to organs at risk (OARs) by direct measurements
because the precise evaluation of OAR doses was difficult without 3D dose treatment

plannins.

2.1.3 Glass dosimeter

A radio-photoluminescence glass dosimeter (RPLGD) is a glass compound with
a luminescent material. The general composition ratios of the glass for radiation dose
measurement are P (31.55%), O (51.16%), Al (6.12%), Na (11.00%), and Ag (0.17%).
The density and effective atomic number of the RPLD are 2.61 g/cm? and 12.039,
respectively(6, 7). When the RPLGD is exposed to ionizing radiation, stable color
centers are created(6). Then, the RPLD is excited by an ultraviolet laser beam, the
RPL centers return to a stable energy level and emit an orange light. The amount of
RPL center (orange light) is proportional to the absorbed dose to the RPLD, as
displayed in Figure 2.2. The exposed radiation dose is measured by using the intensity
of the light. Because the luminescent centers of the RPLGD are not removed during
reading, dose information is eternally preserved, supporting an unlimited number of
repeated readouts. If RPLGDs are heated after the dose reading, the accumulated

measurement data are reset and reusable.
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Figure 2.2 Diagram illustrating the dimensions of a glass dosimeter and the

principles of dose reading.

2.1.4 Three-dimensional printing

3D printing technology is a process of manufacturing an object in a three-
dimensional format using a digital design. The process involves adding layers of
material, one layer at a time until the object is formed. The material can include
plastic, metal, resin, or even food. The technology allows for great precision and
flexibility in creating complex and intricate designs that may be difficult to produce

with traditional manufacturing methods.

2.1.4.1 Types of 3D printing
The types of 3D printing can be divided by what they produce or which type

of material they use, such as

1. Fused Deposition Modeling (FDM): A type of additive manufacturing that uses
a thermoplastic filament, which is melted and extruded in layers to create a
3D object. The print head moves over a build platform to deposit melted

material and create the desired shape.



2. Stereolithography (SLA): A type of additive manufacturing that uses a laser to
cure a liquid resin one layer at a time. The laser draws the shape of the layer
onto the surface of the resin, causing it to harden and bond to the layer
below, creating a three-dimensional object.

3. Selective Laser Sintering (SLS): A type of additive manufacturing that uses a
laser to selectively melt powdered material, typically nylon, one layer at a
time. The laser fuses the particles together, creating a solid layer. The build
platform then lowers and a new layer of powder is added, and the process is
repeated.

4. Digital Light Processing (DLP): A type of additive manufacturing that uses a
licht source to cure a liquid resin one layer at a time. A projector shines an
image of the layer onto the surface of the resin, causing it to harden and
bond to the layer below, creating a three-dimensional object(8).

5. Selective Laser Melting (SLM): A type of additive manufacturing similar to SLS
but uses a higher energy laser to completely melt the powdered material,
rather than just fusing it together. The melted material solidifies to form the
desired shape.

6. Electron beam melting (EBM): A type of additive manufacturing that uses an
electron beam to completely melt the powdered material, typically metal.
The melted material solidifies to form the desired shape. EBM is commonly
used in the aerospace and medical industries for high-strength, bio-compatible

parts.

2.1.5 Polylactic acid (PLA)

PLA is a popular 3D printing material used for its ease of use, durability, and
environmentally friendly properties. It is a thermoplastic material that is melted and
extruded through a 3D printer's nozzle to create the desired shape layer by layer. It

has a high melting point, which makes it ideal for printing complex geometries and



intricate designs. Additionally, it has a low warping and shrinkage rate during the
printing process, which makes it easy to work with. It is also easily printable with
support structures and compatible with many different types of 3D printers. Overall,
PLA is an excellent choice for 3D printing, offering ease of use, durability, and

environmentally friendly properties.

2.2 Review of related literatures

Moon SY et al.(6) reported the accuracy of dose delivery near the source by
inserting glass dosimeters within the applicator. They created an alternative pelvic
phantom with the same shape and internal structures as the usual patient and
created a tandem for insertion of the glass dosimeters and measured the dose near
the source by inserting the ¢lass dosimeters into the tandem. The accuracy of the
dwell position and time through the dose near the source were evaluated. The
results are shown in Table 2.1. The average and standard deviation of five
measurements at a single dwell position. The errors between the values obtained
from the five glass dosimeters and the values from the treatment planning system
were -6.27, -2.1, -4.18, 6.31, and -0.39%, respectively. The mean error was 3.85%. This
value was acceptable considering that the error of the glass dosimeter itself is

approximately 3%.
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Table 2. 1 Average and standard deviation of five measurements at a single dwell

position.
(Glass dosimeter TPS Error
GD # Average Standard
o (cGy) (%)
(cGy) Deviation (%)
A 3465.79 3.44 3697.47 —6.27
B 11861.41 8.24 12116.1 —2.1
C 2690.02 2.4 2807.26 —4.18
D 4206.92 5.14 3957.24 6.31
E 2583.11 2.86 2593.19 —0.39

Nose T et al.(9) performed the largest in vivo dosimetry study for interstitial
brachytherapy yet to be undertaken using a new radiophotoluminescence glass
dosimeter (RPLGD) in patients with pelvic malignancy and studied the limits of
contemporary planning software based on the results. Doses for a total of 1004
points in sixty-six patients with pelvic malignancy were treated with high-dose-rate
interstitial brachytherapy, including prostate (n = 26), gynecological (n = 35), and
miscellaneous (n = 5) were measured by RPLGDs and calculated with planning
software in the following locations: rectum (n = 549), urethra (n = 415), vagina (n =
25), and perineum (n = 15). The compatibility (measured dose/calculated dose) was
analyzed according to the dosimeter location. The results are shown in Table 2.2.
The compatibility for all dosimeters was 0.98 + 0.23, stratified by location: rectum,
0.99 + 0.20; urethra, 0.96 + 0.26; vagina, 0.91 + 0.08; and perineum, 1.25 + 0.32.
Deviations between measured and calculated doses for the rectum and urethra were
greater than 20%, which is attributable to the independent movements of these
organs and the applicators. Missing corrections for inhomogeneity are responsible for

the 9% negative shift near the vaginal cylinder (specific gravity = 1.24), whereas
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neglect of transit dose contributes to the 25% positive shift in the perineal dose.
Dose deviation of >20% for nontarget organs should be taken into account in the

planning process.

