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1. Introduction

Prostate cancer is among one of the most common cancers affecting men world-
wide, with a steadily increasing incidence projected to continue. According to
the GLOBOCAN (Global Cancer Observatory) 2022 report, an estimated 1.47
million new cases were diagnosed in 2022. It is the second most common cancer
and ranks fifth among cancer-related deaths in men worldwide. The incidence
is notably higher in Europe and North America than in sub-Saharan Africa
and the Caribbean, where the mortality rate is higher due to limited access to
treatment services [1][2], with key factors such as age and diet, influencing
the risk of prostate cancer [3].

Advancements in prostate cancer screening, mainly through prostate-specific
antigen (PSA) testing, have improved early diagnosis and led to higher sur-
vival rates [4]. Early detection allows patients to be presented with various
treatment options tailored to the stage of the disease [4]. These treatment
options include active surveillance, hormonal therapy, radical prostatectomy,
brachytherapy, cryotherapy, and external beam radiation therapy (EBRT). In
some cases, combined modality therapy, such as brachytherapy with EBRT,
may be the recommended option.

Prostate cancer is classified into four stages. Staging is determined by the
Gleason score that is assessed at biopsy. Stage 1 is defined as low-risk cancer,
where the tumour is confined to the prostate, whereas stage 4 is defined as
high-risk cancer, where the cancer has spread beyond the prostate. As high-
lighted by the Institute for Clinical and Economic Review (ICER), treatment
options for low-risk prostate cancer generally offer similar effectiveness [5].
However, some advantages of brachytherapy include escalation of the dose to
the primary target organ and reduction of treatment-related toxicities due to
the rapid dose drop-off that minimises dose to the surrounding Organs at Risk
(OARs). Moreover, brachytherapy is cost-effective compared to other treatment
modalities [6].
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Prostate brachytherapy can be administered as low-dose-rate prostate
brachytherapy (LDR-PB), also known as permanent interstitial seed implants,
is illustrated in Figure 1.1 [7]) with the patient positioned in the lithotomy
position, or high-dose-rate prostate brachytherapy (HDR-PB). In HDR-PB, the
radioactive source, usually Iridium-192, is precisely driven to the predefined
targets within the prostate. The source delivers the dose at each planned loca-
tion by dwelling in the position for the determined duration. After applying
the prescribed dose, the source is retracted into its shielded storage.

Figure 1.1: Schematic of low-dose-rate transrectal ultrasound prostate brachytherapy adapted
with permission from OncologyMedicalPhysics [7]).

Despite the advantages and progress made over the years in the use of radioac-
tive isotopes for the treatment of prostate cancer brachytherapy, there has been
a decline in hospitals able to offer the multidisciplinary treatment modality
to prostate cancer patients. This decline is attributed to various challenges
associated with the modality [8][9]. The challenges include, but are not limited
to, the complex nature of the multidisciplinary work environment, the steep
learning curve involved, the apparatus for radioactive seed handling, the low
reimbursement compared to other modalities such as EBRT, and patient selec-
tion criteria, especially with respect to prostate size and prediction of pubic
arch interference [10].
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The purpose of this study is to investigate the impact of strategies aimed at
improving the workflow of LDR-PB so as to mitigate some of the challenges
associated with the modality. This study aims to investigate strategies to
address some of the challenges associatedwith LDR-PB, tomake the procedure’s
workflow less complex, to help stop its decline, and to encourage more hospitals
to make the treatment modality available to patients with prostate cancer.

1.1 Motivation and Objectives

LDR-PB involves the implantation of radioactive sources (Iodine-125 (I-125),
Palladium-103 (Pd-103), or Cesium-131 (Cs-131)) into the prostate. The dose
rate range is typically between 0.4 and 2 Gy/h [11]. As already mentioned,
LDR-PB is an effective and well-established treatment modality for localised
prostate cancer, with extensive literature that shows high disease control rates
and minimal treatment-related toxicity [12][13][14][15][16]. However, its
use has decreased in recent years. Compared to other modalities like EBRT,
there has been less research focused on ways to improve the multidisciplinary
procedure. This study addresses some of the key factors that have contributed
to the decline of LDR-PB [17]. This includes the steep learning curve for novice
brachytherapists, the need for workflow optimisation, modification of the
QuickLink™ loader used for seed strand configuration, and the use of non-rigid
templates [18].

The study analyses an LDR-PB patient databank to confirm the effectiveness
of the modality as reported in the literature [19]. By validating the patient
data and addressing the aforementioned challenges, the work aims to simplify
the LDR-PB procedure, improve radiation protection, and enhance patient
outcomes in terms of dose coverage to the target tissue and less dose to the
OARs.

The study investigates aspects of the challenges by focusing on four areas: tem-
plate design, source strength verification, seed-strand logistics, and shortening
of the steep learning curve. Beginning with the introduction, this thesis is
divided into five chapters. Following the introduction are the chapters on the
materials and methods, results, discussion, and conclusion of the work. The
complete list of publications section contains two submitted articles that are
part of this study. The accepted manuscript, based on the proposed strategy for
shortening the learning curve in LDR-PB, is still to be published. In line with
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the Task Group 64 (TG-64) report [20], the journal article by the author of this
dissertation together with a physician colleague (both as first authors) demon-
strates the importance of combined expertise leading to optimal treatment
outcomes for prostate cancer patients treated with LDR-PB at the Ortenau
Klinikum between March 2002 and July 2016 [19].

1.2 Background

The LDR-PB treatment technique has advanced from a pre-planned method to
an intraoperative procedure, where planning and implantation are performed
in the operating room during the same session under transrectal ultrasound
(TRUS) guidance [21]. Treatment planning and delivery are performed inter-
actively, allowing real-time guidance of seed/seed strand deposition in the
prostate. Hence, this enables adjustments to optimise the dose distribution to
the target tissue while ensuring that the dose to the OARs is minimal. This real-
time intraoperative planning showcases the significant advances in ultrasound
imaging technology, leading to image-guided brachytherapy (IGBT), thereby
facilitating personalised and adaptive treatments in prostate brachytherapy
[22][11]. Furthermore, computer tomography (CT) and magnetic resonance
imaging (MRI) are also used to assess possible interference with pelvic anatomy
and to confirm prostate size, supporting the patient selection process. CT is
also used for post-implant dosimetric planning, which is usually conducted
four weeks after the implant [23][24]. MRI, combined with TRUS imaging
during the intraoperative volume study process, allows better visualisation of
localised prostate tumours. This is an essential factor in focal prostate therapy,
where only the tumour lesion is targeted [25]. The benefit of focal prostate
brachytherapy lies in the minimal radiation dose to unaffected areas of the
prostate gland and surrounding OARs owing to the steep dose gradient [26].

1.2.1 Radioactive Source and Seed Technology

Radium was the first radioactive source used in the treatment of prostate cancer
in 1911. It was temporarily inserted into the prostate through a urethral catheter.
Since 1917, implantation has been performed transperineally [27]. Today, LDR-
PB involves the permanent implantation of tiny solid radioactive seeds in the
prostate target volume. They generally have a length of approximately 4.5mm
and a diameter of about 0.8mm. This enables transperineal insertion through
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needles into the prostate target volume. The most widely used radioisotopes are
I-125, Pd-103, and more recently, Cs-131 [15]. Table 1.1 shows the frequently
used radioisotopes and their properties [28][29][30]. Cs-131 was introduced in
the early 21st century to address the need for a source with a short half-life. This
allows for faster radiation delivery compared to I-125 and Pd-103. This means
that with a half-life of 9.7 days, most of the dose is delivered within weeks,
leading to faster patient recovery from toxicity-related effects and improved
PSA control outcomes [31]. Similar to I-125, Cs-131 decays via electron capture.
It generates photons with prominent peaks in the range between 29 to 34 keV
[32]. Several dosimetric studies have shown that Cs-131 has a better implant
dose distribution than I-125 and Pd-103 [14][33].

The delivery of radioactive seeds has advanced and shielded packaged seeds
can be delivered (classified as UN2910) on the same day of the implant (just in
time delivery before the implant) [34]. Users can also order extra calibrated
radioactive seeds to verify their activity strength, as recommended by the Amer-
ican Association of Physicists in Medicine (AAPM) and the Groupe Européen
de Curiethérapie-European Society for Radiotherapy and Oncology/Advisory
Committee on Radiation Oncology Practice (GEC-ESTRO/ACROP) [35][36].
Vendors such as Eckert & Ziegler™ and Bard™ Medical provide various seed
delivery options [37][38]. The Eckert & Ziegler™’s IsoSeed® radioactive seeds
can be delivered as single seeds or preloaded needles [39]. There is also the op-
tion of stranded seeds with biodegradable spacers called IsoCords®. Similarly,
Bard™ Medical offers seeds in Mick® cartridges, preloaded needles, or the
QuickLink® delivery system. The QuickLink® system allows brachytherapists
to assemble seed trains with biodegradable spacers according to the treatment
plan. Biodegradable spacers improve seed placement and dose distribution
and reduce seed migration and loss [40]. The spacers remain in the prostate
for approximately 3-6 months before complete decomposition. The seeds are
made of biocompatible materials that can remain in the prostate permanently
without harming the patients.

Several innovative source designs and their dosimetric characteristic were
recently investigated, with results offering promising prospects for the future
of LDR-PB. One such source design is the implantable CivaSheet®/ CivaS-
trings® Pd-103 radioactive source [41][42][43]. Using a straight or bent string
radioactive source can significantly reduce dosimetric variations caused by seed
bunching and migration [44]. The development and usage of biodegradable
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Iodine-125 Palladium-103 Cesium-131
Half life (days) 59.4 16.99 9.65

Photon
Energies (keV) 27-35 20-23 29-35

Dose Rate
Constant (Gy/h

U)
.0096 - .0104 .0069 .0105

Decay X-ray / Gamma
photon Gamma photon Gamma photon

Daughter
nuclide Tellurium-125 Rhodium-103 Xenon-131

Delivery rate 90% in 204 days 90% in 58 days 90% in 33 days
Monotherapy

(Gy) 145-160 120 - 125 115

Anisotropy
Factor 0.930 0.877 0.969

Table 1.1: Characteristics of commonly used Isotopes in LDR Prostate Brachytherapy.

materials to minimise and prevent seed bunching and migration has become a
standard method. In addition to the mentioned developments, the advent of
electronic brachytherapy with operational kilovoltages of less than 100kV is
also a treatment option for prostate cancer patients [45].
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1.2.2 Theory

The decay of I-125 occurs via electron capture, in which the nucleus captures
an inner orbital electron, resulting in the conversion of a proton into a neutron
and the emission of a neutrino. This process leaves the nucleus in the excited
state. Because of electron capture, a vacancy is created in the inner K-shell
of the atom, which is filled by an electron from a higher shell. The energy
released during these electronic transitions produces characteristic X-rays in
the 27-31 keV range. Additionally, Auger electrons may be emitted due to
energy transfer during relaxation. After electron capture, low-energy gamma
photons (approximately 35 keV) are emitted as part of the nuclear de-excitation
process. The decay process can be represented as follows:

125I+ e− →125 Te∗ + νe + γ35 keV + X-rays27-31 keV (1.1)

Where:

• 125I is the iodine-125 nucleus,

• e− is the captured electron,

• 125Te∗ is the excited state of tellurium-125,

• νe is the emitted neutrino.

• γ35 keV represents the emission of gamma photons with energy around 35
keV,

• X-rays27-31 keV represent the characteristic X-rays emitted as electron tran-
sitions to fill inner-shell vacancies in the tellurium atom, typically in the
K-shell to L-shell range (27-31 keV).

The photoelectric effect is the primarymode of interaction between the photons
emitted by I-125 and matter. Other less significant interactions in this energy
range include Compton scattering, Auger electron emission, and Rayleigh
(coherent) scattering. These interaction modes are illustrated in Figures 1.2
and 1.3.

In the photoelectric effect, a photon is fully absorbed by an electron bound to
an atom, transferring all of its energy to the electron. This causes the electron
to be liberated from the atom, resulting in the atom becoming ionised. This
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Figure 1.2: The three main photon interac-
tion processes of interest in radiation ther-
apy. (a) Photoelectric effect, (b) Compton
effect, (c) pair production[46].

Figure 1.3: Mass attenuation coefficient for
soft tissues (Z ≈ 7.5) plotted against photon
energy, highlighting the contributions of var-
ious photon interaction processes, including
Rayleigh scattering, photoelectric absorption,
Compton scattering, and pair production [47].

interaction is critical for energy deposition in tissues. The kinetic energy of
the liberated electron is given by:

KEe = hν −BEb (1.2)

Where:

• KEe is the kinetic energy of the liberated electron,

• hν is the energy of the incident photon,

• BEb is the electron’s binding energy in the atom [48].

This process is called direct ionisation, where a photon dislodges an electron
from an atom. In indirect ionisation, photons break molecular bonds, such as
water molecules, leading to the creation of reactive radicals such as hydroxyl
radicals. These radicals can damage critical cellular components such as DNA,
proteins, and membranes. Depending on the extent and type of damage, the
cell may undergo one of the following responses: it may attempt to repair the
damage, experience mutations due to incorrect repair, or undergo cell death if
the damage is too severe. In radiation therapy, the goal is often to induce cell
death in tumour cells while limiting the damage to healthy tissues.
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1.2.3 Treatment Planning

The success of LDR-PB can be partly attributed to the gradual, continuous
development of the treatment workflow. Some notable processes, such as pre-
and post-planning, have been incorporated into the brachytherapy treatment
planning system (TPS). The pace of its development has been relatively slow
compared to other treatment modalities, such as EBRT, where significant re-
sources have been invested in advancing the TPS. In comparison, research
and investment in TPS for LDR-PB have been limited. However, owing to
continuous investigative efforts by the brachytherapy community to enhance
the modality, significant changes in planning strategies have been achieved.
These changes have led to improved post-implant dosimetry outcomes, min-
imised toxicity, preserved organ functionality, and enhanced quality of life for
patients [49]. Modern LDR-PB techniques have evolved beyond manual seed
placement methods such as the Patterson-Parker, Quimby, and Paris techniques
[50][51][52][53]. Currently, treatment planning systems utilise advanced algo-
rithms that optimise seed placement based on the patient’s specific anatomy,
proximity to OARs, and tumour shape.

The globally used brachytherapy dosimetric protocol for calculating the dose
delivered by implanted radioactive seeds is the TG-43 from the AAPM [54].
The TG-43 is based on detailed experimental measurements or Monte Carlo
simulations of dose-rate distributions around radioactive seeds rather than
simple point- or line-source approximations. This protocol uses source-specific
parameters such as the dose-rate constant, radial dose function, seed geometric
factor and anisotropy factor to estimate the dose distribution. However, the
TG-43 protocol has limitations, as it assumes a homogeneous medium (water),
that does not account for tissue heterogeneity, which is an essential factor
affecting dose distribution. Additionally, TG-43 does not account for seed-to-
seed interactions, which may influence dose accuracy [55].

Advanced methods such as model-based dose calculation algorithms are now
being implemented to account for tissue heterogeneity in brachytherapy [56].
However, in LDR-PB, where TRUS is the primary imaging modality, the limi-
tations of the TG-43 protocol remain. Real-time ultrasound imaging provides
good spatial information but lacks the electron density information necessary
for accurate dose calculation correction. Monte Carlo simulations have demon-
strated the importance of considering tissue heterogeneity in dose calculations,
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particularly for LDR brachytherapy sources, with potential differences in dose
distribution of up to 15 % depending on tissue composition [55].

This consideration is particularly important in cases involving prostate calci-
fication or reimplantation, in which previously implanted seeds may remain.
Precise treatment planning requires accurate system commissioning, ensuring
that it reflects the radiation characteristics of specific seeds, as outlined in the
AAPM TG-56 and TG-43U guidelines [57]. Inverse planning—a method where
the desired dose distribution is first defined [58][59], and then optimisation
algorithms such as simulated annealing and greedy optimisation are used to
determine the optimal seed placement—is now widely used in LDR-PB [60].
Some TPS, such as VariSeed™, include analytical tools such as sector analysis,
which help clinicians adjust the maximum dose based on tumour localisation
identified from biopsy results. Transperineal ultrasound-guided biopsy data
can be integrated into the system, enabling real-time mapping, tracking and
optimisation of seed placement in the cancerous regions of the prostate [61].
This facilitates tailored, image-guided treatment, with the option of incorpo-
rating MRI fusion for even greater precision in targeting the tumour based on
localisation [62][63].

As artificial intelligence and machine learning evolve, new algorithms could
revolutionise treatment planning, potentially enabling automated planning
with robotic implantation for even greater precision and efficiency in LDR-PB
[64].

1.3 State-of-the-art

1.3.1 Insertion Templates

Rigid templates are essential components in LDR-PB. They generally consist
of a physical block with a two-dimensional grid system with holes spaced
5mm apart. The grid axes are annotated with numbers and letters, allowing
the treatment planner to communicate precise needle insertion points to the
physician. Vendors offer two template types: reusable and disposable. The
template as presented in the schematic in Figure 1.1 plays a key role in guiding
transperineal needle insertion, ensuring consistency in needle insertion, and
placement of radioactive seeds within the prostate. By providing a stable and
reproducible framework, the templates help to minimise needle deflection. In
addition, the straight path it provides for the needles helps minimise damage to
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surrounding critical structures, such as the urethra and rectum. The physical
template fixed to the steppermust be alignedwith the TRUS imaging system and
TPS grids to ensure the accuracy of needle insertion. Misalignment between
the electronic imaging grid and physical grid can lead to suboptimal dose
distribution, thereby increasing the risk of treatment failure and unnecessary
doses to organs at risk.

Recent advancements include the development of 3D-printed patient-specific
templates tailored to each patient’s anatomy, allowing for better flexibility in
needle trajectories and improved dosimetric outcomes [65][66]. These tem-
plates provide additional insertion paths, enhancing the seed distribution for
larger prostate glands. In addition, there is growing interest in robot-assisted
brachytherapy, which can improve precision by automating needle insertion
and seed placement. Although robotic systems [67] may eventually replace
the need for rigid templates, ongoing research is needed to determine whether
a mean error of 0.79 mm ± 0.32 mm needle targeting precision in a phantom
offered by robotic systems has a significant clinical impact as compared to man-
ual implantation [68]. Patient preference and acceptance of robotic procedures
still remains an area to investigate [69][70][71].

Despite the benefits of rigid templates, they still face limitations, especially in
larger prostates or when navigating complex anatomical structures such as the
bladder neck. The template fixed grid system does not allow oblique needle
trajectories; therefore, it cannot always navigate more complex insertion paths
to avoid critical anatomical structures. Although advancements have been
made in other areas of LDR-PB, there has been relatively little innovation in
the design of rigid templates.

Part 1 of this study investigated quality improvement to patient dosimetry by
the use of a custom-designed, in-house template incorporating oblique needle
placement. This non-conventional template, designed with an angular degree
of needle freedom, can improve implant quality by minimising the dose to OAR.
It could also facilitate better access to the target volume in patients with pubic
arch interference, as shown in Figure 1.4. Strassmann et al. also demonstrated
the degree of freedom achieved through robotic oblique needle insertion [72].
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Figure 1.4: Patient image with the prostate volume of 65 cm3 showing pubic arch interference,
leading to limitation in optimal positioning of radioactive sources.

1.3.2 Seed Strength Verification

Verification of seed strength in LDR-PB is essential to ensure accurate dose
delivery. Historically, discrepancies between manufacturers’ stated seed ac-
tivity and actual strengths have been reported, often due to manufacturing
malfunctions, contamination with impurities or human errors, which posed
risks of under- or over-dosing because of inadequate quality of production
[73]. In response, regulatory bodies such as the AAPM and the United States
Nuclear Regulatory Commission (NRC) introduced stricter guidelines for seed
strength verification, to be performed by medical physicists in medical facilities,
as outlined in TG-43U and TG-56 reports [54][57].

Manufacturers now send sample seeds to primary standards laboratories such
as the Physikalisch-Technische Bundesanstalt (PTB) in Germany for precise
calibration using free-air ionisation chambers. These calibrated seeds are then
used by secondary standards laboratories and manufacturers to calibrate their
equipment and, ensure traceability and accuracy [74].

Clinically, well-type ionisation chambers are used to verify the strength of
the seed by comparing the measured activity with the values of the manufac-
turer’s seed certificate. To maintain sterility, clinics often order extra seeds
from the same batch for verification, thereby avoiding problems with ster-
ilisation after testing. AAPM recommends that at least 10% of the seeds be
verified before implantation to ensure consistency with the stated activity of
the manufacturer[57]. The air kerma strength Sk is calculated using:
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Sk = M ·Nk ·KP (1.3)

where M is the measured chamber reading, Nk is the chamber calibration
coefficient and KP is the temperature/pressure coefficient.

Past errors underscore the need for stringent quality control at manufacturing
and clinical levels to ensure that the prescribed dose matches the total seed
strength. The introduction of the Nucletron FIRST system was a notable
advancement in automated seed verification [75]. However, there has been
limited progress in advancing technology and integration with intraoperative
real-time prostate brachytherapy [74]. This might be due to the relatively low
reimbursement rates associated with LDR-PB. However, such a system would
optimise clinical workflows and reduce human errors.

1.3.3 Seeds logistics and strands

Another challenge in LDR-PB is ensuring the real-time accountability of radioac-
tive seeds, documenting stranded seed patterns, and managing the logistics of
implanted seeds.