Further development of planning software and a real-time dosimetry system

is necessary to use the current findings and achieve adaptive dose delivery.

Table 2.2 Measured dose, calculated dose, and compatibility according to locations

for the 1004 points.

Region Measured dose Calculated dose Compatibility ratio*

Anterior wall 17.6 Gy (3.7-64.6 Gy) 18.3 Gy (3.2-75.7 Gy) 0.99 + 0.20
of the rectum (n = 549)

Urethra (n = 415) 20.5 Gy (3.7 Gy-88.7 Gy) 21.7 Gy (2.6 Gy-78.8 Gy) 0.96 = 0.26
Male urethra (n = 181) 28.3 Gy (4.1 Gy-88.7 Gy) 36.7 Gy (3.4 Gy-78.8 Gy) 0.90 £ 0.30
Female urethra (n = 234) 17.5 Gy (3.7 Gy-71.7 Gy) 18.2 Gy (2.6-73.0 Gy) 1.01 £0.20

Vaginal wall (n = 25) 38.8 Gy (9.5 Gy-82.4 Gy) 43.0 Gy (9.0-94.7 Gy) 0.91 + 0.08

Perineal skin (n = 15) 6.9 Gy (3.7 Gy-59.6 Gy) 6.3 Gy (2.4-61.6 Gy) 1.25 £0.32

Total (n = 1004) 18.6 Gy (3.7 Gy-88.7Gy) 19.9 Gy (2.4-94.7 Gy) 098 £ 0.23

Van der Walt M et al.(10) evaluated the suitability of PLA as a 3D thermoplastic
to be used clinically in a radiotherapy department. They created customized
cylindrical phantoms using infill densities of 100, 90, 50, 30, and 10% in 3D printer, as
displayed in Figure 2.3. From the measured data in Table 2.3, it was found that the
various PLA cylinders exhibit relative electron densities and linear attenuation values
consistent with the range of known commercially available tissue phantoms. They
found similar results for their PLA cylinders when converting from RED to physical
mass density. The data from Table 2.3 shows that when deviating from 100% infill,

we can expect correction factors from 1.026-1.077 depending on infill density.

Comparative analysis has shown that varying degrees of infill % PLA the
thermoplastic can simulate materials in the relative electron density range 0.01-1.10.

It was determined that PLA samples could be accurately modeled in the Monaco
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TPS, and also found that PLA samples could retain their physical properties even

after exposure to a substantial number of monitor units (MUs) wover several weeks.

Figure 2.3 Various densities of 100, 90, 50, 30, and 10% infill cylindrical PLA.

Table 2.3 CT data for PLA cylinders contrasted against common CT phantoms.

Phantom Pease (em?) Praess (2/EMY) RED REDEff HU u (rel)
Cylinder—100% PLA 1.170£0.007 1.173 1.085+0.007 1.058 0,01 13812 1.128 +0.007
Cylinder—90% PLA 0.983+0.017 1.009 0.963+0.017 0.956+0.01 =39%17 0.965+0.017
Cylinder—50% PLA 0.545+0.017 0.564 0.527+0.017 0.555+0.01 —482+17 0.531+0.017
Cylinder—30% PLA 0.318+0.017 0.344 0.317+0.017 0.38240.01 —693+17 0.320+0.017
Cylinder—10% PLA 0.086:£0.090 0.111 0.113£0.090 - — 898 £90 0.124£0.090
Dancewicz et al. 90% PLA - 1.04 £0.03 1.01+0.03 - 8+4 -

Dancewicz et al. 50% PLA - 0.550+0.05 0.540+0.05 - - -

CT-ED Brain Model #481 - 1.049 1.009 +0.009 - 8x10 -

CT-ED Liver - 1.039 1.055+0.005 - B9+8 1.089 + 0.005
CT-ED Cortical Bone - 1.819 1.712+£0.012 - 1207 +£20 2.207+0.012
CT-ED Adipose 0.920 0.922+0.01 - - 10020 0.900+0.01
CT-ED Lung 300 - 0.300 0.312£0.026 - — 690+ 80 0.310+0.026
CT-ED Lung 450 - 0.450 0.427+0.026 - =560 +80 0.440+0.026
CT-ED Breast Model - 0.980 0.957+0.015 - -50%15 0.950+0.015
RT Wax Bolus - 0.864 0.871+0.003 - —=131£3 0.869:+0.003
CT-ED Solid Water - 1.046 1.016+0.005 - 31+5 1.031£0.005
Water - 1.000 1.000 - —-19+£296  1.000

Kim SY et al.(11) created a heterogeneous phantom replicating the commercial

Rando phantom by combining plaster powder and polylactic acid (PLA) powder and

determining the PLA powder percentage and infill value suitable for reproducing the

soft tissue and mean bone HU values of the commercial Rando phantom. The bone

tissue was altered using plaster and 0-35% PLA powder until an adequate HU value
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was acquired, and the soft tissue was altered using PLA infill value until an
appropriate HU value was obtained, in order to match the mean Hounsfeld unit (HU)
values of the Rando phantom. Figure 2.4a shows a picture that was taken after the
top wall was taken off to show the cuboid specimens' infill. Figures 2.4b and c show
CT images that were produced using various infill levels. The mean HU value in the
CT image was checked using a region of interest (ROI). According to Figure 2.4b and
Figure 2.4c, the ROl measured 4.5 cm horizontally and 0.6 cm vertically on the
transversal plane and 4.5 cm square on the frontal plane, respectively. According to
the infill value, Figure 2.5 displays the HU values. The standard deviation for an infill
value of 5% is 88.8 HU. Also, a 100% infill value has a standard deviation of 11.5 HU.
The inside of the cuboid specimen gets more uniform as the infill value decreases

because it causes the standard deviation to decrease in value.