Strict adherence to sterile conditions during seed handling is important to avoid
source contamination [76]. Additionally, there is a high risk of seed loss and
radiation exposure among hospital staff members. As a result, many clinicians
prefer to perform seed strength accountability post-implant when sterile con-
ditions are not a limitation. To address these challenges, the implementation of
a feature on the Bard-QuickLink™ Loader that allows for intraoperative seed
logistics accounting during the implant procedure was proposed.

Commonly used handling systems for LDR-PB include the QuickLink™ Loader
from Bard Medical (Bard Medical Division, Covington, GA, USA) and the
Eckert & Ziegler Medical (Berlin, Germany) [18][77]. These systems lack the
functionality to account for the logistics of implanted materials. The goal of the
work is to streamline the treatment workflow by minimising the influence of
human factors that may introduce additional stress to brachytherapy clinicians
during the procedure. The clinic in this study employs the QuickLink™ Loader
device for seed strand configuration. For the feasibility study, a TOSHIBA CCD
linear image sensor was incorporated into the Bard QuickLink™ Loader.
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2. Material and Methods

This section describes the methods and procedures used to evaluate the fea-
sibility of integrating a linear image sensor into the QuickLink™ Delivery
System for handling seeds and connectors during intraoperative LDR-PB [78],
along with the in-house custom-designed template aimed at addressing the
aforementioned challenges. The methodology is divided into three parts, each
addressing key aspects of the study. Part 1 details the custom-designed in-house
prostate perineal needle template and the phantom test setup. Part 2 focuses
on seed strength verification, while Part 3 covers seed logistics and strand
lengths. All radiation protection measures were implemented in accordance
with the German Radiation Protection Act and Ordinance, adhering to the
ALARA principle to ensure minimal radiation exposure [79].

2.1 Part 1: Template

One of the primary objectives of brachytherapy treatment is to reduce the risk of
toxicity to the genitourinary system while optimally delivering the prescribed
dose to the tumour volume, thus enhancing the probability of effective tumour
control and improving the patient’s quality of life. The GEC-ESTRO guidelines
recommend dosimetric constraints to limit toxicity levels [58].

2.1.1 Patient Data

This section is based on retrospective re-planning of previously treated intra-
operative LDR-PB plans of 34 patients. These patients were treated with a
prescription dose of 160 Gy delivered using I-125 seeds with activities ranging
from 0.460 to 0.595 mCi. The mean prostate volume was 30.24 cm3, with a
range of 17.5 cm3 to 65.38 cm3. The mean urethral and rectal volumes were 1.36
cm3 and 5.56 cm3, respectively. Patients were treated between March 2017 and
February 2019. The Retrospective planning was performed using the Varian
VariSeed™ TPS [80]. For consistency, the dosimetric constraints (Table 2.1 [58])
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applied in this study were identical to those used in the original intraoperative
planning. Similar to the other studies in this thesis, the Ethics Committee of
Mannheim University [2018-870R-MA] approved retrospective studies using
patients’ LDR-PB plans.

Organ Parameter Description

Prostate
P_D90 Minimum dose received by 90% of the prostate

volume should be greater than 90% of the pre-
scribed dose

P_V100 Prostate volume receiving 100% of the pre-
scribed dose should be greater than 95%

P_V150 Prostate volume getting 150% of prescribed dose
should be between 45% and 65%

Urethra
U_D10 Dose to 10% of urethra should be less than 150%

of the prescribed dose
U_D30 Dose to 30% of urethra should be less than 130%

of the prescribed dose

Rectum
R_D2cm3 Dose to 2cm3 of rectum should be less than 145

Gy
R_D0.1cm3 Dose to 0.1cm3 of rectum should be less than

200 Gy
R_V100 Rectum volume getting 100% of prescribed dose

(Reporting parameter)

Table 2.1: GEC-ESTRO recommended parameters for low-dose-rate prostate brachytherapy.

A copy of each patient’s treated intraoperative plan (IntraOp) was generated
and renamed to reflect the insertion of oblique inner needles planning (ObInp).
In these retrospective plans, only the inner needles and seeds were manually
planned using oblique trajectories. The inner needles are of particular interest
because of their dosimetric effect on the bladder neck, urethra, and rectum
[81]. The dosimetric parameters for each patient were analysed and compared
between intraoperative and retrospective treatment plans. This compares the
effect of using the rigid conventional template and the in-house design oblique
template on dose metrics. Finally, the prototype rigid oblique template was
tested on a phantom (see Figure 2.6) to evaluate its potential applicability
in clinical settings. All data were analysed using MATLAB® and Microsoft
Excel®.
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2.1.2 Template Design

The custom-made template was constructed of polyoxymethylene (POM). POM
was selected because of its known mechanical properties and low coefficient
of friction µ, which ranges from 0.1 to 0.25 [82]. This low friction minimises
resistance during needle insertion, ensuring smoother needle insertion and
seed placement. Figure 2.3 illustrates the custom-designed template with an
inserted 18-gauge needle positioned at grid hole D3.5 at an oblique angle of
30°. Additionally, POM’s compatibility with various sterilization methods,
particularly autoclaving, makes the template reusable. As shown in Figure 2.4,
the template is designed to be easily disassembled, making it efficient for the
sterilisation process. The components of the template, shown in Figure 2.2,
were machined from cubic blocks of POM [83]. Similar to the conventional
rigid template in Figure 2.1, it features a matrix of grid holes spaced 5 mm apart,
with nine additional specialised holes allowing for oblique needle insertion.

The incorporation of nine oblique needle insertions was based on a statistical
evaluation of the treated patient data, which indicated that the number of
inner needles used ranged from three to nine. Centrally positioned oblique
needle insertion further facilitates single-seed deposition at various angles
(±30°) within the prostate apex, enhancing flexibility in the dose distribution.
The design aims to optimise the target coverage. These nine chambers con-
tained spherical structures, each with a central drilled hole, enabling insertion
angles that are not achievable with the conventional template. The holes are
designed to accommodate 18-gauge needles. Needle orientation and oblique
insertion were achieved by rotating the spheres with the needle inserted, allow-
ing adjustment to the desired oblique direction. The spheres were positioned to
align with the parallel grid holes and securely held by the template front-end
plate. The back-end plate was assembled with the front-end plate to ensure
that the spheres were held in place. To further maintain stability and prevent
unintended rotation, the template was secured at its four corners using screws.

The design offers greater adaptability, particularly in patients with larger
prostate volumes or pubic arch interference, where conventional parallel-needle
insertion techniques may be inadequate. This design allows for better cover-
age in challenging anatomical scenarios. The proposed approach builds on
and refines the conventional parallel needle technique by adopting a hybrid
method that integrates both parallel and oblique insertions, improving the dose
distribution in the prostate while reducing the dose to the OARs. Figure 2.5
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shows the schematic drawing of the template. Without the two metal footings,
each with a height of 19.2 mm, the template body has a height of 85.5 mm
and a width of 80 mm. Refer to Figure 2.5 for a detailed view of the template’s
dimensions.

Figure 2.1: Mick® Brachytherapy Template [84]

As shown in Figure 2.2, the grid coordinates, marked with alphanumeric labels,
are located along the periphery: letters (A–G) represent the horizontal axis, and
numbers (1–7) represent the vertical axis. As with the conventional template,
these coordinates align with the digital grid of the TPS and the digital grid of
the TRUS system for 18-gauge needles. Additionally, clinicians can use column
D on the template to align the prostate laterally, ensuring the urethra is centred.
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Figure 2.2: Illustrates the front view
of custom design template, showing
key structural elements (parallel and
oblique insertions).

Figure 2.3: Shows the custom design template
featuring oblique needle insertion at a 30°angle
at insertion hole D3.5.

Figure 2.4: Illustrates the disassembled cus-
tom design template to show the various
parts, facilitating efficient template sterili-
sation.

Figure 2.5: Shows the custom de-
sign template with annotated di-
mensions.
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To increase the oblique angle of insertion, the entrance and exit areas around the
nine oblique grid holes are bevelled, allowing angles of ±30°. The ±30° range
was selected as it represented the maximum angle range that still allowed
sufficient clearance for rigid needle insertion between the oblique bevelled
grid holes. These nine specialised grid holes, which support oblique insertion,
enhance adaptability for various prostate shapes and sizes and are particularly
helpful for navigating around anatomical obstructions such as the pubic arch
(Figure 1.4). Finally, at both horizontal ends of the template are the two metal
footings designed for mounting on the stepper.

2.1.3 Planning Procedure

After creating a copy of the original treatment plan, the peripheral needles and
seeds remained unchanged, and the seed strength was maintained according
to the intraoperative treatment. However, the inner seeds were unlinked and
replanned. The inner needles’ insertion points must be changed to incorporate
oblique needle orientation into the TPS. However, changing the insertion points
also changes the position of the seeds. Therefore, to maintain the location
of the seed, a curvature tool was used to manipulate the orientation of the
inner seeds (Figure 2.7 and Figure 2.8), which then reflects the needed oblique
insertion.

Figure 2.6: Phantom-based ultrasound guided intraoperative setup (Phantom prostate size
65.02 cm3) with phantom on the treatment couch, with already inserted needles. Behind the
phantom is the TPS notebook.
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The total number of inner seeds was not altered. Instead, their trajectories
were adjusted to achieve oblique placement without changing the actual inser-
tion point of the needles. To evaluate the practicability of the novel physical
template in real-world settings, a prostate phantom was developed and used for
phantom-based intraoperative procedures. The size of the phantom prostate
was 65.02 cm3. Figure 2.6 shows the setup based on a phantom of the intraop-
erative procedure.

Figure 2.7: Figure (a) simulates the needle parallel path through the physical template. This
is also represented so in the TPS. Figure (b) shows a sketch of the in-house design template
with oblique needle insertion. In order not to change the position of the needle, the needle
within the prostate is deformed to mimic the oblique entry, which allows seed deposition at
the desired angle, as indicated by the curved arrow in Figure (b).

Figure 2.8: Illustrates the un-linking of the inner seeds and provides a visual representation of
the angle achieved through oblique insertion, facilitated by the proposed physical template
design.
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Figure 2.9 demonstrates the concept that the in-house design template provides.
With the needle trajectory, the seeds are brought to an orientation in which
the surface of the OARs exposed to high doses is minimized [81].

Figure 2.9: Parallel and oblique needle insertions through a physical template, highlighting the
potential of oblique needles to provide a more favourable orientation for inner seed deposition
that minimises the dose to the urethra.