The 3D printer's mean HU value was adjusted by altering the ratio of the air
volume to the printed thermoplastic volume, so the smaller the infill value, the less
uniform it became. The Pearson correlation coefficient (r) was 0.999, indicating a
linear relationship between the mean HU value and the infill value. The mean HU
value, which ranged from 884.4 HU at an infill value of 5% to 169.0 HU at an infill

value of 100%, represents the physical properties of plaster.
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Figure 2. 4 (a) Photograph of cuboid specimens with infill of 5%, 20%, 50%, 70%,
and 100%. (b) Images of the cubic phantom in the transverse and (c) frontal planes

with infill from a CT scan.
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Figure 2. 5 Mean HU values depend on the 3D printer infill values.
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CHAPTER IlI
RESEARCH METHODOLOGY

3.1 Research design

This research was observational design in the type of analytical study.

3.2 Research design model
This research was divided into two major steps: In-house phantom design and
clinical application. Figures 3.1 and 3.2 display the diagram of each step in this

research according to the above explanation.

3.2.1 In-house phantom design

Design the in-house phantom using Print all of the holders using the
a Shapr3D program Create bot D600 3D printer with
P N PLA filament
The glass dosimeter holder l
|\ J
s ™
§ The phantomn holder ) Find the Hounsfield Unit (HU)
P ~ using computed tomography
The applicator holder scanning
N J

Figure 3.1 Research design model of In-house phantom design.
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3.2.2 Clinical application

Clinical application

| ‘ |

Glass dosimeter Glass dosimeter

characteristics calibration

I
— Uniformity
p Calculation
- Reproducibility]

-

— Energy response] [Treatment planning] [ Glass dosimeter ]

(& I I
— Time dose linearity] l

.

Y

Clinical study }

I«

-~

-

— Angular dependence ]

.

[ Dosimetric comparison ]

Figure 3.2 Research design model of clinical study.
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3.3 Conceptual framework

[ High dose gradient point ] [ Types of applicator ]

N /

The difference between calculated and

measured doses in CA cervix patients

[ Detector positioning } [ Applicator positioning }

Figure 3.3 Conceptual framework.

3.4 Research questions

3.4.1 What are the dosimetric differences of 3D gynecological brachytherapy under
clinical conditions between calculation and measurement using glass

dosimeters in the in-house phantom?

3.5 Materials

The materials used in this study were supplied from the Division of Radiation

Oncology, King Chulalongkorn Memorial Hospital.

3.5.1 The create bot D600 3D printer
The create bot D600 3D printer (Suwei Electronic Technology Co., Henan,

China) is the fused deposition modelling (FDM) printing technology. It equipped with

the 4th generation 1.75 mm filament diameter dual extruders and hotends(12). The
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left extruder equipped with 260°C hotend, it is able to print with PLA, ABS, PC, Nylon,
Carbon fiber, Flexible, etc. The right extruder 420 °C hotend is made of martensite
steel, which is able to print high-performance materials. Moreover, the extruder
feeding system support high-speed printing, and accuracy can reach high to 0.05 mm.

The 3D printer is used to print out the In-house phantom, as shown in figure 3.4.

CreatBot

Figure 3.4 The create bot D600 3D printer.

3.5.2 PLA Filament
Polylactic acid (PLA) filament (Palawatr company, Sampran, Nakhon Pathom)

is the thermoplastic monomer that is one of the most popular 3D printing materials
due to its ease of use and low cost. The filament diameter is 1.75 mm with the
density of 1.24 g/cm?, tensile strength of 50 MPa, flexural strength of 80 MPa and

extremely low shrinkage with near-zero warping(13), as shown in figure 3.5.
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Figure 3.5 PLA filament.

3.5.3 Shapr3D program
Shapr3D (Siemens Parasolid, Budapest, Hungary) is a cloud-based 3D CAD

application, which enables the creation of geometric models on self-intersecting
surfaces through complex calculations. It can to the creation of symmetrical lines,
circles, and arcs and combines separate entities using subtract, union, and intersect
Boolean formulas, and enables to export of 3D models in multiple file formats
including STL, X_T, STEP, IGES, DXF, JPG, and PNG(14). The Shapr3D program is used

to design the In-house phantom, as shown in figure 3.6.

(7 sketch
+ Add
M Transform

»  Tools
©a  Measurements

%  visualization

(@) 2D Drawings

Figure 3.6 Shapr3D program
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3.5.4 The GE CT simulator
A 512-slice GE Revolution CT scanner (GE Healthcare, Milwaukee, WI) is a CT

simulator as shown in figure 3.7 installed on the B1 floor of Rattanawittayaphat
Building, King Chulalongkorn Memorial Hospital. The gantry of the Revolution CT
machine has a diameter of about 80 cm, a full 50 cm scan field, scan of up to 200
cm with a table capacity of up to 675 lbs, enabling access to a wider range of
patients. The tube voltage setting is 70, 80, 100, 120, and 140 kV with variable slice

thickness from 0.625 mm to 1.25 mm(15).

Figure 3.7 The GE CT simulator.

3.5.5 Elekta Flexitron affterloader

Flexitron (Elekta AB, Stockholm, Sweden) is used to insert a radioactive source
directly into a tumor, where it stays for a short time. This form of treatment delivers
a precise, localized dose of radiation while minimizing exposure to healthy tissue,
designed to simplify and enhance High Dose Rate (HDR) Brachytherapy treatments

using Iridium-192(16), as shown in figure 3.8.
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Figure 3.8 Elekta Flexitron affterloader.

3.5.6 The Fletcher applicator
A Fletcher CT/MR applicator (Nucletron, Elekta AB, Stockholm, Sweden), for

intracavitary brachytherapy, the tandem lengths were adjustable by changing the
position of the base according to the depth of the uterus. Ovoid diameters varied
from 15 to 20 mm. The applicators will be placed with the tandem being placed
through the cervix and into the uterus. The ovoid or ring is placed in the vagina and

against the cervix, as shown in figure 3.9.

Figure 3.9 The Fletcher applicator.
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3.5.7 Oncentra treatment planning system

Oncentra treatment planning system (Elekta AB, Stockholm, Sweden) is the
component to generate a deliverable brachytherapy procedure, which is executed on
the Flexitron remote afterloader treatment system(17). Any planning procedure has
the competing objectives of optimal target coverage, dose homogeneity, and

protection of organs at risk, as shown in figure 3.10.

olglE @EE & 8o

Figure 3.10 Oncentra treatment planning system.

3.5.8 Linear accelerator

The external beam radiation treatments machine is the Varian TrueBeam
linear accelerator (Varian Medical System, Palo Alto, CA) or Linac, as shown in Figure
3.11. A linear accelerator is used to treat cancer patients. This Varian TrueBeam linear
accelerator provides two photon energies of 6 MV and 10 MV in both flattened and
unflattened photon beams(18). It can deliver high-energy electrons to the region of
the patient's tumor. TrueBeam rotates around the patient to deliver a prescribed

radiation dose from nearly any angle. In addition, the electron beams are also
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provided in various energies of 6, 9, 12, 15, 18, and 22 MeV with an accessory called

a multileaf collimator (MLC) that shapes the beam.

Figure 3.11 Varian TrueBeam linear accelerator.

3.5.9 PMMA phantom for brachytherapy
A PMMA cylindrical after-loading phantom, type 9193 (PTW, Saxony, Germany)

or the Krieger phantom, is a cylindrical PMMA phantom in which the Ir-192 HDR
source is positioned at the center and measured in the periphery by a calibrated
thimble ionization chamber(19). It is used to check the Ir-192 HDR source with an
independent instrument that measures a quantity closer to what is of interest in
brachytherapy, this phantom has a diameter of 20 cm and a height of 12 cm. It
consists of four peripheral holes at 8 cm radius from the center, as shown in figure

3.12.
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Figure 3.12 PMMA cylindrical after-loading phantom

3.5.10 Solid water phantom

The solid water phantom (Gammex, Middleton, WI) is a durable water
equivalent phantom for photon and electron energy measurements. Water
equivalence within 0.5% for therapeutic and diagnostic energy ranges ensures high
precision with 30 cm x 30 cm in sizes and various thicknesses as displayed(20) in
figure 3.13 are used in radiotherapy for routine dosimetric quality assurance tests,

primarily due to their ease of use compared to scanning water tanks.

Figure 3.13 Solid water phantom
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3.5.11 FC-65G and DOSE-| electrometer

The ionization chamber FC-65G (IBA Dosimetry GmbH, Schwarzenbruck,
Germany) along with the DOSE-I electrometer (IBA Dosimetry GmbH, Schwarzenbruck,
Germany), as displayed in figure 3.14 were utilized to measure the collected charge
to calibrate the glass detector. FC65-G ionization chamber is intended for reference
dosimetry and calibrations, the chamber is designed preferably for the energy ranges
of photons and electrons at accelerators(21). The DOSE-I is a portable, single-channel,
high-precision reference class electrometer, with easy-to-use functionality, the
electrometer can be used with ionization chambers, semiconductor detectors, and

diamond probes for measurements of absorbed dose.

Figure 3.14 FC-65G and DOSE-| electrometer

3.5.12 The radio-photoluminescence glass dosimeter (RPLGD)

The radio-photoluminescence glass dosimeter (RPLGD) (Asahi Techno Glass
Co., Shizuoka, Japan), is a glass compound with a luminescent material. The size of a
glass dosimeter is 1.5 mm and 12 mm in length, as shown in figure 3.15. RPLGDs have

several advantages such as a wide dose measurement range from 10 pGy to 500 Gy,
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a small fading effect of 0.4% after 100 days, and repeatable readouts. In particular,
the RPLGD without a Tin filter called GD-302 M has been generally used in the quality

assurance (QA) processes of radiotherapy units(22).

Figure 3.15 The radio-photoluminescence glass dosimeter (RPLGD).

3.5.13 The automatic reader FGD-1000
The reader (FGD-1000, Chiyoda Technol Co., Oarai, Japan) is the high sensitivity

reader with the nitrogen gas laser as a source of ultraviolet light excitation which can
perform a continuation pulse oscillation. It is possible to read out continuously 20
samples(23), it is possible to measure doses in the standard dose range (10 pGy-10

Gy) and high-dose range (1 Gy-500 Gy), as shown in figure 3.16.
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FGD-1000

Figure 3.16 The automatic reader FGD-1000.

3.5.14 Carbolite Gero

Carbolite Gero (Carbolite Gero Ltd, Neuhausen, Germany), as displayed in
figure 3.17. Carbolite Gero’s extensive chamber furnace range has a maximum
operating temperature from 30°C to 3000°C and chamber capacities of up to 725
liters, excellent quality, and longevity(24), used to heat the glass detector after the

dose reading.

=

Figure 3.17 Carbolite Gero.
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3.6 Methods

The methods were divided into two sections. The first part was to design the
in-house phantom. The second part was the section on comparing dosimetric

differences in the clinical study.

3.6.1 In-house phantom design

The in-house phantom consists of a water tank made from acrylic, with
dimensions: 22 cm x 38 cm x 25 cm, and accessories including the RPLGDs holder
(Figure 3.18 (a)), the phantom holder (Figure 3.18 (b)), and the applicator holder
(Figure 3.18 (c)). These holders were movable designed, can move along a length axis
of 35 cm and glass holders can move along a height of 23 cm, and the axis of the
holder was moved to represent the rectum points that differ according to the
patient's anatomy. In addition, the holder of the applicator was designed for various

types of applicators in intracavitary brachytherapy

Figure 3.18 An illustration of the in-house phantom designed in Shapr3D, (a) the

glass dosimeter holder, (b) the phantom holder, and (c) the applicator holder.

3.6.1.1 3D customized in-house phantom

The procedures of the 3D customized in-house phantom were as followings:
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1. AWl the holders were designed together using a Shapr3D program (Siemens
Parasolid, Budapest, Hungary), as shown in figure 3.19. The size and shape of
the ¢glass dosimeter holder was designed to 19 cm in length, 2 cm in width, 1
cm in height, and 1 cm in thickness. The phantom holder was designed as a
suitable size with a water tank, 21 cm in length, 2 cm in width, 24 cm in
height, and 1 cm in thickness. The applicator holder was designed as a 5 cm

in diameter, 18 cm in length cylinder.

o o |8 v &

Figure 3.19 The design of all the holders.