2.1.4 Application in Phantom

The phantom used in this part of the study was based on the CIRS Model
053 prostate phantom [85], which was designed to evaluate the functionality
of the custom-designed template (Figure 2.10). The inner dimensions of the
plastic container were 95.95 mm × 95.95 mm × 132.88 mm. To simulate the
surrounding tissue, the space remaining in the container was filled with bolus
tissue-equivalent material. Styrofoam sheets with a thickness of 20 mm were
used to secure a 10 mm thick rectum wall made of bulus material, on which
a 65.02 cm3 lean meat sample simulated prostate tissue. The volume was
measured using the water displacement method. A 50 mm segment of a Foley
catheter shaft was used to model the urethra, which was inserted into a 10 mm
wide channel at the centre of the lean meat.
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Figure 2.10: Figure illustrates prostate phantom design and dimension. The phantom was used
to test the functionality of the custom-designed template.

A treatment plan was generated using the VariSeed™ nomogram planning, fol-
lowed by manual optimisation of needle orientation through forward planning.
Oblique inner needles were inserted under longitudinal TRUS guidance. After
identifying the insertion coordinates of the oblique needles on the template, the
needles were inserted under TRUS guidance in the longitudinal plane. Their
obliqueness was then manually adapted in the TPS to align with their visual-
isation on TRUS, and the prostate dose coverage was subsequently updated
accordingly.

2.2 Part 2: Seed Strength Verification

LDR-PB is based on a multidisciplinary team to ensure the safe and effective
implantation of radioactive seeds [86] into the patient‘s prostate. To reduce
operator dependency and improve workflow, it is essential to optimise specific
tasks, allowing clinicians to focus on critical aspects of the therapy [23]. Since
2002, over 300 patients at Ortenau Klinikum Offenburg-Kehl have undergone
LDR-PB, and the team adopted the intraoperative planning technique in 2016.
One major challenge is the verification of the strength of seeds, which must
be performed under sterile conditions a day before the implant, making the
process not only time-consuming but also involves the risk of contamination
and radiation exposure. The objective of this section was to demonstrate the
use of a linear CCD sensor to measure seed strength and assess the feasibil-
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ity of integrating the sensor into the loader system for in-situ seed strength
verification during the implant procedure.

Although several pre-implantation seed strength assay methods exist [76][75],
intraoperative verification of all seeds used for clinical treatment remains
unaddressed. This study proposes enhancing the QuickLink™ Loader to enable
real-time seed verification during intraoperative implantation, which would
streamline the procedure workflow. Previous approaches, such as those of Lee
et al. [87], focused on batch verification outside the operating room. Real-time
intraoperative seed verification during the procedure with a CCD line sensor is
a significant advancement in the field of brachytherapy. To the best of current
knowledge, this study appears to be the first investigation into the use of a line
camera for seed strength verification. This section describes the materials and
methods used to implement and evaluate the proposed enhancement of the
loader.

2.2.1 Background

The Bard QuickLink™ Loader is a mechanical device designed to configure
prostate brachytherapy seed strands. This project component evaluates seed
strength measurement using a compact line sensor camera, highlighting its
potential to enhance the functionality of the loader system by enabling real-
time strength measurement of I-125 seeds during intraoperative procedures.

Figure 2.11: Iodine-125 model STM1251 for prostate implant, the metal core improves seed
visibility under X-ray or CT used for post-planning dosimetry.

In clinical practice, the STM 1251 I-125 seed model supplied by Bard Medical
was utilized by the department [88]. This model consists of adsorbed I-125
on a silver rod encapsulated in a titanium shell (see Figure 2.11). The patient-
specific seed packagewas accompanied by a source certificate and a decay factor
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table, which were used to calculate the actual activity. Figure 2.12 provides an
indication of the frequency of various I-125 seed activities used in the clinical
department in this study between January 2016 and February 2024.

Figure 2.12: The frequency of reference activity usage for implants from January 2016 to
February 2024

In both this and the seed logistics and stands study in section 2.3, a Toshiba
TCD1304 CCD monochrome linear image sensor was used, which features
3,648 linear pixels with a glass substrate cover. The TCD1304 sensor had
a spectral response spanning 400 to 1100 nm, with a maximum sensitivity
between 550 and 600 nm. Each pixel element measures 8 µm x 200 µm, with an
8 µm centre-to-centre spacing. The sensitive area of the sensor spans a width
of 29.1 mm (as illustrated in Figure 2.13 [89]). The maximum data rate was 500
kHz per pixel, facilitating rapid data acquisition [89].
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Figure 2.13: Schematic of the Toshiba TCD1304 CCD monochrome linear image sensor (taken
from the datasheet) highlighting its dimensions and features.

To drive the linear CCD sensor, a programmed STM32F401CCU6 microcon-
troller was employed, in combination with a Raspberry Pi 4B Starter Kit fea-
turing 4 GB RAM and a 4-core 1.5 GHz processor. The sensor was used to
capture radiation, both directly and indirectly, via an EJ-200 (Eljen Technology
Inc., Sweetwater, TX) scintillator. For direct measurements, the radioactive
seed was placed on the sensor using a 3D printed collimator (see Figures 2.14
and 2.15). In the context of the entire study, Polyterra material was employed
for all 3D printing performed with CraftBot Flow IDEX 3D printer and PLA
filament. Four collimators with different rectangular aperture sizes were 3D
printed. The aperture dimensions were as follows: 5.5 mm × 1.8 mm, 15.5 mm ×
1.8 mm, 20.5 mm × 1.8 mm, and 25.5 mm × 1.8 mm. For indirect measurements,
the radioactive seed was placed on the EJ-200 scintillator, which was firmly
attached to the sensor using the same collimator.
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Figure 2.14: The design of the 3D printed light tight cover and the collimator to position a
single seed at the centre of the detector.

Figure 2.15: Image of 3D printed collimators with rectangular aperture sizes of 5.5 mm ×
1.8 mm, 15.5 mm × 1.8 mm, 20.5 mm × 1.8 mm, and 25.5 mm × 1.8 mm along side with the
ligth-tight cover.
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The EJ-200 scintillator, provided by Scionix Holland B.V., can convert gamma
radiation into visible light, which can be detected by the CCD sensor. The
scintillator’s peak emission wavelength is approximately 425 nm, and although
it is not perfectly aligned with the CCD’s peak sensitivity, it is still within the
detection range of the sensor [90]. The pairing of the CCD sensor with the
EJ-200 scintillator enables the conversion of gamma rays into visible light that
can be detected by the CCD.

Figure 2.16: EJ200 scintillator samples were prepared in varying thicknesses of 1 mm, 2 mm, 3
mm, and 5 mm to investigate the optimal thickness for scintillation efficiency.

While the EJ-200 scintillator was not ideal for this application, it was the only
scintillator available for this study. The ideal scintillator would have been
Cesium (Cs) Iodide (I) doped with Thallium (Tl) (CsI(Tl)), which emits light
at approximately 540 nm, closer to the peak sensitivity of TCD1304 [91]. To
determine the optimal scintillator thickness, several samples were prepared,
each with thicknesses of 1 mm, 2 mm, 3 mm, and 5 mm (as shown in Figure
2.16). These samples were manually cut using a precision band saw with a
fine-toothed blade to minimise material loss and preserve structural integrity.
The thicknesses were verified with Alpha Tools digital calliper (model number
20497503). The calliper’s specified accuracy for measurements below 100 mm
is ±0.02 mm. Considering both systematic and random uncertainties, the total
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uncertainty in verifying measurements using the calliper was determined to
be ±0.038 mm.

Firstly, the signal output was measured with and without the EJ-200 scintillator
to evaluate the difference in signal output, with the expectation that the setup
with the scintillator would yield a higher output compared to the setup without
it. A specially designed 3D-printed light-tight cover was used to prevent
interferencewith ambient light during themeasurements (Figures 2.14 and 2.15).
The background noise from the set-up was measured 3 times to characterise
the background noise in the absence of a radioactive source. Before proceeding
with the experiment, the number of photons expected to reach the detector
surface was manually calculated. The reason was to validate the output of the
system and to help identify errors in setup.

2.2.2 Photon estimation and optimal total frame time calculation

Assuming that the I-125 seed, whose activity is to be measured by placing it
on the sensor, has an activity of 0.464 mCi, the number of photons emitted
per second can be calculated by converting the activity to becquerels [92].
This means that the number of disintegrations per second for the 0.464 mCi
radioactive seed is approximately 1.72× 107 photons per second (refer to the
Appendix for the calculation).
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Light Tight Cover

I-125 Seed
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Scintillator EJ-200

CCD Sensor

Figure 2.17: Measurement setup: On the left for setup involving the EJ-200 scintillator and on
the right without the EJ-200. The collimator holds the seed on the detector, and the light-tight
cover is placed over the probe.

Figure 2.17 illustrates the experimental setup. The transmission through the
0.7 mm glass cover of the CCD camera, which protects sensitive elements,
was accounted for by calculating the linear attenuation coefficient for photon
energies in the 27-35 keV range [93]. The transmission rate was found to
be 90%. Finally, considering minimal scattering and absorption beyond the
glass cover, along with the geometric factor, the quantum efficiency of the
TCD1304 CCD sensor was estimated to be approximately 10% [94], the number
of photons reaching the detector was estimated to be approximately 58,405
photons per second. The detailed calculations are provided in the Appendix for
reference. Considering the number of photons that would reach the detector,
data were collected over measurement durations of 10, 15, 20, and 30 seconds.
Three measurements were recorded for each of the mentioned durations with
moving average filter window sizes of 5, 45 and 99. In all the studies involving
the use of the TCD1304 sensor in this work, data acquisition was performed
by recording every second frame, effectively reducing the temporal resolution
while minimizing the data volume and computational load.

For optimal measurements, improved SNR, and manageable data throughput,
a 30 Hz frame rate with an exposure time of 26 ms and a read-out time of
7.3 ms was used (total time per frame = 33.3 ms). This provided a better
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signal quality and improved the SNR. A higher frame rate of 60 Hz allows for
more dynamic measurements with an exposure time of 9.4 ms but reduces
detector sensitivity and SNR and increases background noise (calculation in
the Appendix). Following the measurements of single seeds, measurements
were conducted for a Seed_space_seed strand. Measurements were performed
at a standard room temperature (approximately 20°C to 25.7°C) and a pressure
of 998.5 hPa.

The MATLAB® signal analysis tools were employed to process the batch data,
beginning with wavelet denoising to smooth the raw data [95][96]. To further
enhance the data quality because of excessive noise, a Savitzky-Golay filter
was applied to the denoised signal [97].

Seed regions were identified using peak detection techniques. Gaussian and
Lorentzian models were then fitted to confirm the seed location on the detector.
The results were then plotted, and source strength results were displayed.
The calculation incorporated the areas under the Lorentzian fit for various
reference activities using MATLAB®’s linear fit model (as shown in Listing A.1
provided in the appendix). The experimental setup closely mirrored that used
for seed logistics and strands in part 3, with the primary difference being the
incorporation of a light-tight cover, as illustrated in Figures 2.18 and 2.17.