2. These accessories were converted from STL files to G-code files in CreatWare
V6.4.3. (SuWei Inc., Chongging, China), and printed using a rectilinear pattern
and an infill density of 30% by the create bot D600 3D printer using PLA
Filament with a diameter of 1.75 mm, a very rigid material, and more common
than other materials used in 3D printing, as shown in figure 3.20. The printing
time of glass dosimeter holder, phantom holder, and the applicator holder

were 2, 8, and 10 hours, respectively.
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Figure 3.20 All the holders of the in-house phantom in the 3D printer process.

3. The in-house phantom was characterized using computed tomography
scanning (Figure 3.21) to find the Hounsfield Unit (HU). CT images of the in-
house phantom were obtained using a 512-slice GE Revolution CT scanner.
The CT scanning conditions were as follows: 2.5 mm slice thickness, 120 kV,

and 210 mAs.

Figure 3.21 The in-house phantom setup in the CT scanner.

3.6.2 Clinical application
The clinical application consists of three parts: glass dosimeter characteristics,

glass dosimeter calibration, and dosimetric evaluation in the clinical study.
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3.6.2.1 Glass dosimeter characteristics

The experiments of RPLGD characteristics in uniformity and reproducibility
were undertaken on 6-MV photon beams from Varian TrueBEAM. The energy
dependence was undertaken on 6-MV and 10-MV photon beams from linear
accelerator and 0.38 MeV gamma rays from Ir-192 source. The time dose linearity and
angular dependence were undertaken on Flexitron HDR afterloader. The setting up
condition of the glass dosimeter characteristic experiments; the field size was set to
10 cm x 10 cm, the source-to-surface distance (SSD) was adjusted to 100 cm, and the

depth of measurement was set to 1.5 cm, as shown in figure 3.22.

Figure 3.22 The RPLGD setup position for each experiment.

3.6.2.1.1 Uniformity and reproducibility of RPLGD

To examine the uniformity study, 30 RPLGDs were exposed to 100 cGy. The
automatic reader FGD-1000 was employed to read the RPLGD signal. The signals were
read ten times for each dosimeter. For the reproducibility of the glass dosimeter, 10

RPLGDs were exposed to 100 cGy, the measurement was repeated three times.
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3.6.2.1.2 Energy response

To investigate the energy response, the RPLGDs was irradiated with a similar
dose level of 200 cGy from 6, and 10 MV photon beams from Linac and 0.38 MeV

gamma rays from Ir-192 source.

3.6.2.1.3 Time dose linearity
For the time dose linearity, the RPLGDs was inserted in the cavity plug at the

peripheral side of the cylindrical PMMA phantom for brachytherapy at position 9
O’clock (Figure 3.23). The Ir-192 source was inserted into the center of the cylindrical
PMMA phantom for brachytherapy. The doses at 0.5, 1, 2, 5, 8, and 10 Gy were
delivered to the RPLGDs.

‘ 2 0 (0} clock

2 N

,‘ 3 O'clock
v/

Figure 3.23 The setup position of the glass dosimeter, and Ir-192 inside the
cylindrical PMMA phantom for brachytherapy.

3.6.2.1.4 Angular dependence

For the angular dependence study, the glass dosimeter was inserted in the

cavity plug at the peripheral side of the cylindrical PMMA phantom for brachytherapy
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in positions 0, 3, 6, and 9 O'clock, respectively (Figure 3.23). The Ir-192 source was
inserted into the center of the cylindrical PMMA phantom for brachytherapy. The
dose of 100 cGy was delivered to the RPLGDs.

3.6.2.2 Glass dosimeter calibration

To calibrate the RPLGD, the Flexitron Ir-192 source was inserted into the
center of the cylindrical PMMA phantom, the RPLGD was inserted into the cavity plug
at the peripheral side of the cylindrical PMMA phantom, and the ionization chamber
FC-65G was inserted at the opposing side of the glass dosimeter, as shown in figure
3.24. The ionization chamber was connected to the DOSE-I electrometer to measure
the radiation dose of 2 Gy at the same distance of 8 cm with RPLGD in the opposite
side at the same time to validate the accuracy of the measured dose from the

RPLGD.

Figure 3.24 The setup position of RPLGD calibration in the cylindrical PMMA

phantom.
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3.6.2.3 Clinical study

1.

The procedures of the clinical study were as followings:

The RPLGDs were attached to the holder of the in-house phantom at various
points, as shown in figure 3.25, and were immersed into a water phantom. The
reference point of the RPLGD was divided into point A, point B, bladder point,
and rectum point. Point A is defined as 2 cm above the cervical os point (flange)
and 2 cm lateral to midline (tandem), this point is used to measure the dose of
radiation delivered to the tumor and surrounding tissues. Point B is defined as 3
cm laterally to point A, this point is used to evaluate the tumor's extent and
estimate the dose received by the surrounding tissues. The bladder reference
point is 2 cm above the ovoids and multiple rectal reference points as shown in
figure 3.25, the RPLGD located at the center of the holder is labeled as R1, with
the four other RPLGDs labeled as R2 to R5, and the distance between each point
was taken as 1 cm, These points are used to monitor the doses of radiation that
these organs receive during brachytherapy treatment.

The in-house phantom with a Fletcher CT/MR applicator was scanned by a 512-
slice GE Revolution CT scanner as shown in figure 3.21, and transferred to the
Oncentra Brachytherapy treatment planning system. Applicator configurations
that were used for patient treatment based on the adopted departmental at the
King Chulalongkorn Memorial Hospital protocol were simulated with the in-house

phantom.
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Figure 3.25 The setup position of the RPLGDs at various points in the in-house

phantom, which included point A, point B, bladder, and rectum points.

The 6 gynecological retrospective plans were exported to the in-house phantom,
in which the radiation oncologist contoured the high-risk clinical target volume
(HR-CTV), bladder, and rectum on transverse slices according to GEC-ESTRO(25)
and prescribed the dose of 8 Gy at HR-CTV, therefore the point A for this study

dose depends on the volume of HR-CTV.