2.3 Part 3: Seed Logistics and Strands

In this section of the study, a TOSHIBA TCD1304 CCD monochrome linear
image sensor featuring 3648 linear pixels with a glass substrate cover was
used. The pixel element size was 8 µm by 200 µm on an 8 µm centre [89]. The
sensitive area extends 29.1 mm wide, enabling precise measurement of the
incident light intensity. The sensor’s capability to accurately detect the contour
of objects makes it suitable for measurements in this portion of the study. To
drive the linear CCD sensor, a programmed STM32F401CCU6 microcontroller
combined with a Raspberry Pi 4B starter kit with 4GB RAM and a 4 x 1.5
GHz processor was employed. The setup also included a 19” LG LCD Monitor
[98]. Using the electronic shutter function of the CCD, the exposure time was
precisely controlled. The resulting signals were transferred to the computer via
a USB port for subsequent processing. For the construction of seed strands, the
QuickLink™ Loader from Bard Medical was used, a widely used seed strand
handling system.
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In this part of the study, the proposed position for the second CCD sensor is at
the centre of the assembly base, beneath the ruler. The lead glass door above
the assembly base and ruler allows access to light, which is essential for the
second sensor’s operation [99].

2.3.1 Experimental Setup

The remaining implantation materials from previous I-125 seed implantation
procedures were used for this investigation. For the first part of the study,
elapsed I-125 sources with insignificant radioactive source strength were used.
For the second part, I-125 seeds still containing measurable radiation were
used. The schematic of the experimental setup is shown in Figure 2.18.

Figure 2.18: Schematic representation of the experimental setup illustrating the study’s config-
uration with component dimensions specified in parentheses

A custom collimator was designed and fabricated using a 3D printer to prevent
the seed from rolling over the detector. The collimator served to obscure the
unused areas of the sensor and assist in positioning the seeds precisely in the
centre of the sensor, as presented in Figure 2.19 and 2.15 of Subsection 2.2.1.

First, the effect of partial illumination from a single seed was examined. The
signals of a single seed, with and without the collimator were measured. The
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Figure 2.19: Collimator over the sensor probe and a seed strand on the central axis un-collimated
part of the probe

second experiment focused on recognizing the stranded seed patterns. As
illustrated in Figure 2.20, three seed patterns were considered for each batch of
the reference activity: Seed-Space-Seed-Space-Seed, Seed-Seed-Seed, and Seed-
Space-Seed-Seed. The lengths of the seed strands were manually calculated
based on the manufacturer’s specification [18][99].

Figure 2.20: (a)Single seed,(b) Seed-Space-Seed-Seed strand, (c) Seed-Space-Seed-Space-Seed-
Strand, (d) Seed-Seed-Seed strand

Standard Sourcelink™ connectors of 5.5 mm were used to build seed-to-space
strands and 0.5 mm for Seed-to-Seed Sourcelink™ connectors. The study
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involved three seed strand patterns to assess the sensor’s ability to identify
and document the seed strand pattern, accurately count the number of seeds,
and evaluate the impact of seed strength on sensor output. To capture the data
accurately, the exposure time of the photodiode array was set to 0.16 ms, and
the frame time was adjusted to 105.19 ms under normal light conditions and
average room temperature. The settings were determined following extensive
testing of various exposure and frame time combinations. A short integration
time was selected to prevent the line sensor from being overexposed. All
data were collected and analysed using Microsoft Excel® for data entry and
preliminary processing and MATLAB® for signal processing and visualization.
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3. Results

3.1 Part 1: Template

With the prostate periphery needles of 34 patients left in place, the inner
needles weremanually replanned retrospectively to improve dosimetry through
oblique deposition of inner seeds. As described in Subsection 2.1.3, these plans
were created assuming that the physical in-house template guided the needle
insertion. As shown in Table 3.1, the mean volumes of the prostate, rectum
and urethra were 30.42 cm3, 5.56 cm3 and 1.36 cm3, respectively. The maximum
prostate volume was 65.38 cm3. Table 3.2 compares the dosimetric parameter
between the standard clinical plan (IntraOp) and the optimised plan with
oblique needles (Obinp) for the patient with the maximum prostate volume in
the data.

Parameter IntraOp (Mean ± SD) ObInp (Mean ± SD) p-Value

Prostate Volume (PTV) 30.42 ± 11.58 - -
V100 % 98.39 ± 0.69 99.31 ± 0.29 p < 0.001

V150 % 62.18 ± 5.31 59.17 ± 7.46 p = 0.031

D90 194.93 ± 5.31 194.63 ± 13.92 p = 0.908

Rectum Volume 5.56 ± 1.69 - -
D0.1cm3 164.55 ± 27.29 156.00 ± 25.17 p = 0.002

D2cm3 98.03 ± 18.85 98.16 ± 20.47 p = 0.958

V100 % 5.49 ± 5.79 0.18 ± 0.17 p < 0.001

Urethra Volume 1.36 ± 0.79 - -
D10 213.13 ± 9.81 205.45 ± 7.68 p < 0.001

D30 201.42 ± 7.33 195.60 ± 5.54 p < 0.001

Table 3.1: Statistic table of dosimetric parameters for intraoperative and retrospective oblique inner
needles/seeds plan in condition with paired t-test results
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Figure 3.1: Boxplots comparing dosimetric parameters (V100%, V150%, and D90 Gy) between
the intraoperative plan (IntraOp) in blue and the oblique inner needle plan (Oblnp) in red. The
plots show the median, interquartile range, and the overall distribution of each parameter.
The V100% and D90 Gy parameters showed higher median values for the Oblnp plan than for
IntraOp, whereas V150% was lower for Oblnp with greater variability and more outliers in the
low-dose range, indicating a reduction in high-dose regions.

Not only is the dose distribution to the prostate target volume improved by
1.9%, but the dose to organs at risk is notably minimised, with reductions of
20.32% and 11.89% in D0.1cm3 and D2cm3 for the rectum, respectively, and 4.24%
and 2.88% in D10Gy and D30Gy for the urethra. This trend of enhanced dose
distribution, coupled with minimised doses to OARs, was consistently observed
across all patients. No correlations were observed between tissue volumes and
dosimetric parameters. For each dosimetric constraint of the two sets of plans
for all 34 patients, the mean, median, minimum, maximum, standard deviation,
and the 25th and 75th percentile were calculated. The results for target volume
(PTV prostate), urethra, and rectum are presented in Table A.1, A.2, and A.3 in
the Appendix.
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Parameter Intraoperative (IntraOp) Oblique needle plan (ObInp) Units

Prostate Volume (PTV) 65.38 65.38 cm3

V100 % 97.24 99.08 %
V150 % 62.38 63.00 %
D90 196.10 198.10 Gy
Rectum Volume 5.13 5.13 cm3

D0.1cm3 176.45 140.60 Gy
D2cm3 122.21 107.68 Gy
V100 % 5.41 0.18 %
Urethra Volume 3.83 3.83 cm3

D10 216.66 207.48 Gy
D30 206.99 201.03 Gy

Table 3.2: Comparison of dosimetric parameters for maximum prostate volume between parallel and
oblique planning approaches for inner seeds placement.

Figure 3.2: Treatment plan generated with the VariSeed® TPS, showing dose coverage (dosi-
metric parameter) on the right and the target volume dose coverage on the left. The green
isodose line is the 95% of the prescribed dose of 160 Gy. The target structure is in red.

A paired t-test was performed to compare the dosimetric parameters between
the intraoperative treatment plan and retrospective plan for the target volume,
urethra, and rectum (Table 3.1). The results indicate that, apart from D2cm3 (the
dose to 2 cm3 of the rectum) and D90 (the dose received by 90% of the prostate
volume), which remained relatively consistent between the two plans, the
proposed approach improved the remaining dosimetric parameters. Although
D2cm3 did not show statistical significance, the dosimetric parameter for the
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retrospective study for the large prostate volume (65.38 cm3) suggests that the
oblique inner needle planning approach is particularly beneficial for larger
prostate glands for this dosimetric parameter (see Figure 3.2).

D0.1cm³ G
y(In

tra
Op)

D0.1cm³ G
y(ObInp)

D2cm³ G
y(In

tra
Op)

D2cm³ G
y(ObInp)

V100%(In
tra

Op)

V100%(ObInp)

0

20

40

60

80

100

120

140

160

180

200

V
al

u
e 

(G
y 

o
r 

%
)

Rectum Dose Metrics for IntraOp vs ObInp

Figure 3.3: Boxplots comparing rectal dose metrics between the intraoperative plan (IntraOp)
and oblique inner needle plan (Oblnp). The metrics include D0.1 cm3 Gy (dose for the most
exposed 0.1 cm3 of the rectum), D2 cm3 Gy (dose for the most exposed 2 cm3 of the rectum),
and V100% (percentage of rectal volume receiving 100% of the prescribed dose). The Oblnp
plan demonstrated lower median values for D0.1 cm3 Gy and V100% than the IntraOp plan.
However, D2cm3 Gy was slightly higher for ObliqP, whereas V100% demonstrated a substantial
reduction, indicating improved rectal dose-sparing.

A boxplot was generated to illustrate the impact of oblique inner needle plan-
ning. Figures 3.1, 3.3, and 3.4 demonstrate a notable improvement in the dose
distribution to the planning target volume. Specifically, the Figures highlight a
significant decrease in the OARs dose with the retrospective plan across most
dosimetric parameters. The outliers of prostate V150% indicated a superior
treatment plan because this might indirectly be related to the minimised dose
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of the OARs. It is also worth noting that the V150% values should fall within
the constraint range of 45% to 65% of the prostate volume, as this indicates an
optimal plan. Finally, Figure 3.2 shows a successful simulated phantom-based
intraoperative procedure. To achieve improved dose distribution and adherence
to dose constraints, as shown in Table 2.1. The plan included 19 needles (13
peripheral needles and 6 inner needles) and 90 seeds, with an individual seed
activity of 0.506 mCi. Optimal dose coverage was achieved in the phantom,
with dose distribution characterised by a V100% coverage of 99.25%, V150% of
56.28% and D90% of 190.55 Gy. The dose to OARs was minimal, with urethra
D30% at 125.59 and Rectum D2cm2 at 76.66%. This representative phantom
procedure demonstrates the feasibility of accurate needle insertion using the
custom-designed template.
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Figure 3.4: Boxplots comparing urethral dose metrics (D10 Gy and D30 Gy) between the
intraoperative plan (IntraOp) and oblique inner needle plan (Oblnp). D10 Gy represents the
dose for the most exposed 10% of the urethral volume, whereas D30 Gy corresponds to the
dose for the most exposed 30% of the urethral volume. The Oblnp plan demonstrated lower
median values for both D10 Gy and D30 Gy than IntraOp, indicating improved urethral dose
sparing. The presence of multiple outliers in the IntraOp plan highlighted cases of increased
urethral dose exposure.