Figure 3. 26 The isodose distribution for the patient plan entered into the in-house

phantom.
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4. Six patients, who have previously been treated with 3 fractions of 8 Gy HDR
intracavitary brachytherapy, and treated with the Fletcher applicator or Utrecht
applicator without interstitial at the King Chulalongkorn Memorial Hospital, for
cervical cancer were randomly selected to evaluate the dosimetric differences of
gynecological brachytherapy under clinical conditions between calculation by the
treatment planning system and measurement by glass dosimeters, and the

measurement was performed and repeated three times.

3.7 Statistical analysis

1. Mean, and standard deviation were used to present the results.

2. The percentage dose differences defined as

Dmeasured — Dplanned

AD(%) = ( )x 100

Dplanned

3.8 Sample size determination

The sample size was determined such that the average difference between
doses measured with the Glass dosimeter and planned doses was 0.91 Gy and 0.41

SD [6] The sample size can be calculated by using the following equation:

2
(21_% + Zl_ﬁ) o2
A2

n =
Where:

2

For #=010 7,5 = 1281552
o’ is variance of difference =0.41 [6]

d s difference of mean = 0.91 Gy [6]
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Solve equation

_ (1.959964 + 1.281552)20.412
n= 0.912

n=3

3.9 Outcome measurement
The differences of calculated doses from the treatment planning system by
using computed tomography images and in vivo measured dose by the RPLGD of an

in-house phantom during high-dose-rate intracavitary brachytherapy treatment.

3.10 Benefits of research
To assess clinical IVD and investigates error detection for real-time treatment

monitoring such as deviations between the delivered and planned dose.

3.11 Ethical consideration

This research involves the dosimetric differences between calculation and
measurement using glass dosimeters in the in-house phantom. The patient plan data
were collected and recalculated in phantom on the treatment planning system. The
research proposal was submitted and approved by Institutional Review Board (IRB) of
Faculty of Medicine, Chulalongkorn University, and Bangkok, Thailand (IRB
NO.0457/65). The certificate is shown in APPENDIX.
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CHAPTER IV
RESULTS

The results were separated into two sections. The first part was to design the
in-house phantom. The second part was the section on comparing dosimetric

differences in the clinical study.

4.1 In-house phantom design

The HU of the in-house phantom was measured with a sufficient region of
interest (ROI) at 4 points including, the applicator (tandem and ovoid), the holder
(PLA material), and the water tank. The comparison of the in-house phantom with
the properties of 3D-printed materials is summarized in Table 4.1, with listing the
types of material and Hounsfield units (HU) values. The HU values of the in-house
phantom were 144 HU for tandem and 267 HU for ovoid. The PLA 3D-printed

phantom was -631 HU.

Table 4.1 Measured Hounsfield unit (HU) for various parts of applicators and PLA

material.

Materials HU
Tandem 144 + 5.6
Ovoid 267 £ 6.3
Air -996 + 2.8

Water 0

PLA -631 £ 19.0
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4.2 Clinical application
The clinical application consists of three parts, glass dosimeter characteristics,
glass dosimeter calibration, and comparison of dosimetric differences in the clinical

study.

4.2.1 Glass dosimeter characteristics

The results of glass dosimeter characteristics consist of five parts, uniformity,

reproducibility, energy response, time dose linearity, and angular dependence.

4.2.1.1 Uniformity
The uniformity reading from 30 RPLGDs is presented in Figure 4.1. The relative
response of all RPLGD was +1.32%, The lowest relative response was 0.97 and the

highest was 1.03 for the 100 cGy dose.

Uniformity of the glass dosimeter
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Figure 4.1 The uniformity of 30 RPLGDs at the dose of 100 cGy. The error bars show

the standard deviation from 10 times readout.
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4.2.1.2 Reproducibility

The reproducibility of the RPLGDs was studied with three times repeated
measurements from 10 RPLGDs. The relative response was normalized to the average
signal of 10 RPLGDs. The results are shown in Figure 4.2. Overall, the average of the
relative response was 1.00 +1.69% which indicated that the glass dosimeter was very

stable.

Reproducibility of the glass dosimeter
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Figure 4.2 The reproducibility of the RPLGD. The error bars display the standard

deviation from measurements that were taken three times.

4.2.1.3 Energy response

Table 4.2 summarizes the difference of energy response of RPLGD from
various high-energy photon beams and Y-rays from the Ir-192 source. relative to 6
MV photon beams. The maximum relative response was 0.966 + 0.02 for 0.38 MeV,
indicating that the RPLGD is energy independence to high-energy photon beams from

Linac and 0.38 MeV Y-rays from the Ir-192 source.
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Table 4.2 Difference of energy response to the RPLGD.

Energy Relative response to 6 MV
6 MV (Linac) 1.000 + 0.07
10 MV (Linac) 0.989 + 0.04
0.38 MeV (Ir-192) 0.966 + 0.02

4.2.1.4 Time dose linearity

For the time dose linearity, as shown in Figure 4.3, the RPLGD response
yielded a linear proportion over the dose range from 0.5 to 10 Gy with the R? of

0.998.

The time dose linearity

¥y =0.8951x+0.0 i_l_l},.-.
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Figure 4.3 The time dose linearity response of RPLGD.

4.2.1.5 Angular dependence

Figure 4.4 presents the angular dependence of the RPLGD at various angles.

The relative response was normalized to the RPLGD readout of the axis at 0° gantry
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angle. Each point displayed the outcome from the average of three repeated
measurements and five times readout in each glass dosimeter. In positions 0, 3, 6,

and 9 O'clock the RPLGD response was similar.

The angular dependence

0 O'clock (1.00 + 0.06)
1.2

1
o)

(0.98 + 0.05) 9 O'clock 3 O'clock (0.97 = 0.00)

6 Q'clock (0.96 + 0.08)

Figure 4.4 The angular dependence of the RPLGD at different positions in the

cylindrical PMMA phantom.

4.2.2 Glass dosimeter calibration

For the ionization chamber FC-65G, the air Kerma rate form measurement was
35.79 mGy/h which was 0.3% difference from the certification (35.89 mGy/h). The
RPLGDs comparison between the calculated and measured dose had the acceptable
dose difference at 2.4% which was lesser than 5% of the recommended limitation in

the report from ESTRO Booklet No. 8(26).

4.2.3 Clinical study

Table 4.3 illustrates the results of the measurement using the glass dosimeter
at point A in the phantom medium and the dose differences between calculation

and measurement. The mean dose difference for planned numbers 1-6 at point A
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were 2.16+1.51%, 2.4+1.53%, 3.27+0.86%, 1.35+0.32%, 1.68+0.93%, and 1.08+0.91%
respectively. The mean dose difference compared to the calculated dose for planned
1-6 at point A was 1.99+1.119%, which has an acceptable difference between the

measured and TPS calculated dose was within +5% of the recommended from TRS-

430(27).

Table 4.3 Comparison between dose calculation and measurement at point A.

Number Dose Point A (L) Point A (R)
Calculated dose (Gy) 2.56 2.56

1 Measured dose (Gy) 2.64 +0.14 2.53 +0.32
AD (%) 3.23 -1.09
Calculated dose (Gy) 2.94 3.04

) Measured dose (Gy) 291 +£0.10 3.15 +0.08
AD (%) -1.32 3.48
Calculated dose (Gy) 3.38 3.42

Measured dose (Gy) 3.51 + 0.05 3.52 +0.21
> AD (%) 3.88 2.66
Calculated dose (Gy) a.17 4.17

4 Measured dose (Gy) 4.22 +0.03 4.24 + 0.09
AD (%) 1.12 1.57
Calculated dose (Gy) 3.52 3.48

s Measured dose (Gy) 3.60 + 0.41 352 +0.16
AD (%) 2.33 1.02
Calculated dose (Gy) 6.92 6.90

Measured dose (Gy) 6.95 + 0.26 7.02 +0.54
¢ AD (%) 0.43 1.72
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Table 4.4 illustrates the results of the measurement using the ¢lass dosimeter
at point B in the phantom medium and the dose differences between calculation
and measurement. Point B receives a low dose since the dose gradient was steeply
close to the source's location it showed the value was higher percentage than the
calculated dose in advance in planned numbers 1,2,3, and 5. However, the absolute

dose difference for planned numbers 1-6 at point B were 0.04+0.00 Gy, 0.13+0.02 Gy,

0.15+0.01 Gy, 0.06+0.04 Gy, 0.13+0.01 Gy, and 0.07+0.01 Gy respectively.

Table 4.4 Comparison between dose calculation and measurement at point B.

Number Dose Point B (L) Point B (R)
Calculated dose (Gy) 0.48 0.48

Measured dose (Gy) 0.52 + 0.01 0.52 + 0.01
' AD (%) 7.56 8.55
Calculated dose (Gy) 0.80 0.80

2 Measured dose (Gy) 0.91 + 0.01 0.94 + 0.03
AD (%) 13.44 16.92
Calculated dose (Gy) 0.80 0.80

3 Measured dose (Gy) 0.96 + 0.02 0.94 + 0.05
AD (%) 19.76 16.98
Calculated dose (Gy) 1.04 1.04

4 Measured dose (Gy) 1.07 £ 0.05 1.05 + 0.01
AD (%) 2.56 0.93
Calculated dose (Gy) 0.80 0.80

5 Measured dose (Gy) 0.93 + 0.02 0.92 + 0.01
AD (%) 16.25 15.40
Calculated dose (Gy) 1.60 1.60

6 Measured dose (Gy) 1.66 + 0.03 1.68 + 0.01
AD (%) 3.98 4.71




a5

Table 4.5 illustrates the results of the measurement using the ¢glass dosimeter
at the bladder point in the phantom medium and the dose differences between
calculation and measurement. The mean dose difference for planned numbers 1-6 at
the bladder point were 4.00%, 2.94%, 9.17%, 2.71%, 3.59%, and 3.71% respectively,
which has an acceptable difference between the measured and TPS calculated dose
was within +5% of the recommended from TRS-430(27), excluding plan number 3
that higher percent than the calculated dose due to position error from
unintentionally moved by setting up the glass dosimeter in individual measurements.
The mean dose difference compared to the calculated dose for planned 1-6 at the

bladder point was 4.42+2.56%.

Table 4.5 Comparison between dose calculation and measurement at bladder point.

Number Dose Bladder

Calculated dose (Gy) 1.76

1 Measured dose (Gy) 1.83 + 0.02
AD (%) 4.00
Calculated dose (Gy) 2.08

2 Measured dose (Gy) 2.14 + 0.01
AD (%) 2.94
Calculated dose (Gy) 2.40

3 Measured dose (Gy) 2.62 + 0.07
AD (%) 9.17
Calculated dose (Gy) 2.88

4 Measured dose (Gy) 2.96 + 0.04
AD (%) 271
Calculated dose (Gy) 2.56

5 Measured dose (Gy) 2.65+0.28

AD (%) 3.59
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Calculated dose (Gy) 4.80
6 Measured dose (Gy) 4.98 + 0.09
AD (%) 3.71

Finally, table 4.6 illustrates the results of the measurement using the ¢lass
dosimeter at the rectum point in the phantom medium and the dose differences
between calculation and measurement. The mean dose difference for planned
numbers 1-6 at the rectum point were 3.88+2.07%, 4.42+1.98%, 2.96+6.51%,
3.52+0.29%, 3.22+1.42%, and 3.18+1.07% respectively. The mean dose difference
compared to the calculated dose for planned 1-6 at the rectum point was
3.53+1.44%, which has an acceptable difference between the measured and TPS

calculated dose was within +5% of the recommended from TRS-430(27).

Table 4.6 Comparison between dose calculation and measurement at rectum point.