3.2 Part 2: Seed Strength Verification

Figure 3.5 shows the intensity profile of an I-125 seed with an activity of 0.506
mCi (reference activity was 0.543 mCi) placed on a CCD sensor with 3,648
linear pixels. The data was extracted from a single CSV file. The original signal
in grey and the denoised signal in red are plotted to show the noise reduction.
The high-signal region is highlighted in green, which indicates the position of
the seed on the sensor.
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Figure 3.5: Figure shows the denoised measured signal intensity from a single I-125 seed placed
on the CCD sensor. The high-signal green region highlights the position of the seed on the
sensor. The random peaks observed may be partly due to electronic interference and Compton
scattering, where some photons interact with electrons, altering their direction and energy
and leading to unpredictable pixel detection. Signal acquired using an exposure time of 26 ms.

The detected peaks within the high signal region, spanning pixel numbers
between 1481 and 2043, correspond to the physical length of the seed, stated
as 4.5 mm [100]. Specifically, the high-intensity region begins at the pixel
xstart = 1481 and ends at the pixel xend = 2043. Therefore, the total number of
pixels covering this high-signal region is:

∆x = xend − xstart = 2028− 1466 = 562 pixels

As mentioned previously, the sensor pixel size was 0.008 mm per pixel. This im-
plies that the physical length (L) of the high-intensity region, which represents
the length of the radioactive seed, can be calculated as:-
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L = ∆x× pixel size = 562× 0.008mm = 4.496mm

The calculated value agreed with the known physical length of the I-125 seeds.
The peaks outside the high-intensity region are attributed to Compton and
Rayleigh scattering [101], which do not contribute to the high-intensity region
associated with the seed.
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(a) Intensity profile of a single I-125 Seed
with 1 mm EJ-200 scintillator sheet fixed
directly on the CCD sensor.

(b) Intensity profile of a single I-125 Seed
with 2 mm EJ-200 scintillator sheet fixed
directly on the CCD sensor.

(c) Intensity profile of a single I-125 Seed
with a 3 mm EJ-200 scintillator sheet fixed
directly on the CCD sensor.

(d) Intensity profile of a single I-125 Seed
with 1 mm EJ-200 scintillator sheet fixed
directly on the CCD sensor.

(e) Intensity profile of a single I-125 Seed
without EJ-200 scintillator sheet fixed di-
rectly on the CCD sensor.

Figure 3.6: Intensity profiles of a single I-125 seed with varying EJ-200 scintillator sheet thick-
nesses. The y-axis represents the signal intensity (photon counts), and the x-axis corresponds
to the pixel number.: (a) 1 mm, (b) 2 mm, (c) 3 mm, (d) 5 mm and (e) without any scintillator
on the detector. The exposure time was set to 26 ms.
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Table 3.3 and Figure 3.6 present the results of the measurements with varying
EJ-200 scintillator thickness to determine the optimal thickness to be used for
the detection system. This is important since the efficiency of photon detection
depends on the balance between photon absorption by the scintillator and light
collection by the sensor. As shown in Figure 3.6, the signal loss was observed
in the measurements using the EJ-200 scintillator. This is attributed to the poor
coupling between the scintillator and the CCD sensor. The uneven surface of
the scintillator sheets, which were manually cut, led to air gaps that introduced
reflections and scattering, leading to the creation of artefacts that contributed to
the elevation of the peak intensity as seen in Figure 3.6, for measurements with
thickness of 1 to 3 mm [102][103]. For measurement with a 5mm EJ-200, the
thickness was too thick for efficient signal detection within the given energy
range. In the measurement (Figure 3.6(e)) without a scintillator, the position of
the seed on the detector can be seen, which is the range with greater signal
intensity with a high coefficient of variation of 5.33 %.

Metric 1 mm 2 mm 3 mm 5 mm No EJ-200

Seed Activity (mCi) 0.433 0.433 0.433 0.433 0.433

Peak Intensity 4292 4792 4984 2886 3415

Median Intensity 1649 1660 1625 1602 1582

Mean Intensity 1650 1663.6 1628.5 1601.5 1589.5

Intensity Range 2749 3221 3473 1406 1941

Signal-to-Noise Ratio (SNR) 27.07 25.04 24.96 36.59 18.74

Coefficient of Variation (%) 3.7 3.99 4.01 2.73 5.33

Integrated Intensity 6.04× 106 6.09× 106 5.96× 106 5.86× 106 5.82× 106

Table 3.3: Summary of metrics of the I-125 Seed intensity profiles for EJ-200 scintillator
thicknesses on the detector

Figure 3.7 illustrates the difference in intensity profile for a single seed with
an integration time of 10 seconds for measurement with and without EJ-200
scintillator.

The results of applying moving average filters with window sizes of 0, 5, 45,
and 99 are plotted and indicate that excessive filtering introduced negative
values in the data, especially in the tail region, as can be observed in Figure 3.8.
The maximum peak intensity was relatively constant.
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(a) Intensity profile of a single I-125 Seed with an
integration time of 10 s.

(b) Intensity profile of a single I-125 Seed using the
EJ-200 for an integration time of 10 s.

Figure 3.7: Intensity profile of a single I-125 Seed for an integration time of 10 seconds with
and without EJ-200 scintillator. The signal with scintillator has a broader FWHM.

(a) I-125 seed profile acquired over 10 s mea-
surement period, with moving average filter
zero (Peak Intensity is 7.909× 106).

(b) I-125 seed profile acquired over 10 s mea-
surement period, with moving average filter 5
(Peak Intensity is 7.949× 106).

(c) I-125 seed profile acquired over 10 s mea-
surement period, with moving average filter
45 (Peak Intensity is 7.985× 106).

(d) I-125 seed profile acquired over 10 s mea-
surement period, with moving average filter
99 (Peak Intensity is 7.950× 106).

Figure 3.8: Intensity profiles of a single I-125 seed (Activity 0.433 mCi) with varying moving
average filters. The y-axis represents the signal intensity (photon counts), and the x-axis
corresponds to the pixel number.: (a) set to Zero, (b) set to 5, (c) set to 45, (d) and set to 99.
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Measurements with time durations 10, 15, 20 and 30 s were plotted as shown
in Figure 3.9. The mean and median intensities increased with increasing
measurement duration, as shown in Table 3.4. This increase can be attributed
to multiple factors inherent to the TCD1304 sensor, including dark current
accumulation, Compton scattering, potential pixel saturation, and temperature-
dependent effects. The dark current accumulation, which arises from thermally
generated electrons within the sensor, is directly proportional to the integration
time and is further influenced by temperature. As the measurement duration
increased, the contribution of the dark current becamemore significant, leading
to an increase in the mean and median intensities. Specific pixels may also
approach their full-well capacity at longer exposure times, resulting in charge
overflow into adjacent pixels [104]. Furthermore, Compton scattering of 35.5
keV gamma photons from I-125may introduce additional scattered photons that
unpredictably increase the mean and median of the detected signal intensity.
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(a) Intensity profile of a single I-125 seed
(0.4198 mCi) acquired over a 10 s measurement
duration.

(b) Intensity profile of a single I-125 seed
(0.4198 mCi) acquired over a 15 s measurement
duration.

(c) Intensity profile of a single I-125 (0.4198
mCi) seed acquired over a 20 s measurement
duration.

(d) Intensity profile of a single I-125 seed
(0.4198 mCi) acquired over a 30 s measurement
duration.

Figure 3.9: Intensity profiles of a single I-125 seed (Activity 0.4198 mCi) with measurement
duration of (a) 10 s, (b) 15 s, (c) 20 s, (d) 30 s.

Measurement duration 10 sec 15 sec 20 sec 30 sec

Seed Activity (mCi) 0.4198 0.4198 0.4198 0.4198

Peak Intensity 6.639× 106 1.037× 107 1.335× 107 1.783× 107

Median Intensity 1.855× 105 5.505× 105 9.46× 105 1.408× 106

Mean Intensity 1.092× 106 2.026× 106 2.82× 106 3.872× 106

Table 3.4: Comparison of peak, mean and median intensity for measurement duration of 10,
15, 20 and 30 seconds.

Data for 10 s duration acquisition for different seed activities (0.506 mCi, 0.448
mCi, 0.489 mCi, 0.059 mCi, 0.122 mCi, 0.054 mCi) were used to calibrate the
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seed activity detection. The 10 s measurement duration was chosen because it
provided sufficient data for reliable analysis. Although this was an experimental
setup, in a clinical setting, choosing a longer duration would increase the
procedure time, which is generally considered suboptimal in clinical settings.
Seed activity was estimated using a linear regression model based on the
known seed activity and the area under the Lorentzian fit curve (Listing A.1 in
appendix). Figure 3.10 shows the intensity signal from the I-125 seed strand
for seed_space_seed placed on the CCD detector. Similar to the single seed
result, the sensor detected the seeds and the spacer. This is observed in the
shape of the curve.

Figure 3.10: Intensity profile of I-125 seed_space_seed strand for an integration time of 10
seconds with Lorentzian fit and illustration of the seed strand.

The intensity profile was fitted using a Lorentzian function. The Lorentzian
fit better fitted the I-125 profile because of its narrow peak and longer tail, as
shown in Figure 3.11. The maximum of both peaks was 5.5 × 106 while the
Gaussian and combined fit had different maxima for each peak. The Lorentzian
fit also models scattering at the tail better than the Gaussian fit. Similar to
Figure 3.10, the measured intensity profile of a single seed with known activity
of 0.448 mCi is presented in Figure 3.12. The measured activity was 0.381 mCi,
indicating a difference of 14.96% relative to the nominal value.
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Figure 3.11: Comparison of fit models to the Intensity profile of I-125 seed_space_seed strand
for an integration time of 10 seconds.

Table 3.5 presents the results of the signal from the seed_space_seed strand.
This includes the centre-to-centre seed distance, detected seed length for each
seed, and full-width-half-maximum value for both Lorentzian and Gaussian fits.
In addition, the determined activity of each seed was reported with a systematic
uncertainty of 0.35%, derived from the radiometric calibration uncertainty of
the CCD sensor, as documented by Ferrero et al [105]. An 8.5% percentage
difference was observed between the known seed strength and the measured
seed strength.

Seed Detected
length

FWHM
(Lorentzian)

FWHM
(Gaussian) Seed Activity Measured Activ-

ity

Seed 1 4.502 mm 3.78 mm 5.09 mm 0.329 mCi 0.303±0.001 mCi
Seed 2 4.502 mm 3.78 mm 5.09 mm 0.329 mCi 0.303±0.001 mCi
Single Seed 4.502 mm 3.74 mm 6.44 mm 0.448 mCi 0.381±0.001 mCi

Calculated centre-to-centre seed distance: 10 mm

Measured centre-to-centre seed distance: 9.069 ± 0.008 mm

Table 3.5: Results of the signal from the I-125 seed_space_seed strand intensity profile position
on the CCD sensor.
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Figure 3.12: Intensity profile of a single I-125 seed with an activity of 0.448 mCi, measured
using an integration time of 10 s.

3.3 Part 3: Seed Logistics and Strands

The measured seed strands of different strengths by the linear sensor were
analysed. Figure 3.13 shows the strand of a seed-seed-seed strand. The results
are shown in Table 3.6. The calculated lengths, derived from the manufacturer’s
specifications by summing the lengths of each strand component, served as
a reference for assessing the accuracy of the measurements [99]. The mean
absolute error (MAE), root mean squared error (RMSE), and mean absolute
percentage error (MAPE) was calculated as 0.27 mm, 0.30 mm, and 1.6%, re-
spectively, with a coefficient of determination (R2) of 99.8%. This indicates that
the measurement data follows a similar trend as the calculated data.
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Figure 3.13: Seed Seed Seed pattern with the graphic for visualisation of the mentioned pattern

Reference date/Activity Strand pattern Calculated length (mm) Measured length (mm) Absolute difference (mm)
18.1.2008/18.3MBq Single seed 4.50 4.48± 0.008 0.02

Seed-Space-Seed-Space-Seed 24.50 24.20± 0.008 0.30
Seed-Space-Seed-Seed 19.50 19.27± 0.008 0.23
Seed-Seed-Seed 14.50 14.25± 0.008 0.25

25.09.2021/18.43MBq Single seed 4.50 4.56± 0.008 0.06
Seed-Space-Seed-Space-Seed 24.50 24.10± 0.008 0.40
Seed-Space-Seed-Seed 19.50 19.10± 0.008 0.40
Seed-Seed-Seed 14.50 14.13± 0.008 0.37

10.12.2022/20.09Mbq Single seed 4.50 4.56± 0.008 0.06
Seed-Space-Seed-Space-Seed 24.50 24.14± 0.008 0.36
Seed-Space-Seed-Seed 19.50 19.10± 0.008 0.40
Seed-Seed-Seed 14.50 14.13± 0.008 0.37

Table 3.6: Groups of Iodine-125 seeds used in brachytherapy showing strand patterns, lengths,
and the mean absolute error in millimetres.

None of the signals showed any influence from radioactivity on the measuring
sensor. Figures 3.14 and 3.15 show the Bland-Altman and scatter plot with a
colour gradient.
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Figure 3.14: Bland-Altman plot of measurement agreement: The plot shows differences between
measured and true lengths against their mean values. The red line represents the average bias,
and the dark lines indicate the 95% limits of agreement.

The Bland-Altman plot shows that the limits of agreement range from -0.1
mm to +0.6 mm, with a negative mean difference of 0.25 mm between the
calculated and measured lengths of the I-125 seed strands, indicating a slight
systematic bias. The slight underestimation of the strand lengths is likely due
to the degradation of the bioabsorbable SourceLink™ spacers used for seed
linkage. The remaining patient spacers employed in the procedure had expired,
although they had not been previously opened. According to the manufacturer,
the material begins to lose mechanical strength after 150 days [99].
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Figure 3.15: Scatter plot with line of equality (y=x) comparing measured and calculated length.
Data points from the mid to upper range indicate a slight underestimation. The correlation
coefficient is r =0 .998.

This degradation in material integrity may have resulted in strand length re-
duction due to the compression force applied to the stylet during the assembly
of seeds and connectors. Consequently, the sensor’s measurement accurately
reflected this reduced length, and this factor could also explain the 0.2% unex-
plained variation. Manual verification using the mentioned digital calliper in
section 2.2.1 confirmed this observation (total combined uncertainty of ±0.0382
mm). Figures A.1, A.3, and A.2 in the appendix show the signal outputs ob-
tained from the different seed strands for non-radioactive and radioactive seeds.
The same trend as indicated from the Bland-Altman plot is seen in Figure 3.15
showing the scatter plot with an R-value of 0.998.
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4. Discussion

4.1 Part 1: Template

The prostate D90 and V150% are crucial parameters, particularly the impli-
cations on the urethral dose, as they are associated with potential morbidity
such as incontinence [106]. This study has demonstrated that the proposed
approach of planning oblique inner needles can substantially increase V100%,
reduce V150% and consequently minimise the D10 and D30 for the urethra.
The high standard deviation observed in the prostate PTV suggests a wide
variability in prostate size within the data set. This indicated that the in-house
template was tested across various prostate sizes and proved to be versatile.

The standard template, designed by Dr. J. Hayes and available through Liberty
Medical Inc., is designed to mimic the shape of the prostate and comes in three
sizes: small (17 needle holes), medium (18 needle holes) and large (22 needle
holes) [107]. This template allowed only parallel needle insertion. In contrast,
the custom-designed template included nine grid holes that offered additional
oblique insertion, enabling more flexible and precise seed placement. This
allowed for single-seed deposition at the base, away from the bladder neck,
and at the apex, away from the urethra. Using the custom template, the dose
to OARs can be minimised compared to the standard template. The template
design also mitigates issues with pubic arch interference, as it allows insertion
of all needles without the need to tilt the ultrasound probe, thus avoiding
obstruction by pubic bones and enhancing the target coverage of the prostate.
Furthermore, it potentially solves the historical exclusion of some patients
from LDR brachytherapy due to public arc obstruction as shown in Figure 1.4.
Compared to the approach by Urribarri et al., who developed and implemented
a new needle template with additional rows of 2.5 mm offset holes to improve
needle placement in small prostates (≤ 20 cm3) [108], the custom-designed
in-house oblique needle template demonstrated in this retrospective study
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improve dose to the target structure and minimise dose to OARs for prostate
of varying sizes.

Xuemin Di et al. demonstrated the effectiveness of a 3D printed transperirectal
CT-guided brachytherapy template in reducing the rectal dose in patients who
had previously undergone treatment [109]. Their case study of two patients
showed a reduction in the number of needles required and proved effective
for large prostates. The study, with a template using both parallel and oblique
insertion features, further emphasises this advantage, showing improved dose
conformity compared with plans created using only parallel needles. Although
the literature suggests that LDR-PB generally results in lower OAR toxicity
compared to other brachytherapy methods [110], this study demonstrates that
the use of customisable templates could further benefit patients, particularly
those with large prostates or interference with the pubic arch.

The findings in this study support the use of the in-house template for patients
with prostate volumes ≥ 65 ml, enabling treatment with improved and more
acceptable doses to OARs, so as not to increase the possibility of acute urinary
retention and mitigate the effect of large prostate as per the finding of J. Crook
et al. [111] By allowing oblique insertion of up to ±30◦, the template helps to
enhance dose distribution to the target and minimises the dose to OARs.

Furthermore, because oblique insertion allows seed placement from various
angles, the template is suitable for focal brachytherapy applications [13]. Al-
though some experienced brachytherapists can place oblique needles without
templates, a template offers additional confidence to clinicians, especially those
new to the field, allowing them to focus on other critical aspects of the proce-
dure with a reduced risk of injury to the patient. Bon Ruy et al. demonstrated
that oblique insertion is feasible without a template, but using a structured
guide significantly reduces the learning curve and procedural risks [112].

The results presented demonstrate that the in-house design template design has
the potential to reduce the risk of acute urinary retention, which is known to
increasewith prostate size [111] and for normal size prostate, the results showed
a reduction of dose to OARs. With improved dose conformity and minimised
OARs exposure, this approach is advantageous for treating all patients with
the LDR-PB procedure. The ability to use oblique needles also makes use of
the seed anisotropy factor/effect (as shown in Figure 4.1 ) as investigated by C.
C. Ling et al. [113]. The custom in-house template demonstrates significant
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advantages in dose conformity, reduced OAR exposure, and adaptability for a
range of prostate sizes, supporting its potential for broader clinical application
in LDR-PB.

Figure 4.1: Anisotropy of two iodine 125 seed models. The plot represents average results from
six 6701 seed models and eight 6711 models, adapted with permission [113].

Finally, research by Jerg K.I. et al. [81] highlighted the sensitivity of seed
placement near OARs, validating the importance of oblique inner needles for
dose reduction. By leveraging anisotropy in radioactive seed designs, the
custom template allows dose gradient manipulation through optimised inner
seeds placement. Further studies are needed to quantify the long-term benefits
and assess the biological impact of dose reductions achieved using this novel
template design.

4.2 Part 2: Seed Strength Verification

This study section demonstrates the feasibility of integrating the Toshiba
TCD1304 CCD sensor into the QuickLink™ Loader system for seed activity
measurement. The loader is designed to configure the seed strands during
LDR-PB intraoperative procedures. The CCD sensor can be integrated into the
system to measure and verify the strength of each seed as it is dispensed from
the seed cartridge.
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Depending on the sensor’s location within the QuickLink™ Loader system, a
single seed can be measured immediately after it is released from the cartridge
before compression with connectors (Figure 4.2 ). The measurement can also be
performed after compression with the connectors. The sensor can be installed
at the cartridge-connector bin site, where seed dispensing from the cartridge
can be monitored during implantation. Bard Medical Seed cartridges usually
contain 10-20 seeds in transparent plastic packages. With an embedded CCD
device on the metal wall of the loader system, as illustrated in Figure 4.2, the
sensor can measure the total seed activity of the cartridge more effectively than
the procedure proposed by John S. Muryn et al. and others in the literature
[114][76][87][115], which provides the possibility of measuring andmonitoring
cartridge activity.

The optimal position for the second sensor, as shown in Figure 4.2 would
be best beneath the ruler, centred within the assembly base, with the afore-
mentioned components covered by the lead glass door. This position ensures
adequate access to light, which is essential for the sensor’s operation. In this
configuration, the sensor can accurately manage strand logistics, facilitating
precise handling of seeds, connectors, and strands. As highlighted in the re-
sults section, the sensor’s accuracy also presents the potential for assessing
the quality of seed strand connectors. This additionally provides clinicians
with valuable information regarding the clinical relevance of strand lengths
shorter than intended, which may result from reduced mechanical integrity of
the bioabsorbable connector material. Although the manufacturer guarantees
150 days of mechanical integrity for the SourceLink™ spacers, to the author’s
knowledge, no studies have investigated this issue in clinical LDR-PB systems.
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Figure 4.2: Conceptual sketch of the improved Loader system, featuring an integrated LCD
screen and a linear CCD sensor embedded within the metal wall of the loader at the position
of the source and connectors bin.