Number Dose R1 R2 R3 R4 R5
Calculated
1.12 e 1.12 0.96 0.96
dose (Gy)
1 Measured
1.13+0.05 1.16+0.02 1.16+0.04 1.01+0.01 1.02+0.01
dose (Gy)
AD (%) 0.92 3.40 3.76 4.72 6.63
Calculated
1.60 1.44 1.45 1.21 1.28
dose (Gy)
2 Measured
1.65£0.04 1.35+£0.03 1.54+0.03 1.23+0.02 1.33+0.02
dose (Gy)
AD (%) 3.31 -6.36 6.55 1.96 3.94
Calculated
1.60 1.44 1.45 1.28 1.28
dose (Gy)
Measured
3 1.68+0.02 1.51+0.04 1.47+0.04 1.33+0.02 1.32+0.02
dose (Gy)

AD (%) a.79 4.36 1.18 3.46 2.85
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Calculated
1.92 1.94 1.76 1.60 1.60
dose (Gy)

Measured

2.00+0.03 2.01+0.03 1.82+0.03 1.66+0.04 1.65+0.02

dose (Gy)
AD (%) 3.95 3.46 3.50 3.59 2.12

Calculated
1.76 1.60 1.63 1.44 1.44

dose (Gy)

Measured
1.80+£0.06 1.64+0.05 1.66+0.02 1.51+£0.02 1.50+0.04

dose (Gy)
AD (%) 2.26 2.56 1.80 4.99 4.49

Calculated
2.88 2.72 2.72 2.24 2.25

dose (Gy)

Measured
2.93+0.13  2.82+0.08 2.84+0.04 2.32+0.04 2.31+0.05

dose (Gy)

AD (%) 1.68 3.54 a.47 3.63 2.59
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CHAPTER V
DISCUSSION AND CONCLUSION

5.1 Discussion
5.1.1 In-house phantom design

The in-house phantom consists of the RPLDG holder, the phantom holder,
and the applicator holder (Figure 3.18). All of these were constructed with a 3D
printer using PLA material, the most commercially available printer. In the 3D-printed
phantom, the Hounsfield Unit or HU was measured using computed tomography
scanning, the HU value of PLA material was -631+19.0 HU, which was consistent with
the value from Van der Walt M et al.(10) of -693+17 HU. Due to the 30% of material
infill density in the printed process, there were slight differences between the HU
from Van der Walt M et al.(10), and Sung Kim SY et al.(11) have expanded the
investigation of the HU values according to the infill density. As the infill value
decreases, the value of the standard deviation decreases, meaning that the inside of
the cuboid specimen becomes more uniform. Although the HU was different, it had
no effect on the dose measurements since this experiment was performed in water,
and the HU for water was 0 HU, which is closer to the soft tissue (+20 to +40 HU) and
the phantom post-print was not taken long to print and it was high stiffness and

strength to hold and affix a ¢lass dosimeter with the water tank.

5.1.2 Glass dosimeter characteristics

We investigated whether the RPLGD might be utilized as an in-vivo dosimeter
for brachytherapy., the measurements were carried out using an in-house phantom
intended for verifications in cervical cancer treatment using brachytherapy. The
reproducibility of the glass dosimeter in our study was +1.6% which good agreement
with the reported by Oonsiri P et al.(28). where they discovered the value of +1.5%.

Our research found the uniformity was £1.3% at the dose of 100 cGy, which is
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consistent with a result from Arakia F et al.(29) where they discovered the value of
+1.1%. The time dose linearity measured in this study, showed an R? of 0.998 that
was in good agreement as compared to Phurailatpam R et al.(30) where they found
R? of doses from 0.5 to 10 Gy was 0.997. The RPLGDs offer excellent characteristics

for radiation dosimetry.

5.1.3 Clinical study

In this study, only the Fletcher applicator was used, hence the treatment plan
chosen was in the 8 Gy range, which when adapted plan to the phantom, the
calculated dose will be in the medium dose rate range. The dose differences
between calculation and measurement are shown in Table 4.3. The dose differences
between the calculated and measured dose at point A showed values of 0.43-3.88%,
which has an acceptable difference between the measured and TPS calculated dose
was within £5% of the recommended from TRS-430(27). The mean dose difference
compared to the calculated dose for planned 1-6 at point A was 1.99+1.11%, which
was in good agreement with the results published by Moon SY et al.(6) where they

discovered the mean dose difference of 3.85+2.6%.

Point B receives a low dose since the dose gradient was steeply close to the
source's location, as shown in figure 3.26 illustrating the isodose distribution for the
patient plan entered into the in-house phantom. The HR-CTV in the green dotted line
prescribed an 8 Gy dose. As can be observed, reference point A is far from the HR-
CTV, hence the calculated dose is not equal to the prescribed dose, and reference
point B is far from the source, resulting in a low dose. Table 4.4 showed the value
was higher percent than the calculated dose in advance. However, the absolute dose
difference for planned numbers 1-6 at point B was about 0.1 Gy. In table 4.5, the
mean dose differences between calculation and measurement at the bladder point

for plans 1-6 were 4.42+2.56%, the measured dose at rectum points in Table 4.6, the
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mean dose difference from all cases was 3.53+1.44% which agreed well with the
reported from Nose T et al.(9) where they discovered the mean dose difference of

3.85+2.18% for bladder point and 3.82+2.67% of the rectum point.

5.2 Conclusion

In conclusion, using 3D printing technology and PLA material has allowed for
the creation of highly effective and affordable internal phantoms for use in
brachytherapy. The glass dosimeter holder, phantom holder, and applicator holder
have all been designed adjustable, taking into account the patient's anatomy and
allowing for accurate measurements at various points. While there may be slight
variations in dose calculation, the difference between the calculated and measured
dose for most points was within 5% of the recommended. Due to the high dose
gradient in brachytherapy resulting from the radioactive source being placed close to
the target tissue, causing the radiation dose to drop off rapidly in surrounding tissues,
hence point B received a low dose, the value was a higher percentage than the
calculated dose in advance, however, the absolute dose difference was
approximately 0.1 Gy. Overall, we consider that in-vivo dosimetry in the in-house
phantom using the RPLGD for brachytherapy can minimize overdoses and provide an
accurate record of the actual delivered dose for the patient using an accessory for

the applicator in clinical practice.
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