The feasibility study by Tanaka et al. proposed a method for estimating the
strength of a moving I-125 source during implantation, in which the source is
pushed through the needle into the to-be-treated target volume using the nee-
dle stylet, with a detector positioned 8 cm from the needle [116]. Although this
method demonstrated potential for source strength verification, it presents no-
table limitations compared to the approach investigated in this study. The 8 cm
distance between the detector and the needle in Tanaka’s setup could introduce
variability in measurement accuracy during the implantation procedure due
to potential shielding by adjacent needles and the variable positioning of the
active needle. In contrast, the approach presented in this study ensures a consis-
tent measurement distance between the source and detector because the seed
is directly positioned on the detector, thereby eliminating distance-dependent
uncertainties and shielding effects from other needles.
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Additionally, in Tanaka’s method, by the time the measuring system provides
clinicians with the source strength, the sourcemay already have been implanted
into the prostate volume, leaving the clinician to make decisions based on a
potentially incorrect implantation activity. In contrast, the approach proposed
in this study enables real-time source strength verification before the source is
picked up for implantation, allowing clinicians to intervene immediately if an
incorrect source activity is detected, thereby reducing the risk of implanting
seeds with unintended strengths. Moreover, while Tanaka’s method focused
on moving seed measurement at an unknown speed, our approach has the
potential to measure the activity of moving seeds in the loader system directly
on the detector, an aspect that requires further investigation in future studies.
These advantages highlight the feasible enhanced functionality and clinical
utility of the proposed strategy to address some of the mentioned challenges
in real-time intraoperative brachytherapy procedures.

A QuickLink™ Loader system that canmeasure seed activity in real-time during
brachytherapy procedures could offer significant clinical advantages. It would
provide clinicians with real-time information on the seed strength levels of
each seed, with added confidence that the treatment plan is executed correctly.
This real-time feedback could help optimise workflow, improving treatment
precision because clinicians are more focused on aspects essential to improved
patient outcomes.

Furthermore, measuring seed activity during the treatment phase would elimi-
nate the need for pre or post-procedure radioactive activity assays conducted
by medical physicists [57][20][117]. All seeds used for treatment could be
continuously measured, reducing the need for a few calibrated seeds or seeds
remaining after the procedure, which are then measured to verify the already
implanted seeds. This study provides a system with potential benefits in the
field of brachytherapy because it opens up new possibilities for developing an
advanced and comprehensive seed-tracking system within the loader. In the
event of a seed misfeed within the loader, the system allows the clinician to
quickly locate the misplaced seed, eliminating the need to interrupt the entire
procedure.

Overall, the study suggests that implementing this system could significantly
save time for medical physicists, streamline the seed verification process before
implantation in the operating room, and mitigate any debate about seed verifi-
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cation after implantation. This can improve the overall quality of intraoperative
brachytherapy.

However, it is worth noting that this study had some limitations. While the
QuickLink™ Loader system’s feasibility and potential benefits of the system
are demonstrated, it is essential to acknowledge that further work is needed to
accurately measure seed activity using an appropriate calibration methodology.
Additionally, practical considerations, such as cost, maintenance, sterilisation of
the loader, and compatibility with the existing system, should be addressed for
successful implementation in clinical settings. This study is the first, as of the
time of writing this thesis, to investigate the use of a linear CCD sensor for seed
activity measurement intraoperatively and for its potential integration with the
QuickLink™ Loader for intraoperative low-dose-rate prostate brachytherapy.

4.3 Part 3: Seed Logistics and Strands

The presented work aimed to develop a system that efficiently counts and docu-
ments the configuration of seeds and radioactive seed strands for insertion into
the prostate gland during brachytherapy procedures. This work demonstrates
the feasibility of integrating the proposed idea into the existing QuickLink™
Loader, making it convenient and practical for clinicians. The system is capable
of accurately documenting the number of seeds and seed strands used and
can distinguish between various strand patterns. Additionally, incorporating
a small portable LCD screen provides clinicians with enhanced visibility for
verifying the assembled seed strand.

This real-time feedback could help optimise the workflow, improve treatment
precision, and potentially improve patient outcomes. Moreover, recording
seed logistics during the treatment phase would eliminate the debate among
brachytherapy clinicians in the operating room regarding the number of already
implanted seeds. This level of efficiency and precision can enhance the overall
quality of brachytherapy.
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4.4 Summary of Findings

In the study on investigation of the learning curve (accepted manuscript 2), it is
shown that the learning curve of a novice brachytherapist could be shortened
by adding a post-intraoperative planning task to the workflow. This task was
performed outside the operating room after completion of the procedure and
was shown to accelerate the learning rate. The evaluation of the in-house
designed prototype template with an oblique insertion option both in Variseed
and on a phantom with a target volume size greater than 60 ml indicated
a minimal dose to the OAR and a better dose distribution to the target vol-
ume. Using the designed template, patients with public arc interference can be
treated without exclusion. Similarly, the novel concept of integrating the linear
CCD sensor and an LCD screen into the QuickLink loader system would help
streamline the workflow and improve the qualitative results. The integration
provides the brachytherapy team with comprehensive digital information on
I-125 seed/spacer logistics, SourceLink™ material integrity through precise
length measurements, radioactive seed strength monitoring, and documenta-
tion of assembled seed patterns for each patient treated during the LDR-PB
procedure. The possibility of intraoperative verification of seed strength during
the procedure represents a substantial advancement over the current recom-
mendation of the AAPM to measure at least 10% of seeds before implantation
[20]. This measurement is usually performed a day or two before implantation
and involves a radiation exposure risk for the medical physicist performing the
seed strength measurement. The sensor can accurately measure the lengths of
the seed and the pattern of the seed strands, as shown in Table 3.5. However,
as indicated, the variability observed in the radioactive strength measurement
suggests that linear calibration is not sufficient to accurately determine the
seed strength. This, therefore, sets the stage for further investigation. The idea
of implementing a sensor system for the QuickLink loader system has already
been discussed with Bard Medical and forwarded to the R&D department. This
demonstrates the practical relevance and potential of the study in the real
world.

The significance of this strategy in increasing the learning rate for a novice
brachytherapist goes beyond shortening the learning curve. Retrospective post-
intraoperative plans generated after the operation can be used in a knowledge-
based planning database. A brachytherapy TPSwith knowledge-based planning
capability would benefit the planner because of the added workflow tasks that
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would help shorten the learning curve. Brachytherapists can quickly generate
high-quality treatment plans based on improved post-intraoperative plans.
However, the QuickLink loader system with an incorporated line sensor and
screen provides real-time seed activity monitoring and seed-strand tracking.
These benefits are valuable to clinicians because they can allocate time to
other patient-related aspects of the procedure, such as seed deposition in the
target volume. Additionally, because of the oblique needle insertion and seed
deposition option, using the in-house design template for focal LDR-PB would
serve better than the conventional rigid parallel template.

The impact of this study extends to the post-planning phase. The orderly
documentation of seed strands built during the implant procedure improves
post-planning procedures, reducing reliance solely on the TPS for counting
and identifying seed strands. Since post-dosimetry is usually conducted four
weeks after the implant, the spacers have already started to degrade, making
it difficult for the planner to identify the strands accurately. Thus, with the
available information from the CCD sensor system, the logistics of LDR-PB
are improved, leading to greater accuracy in post-implant dosimetry.

4.5 Future Perspectives/Outlook

While this study demonstrates preliminary yet significant outcomes, further
validation and development are necessary, especially with respect to the design
of the Quickloader system to seamlessly accommodate both the line sensor
and the portable LCD screen. Similar to most operating room instruments,
the loader must be sterilised after each brachytherapy session. This cannot be
performed with the electronic components intact, as the components would
be damaged. Therefore, the integration design must consider the disman-
tling of electronic components before sterilisation. Additionally, the design
must incorporate the reuse of electronic components in a sterile environment.
Furthermore, to replace the 10% assayed recommendation of the AAPM, the
calibration process must be robust and adhere to the standards established by
the Physikalisch-Technische Bundesanstalt (PTB), Germany’s National Metrol-
ogy Institute. This guarantees traceability and ensures that the calibration
procedure is in accordance with international standards.

Building on this study, future work should aim to refine the line camera cal-
ibration or use a coating material on the surface of the detector with a peak
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emission wavelength that fits the peak sensitivity range of the sensor. In this
study, using the EJ-200 was not optimal because its peak emission wavelength
was approximately 425 nm, whereas that of the TCD1304 sensor was between
550 and 600 nm. Furthermore, the coupling between the scintillator and the
CCD sensor was not optimal, which affected the detected signal intensity.
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5. Conclusion

To address the challenges faced in the treatment of prostate cancer with intra-
operative LDR brachytherapy modality, this study evaluated the components
of the procedure that influenced the quality and outcome of the treatment. By
investigating the learning curve, evaluating the proposed oblique template,
and incorporating the linear CCD sensor into the QuickLink™ loader for both
radioactive source logistics and strength verification, the investigation aimed
to overcome both the challenges in the procedure and possible limitations in
patient selection. Drawing on the experience with LDR-PB, addressing these
challenges is essential and would help mitigate the decline of the modality in
practice and hospitals.

Additionally, this work demonstrates the feasibility of enhancing the Quick-
Link™ loader system with additional functionality to serve as a quality assur-
ance tool for seed strand logistics, verification of seed-spacer arrangement,
assessment of source link integrity, and real-time seed strength evaluation
during intraoperative LDR-PB procedures.

In conclusion, the concept provides a valuable tool for process control and
quality assurance. It equips brachytherapy clinicians with the means to min-
imise risk and provide high-quality intraoperative treatment. Implementing
these concepts will also lead to safer, more efficient, and error-free prostate
brachytherapy procedures, ultimately benefiting both patients and clinicians. A
system is proposed that allows clinicians to concentrate on the critical aspects of
the prostate seed implant process, thereby eliminating potential confusion dur-
ing the procedure in the operation room. This system can potentially improve
the overall efficiency of LDR-PB treatment, ensuring a smoother experience
for clinicians.
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A. Appendix

Table A.1: Summary of statistics for dosimetric parameters for Prostate target volume (PTV Prostate)

PTV Prostate V100 % (IntraOp) V150 % (IntraOp) D90 Gy (IntraOp) V100 % (ObInp) V150 % (ObInp) D90 Gy (ObInp)

Number of Patients 34 34 34 34 34 34
Mean 98.39 62.18 194.93 99.31 59.17 194.63
Median 98.36 62.67 195.30 99.18 61.88 197.67
Standard Deviation 0.69 5.31 5.31 0.29 7.46 13.92
25th Percentile 97.97 59.05 191.44 99.05 59.23 193.54
75th Percentile 98.93 65.83 199.02 99.60 63.17 198.86
Minimum 96.89 50.35 183.74 98.85 26.50 119.23
Maximum 99.46 71.75 205.65 99.86 64.72 204.37

Table A.2: Summary of statistics for dosimetric parameters for OAR Rectum

OAR Rectum D0.1cm3
Gy(IntraOp)

D2cm3
Gy(IntraOp)

V100 % (In-
traOp)

D0.1cm3
Gy(ObInp)

D2cm3
Gy(ObInp)

V100%
(ObInp)

Number of Patients 34 34 34 34 34 34
Mean 164.55 98.03 5.41 156.00 98.16 0.18
Median 169.84 97.60 5.03 164.02 101.34 0.16
Standard Deviation 27.29 18.85 5.79 25.17 20.47 0.17
25th Percentile 147.25 85.34 0.18 141.35 87.37 0.01
75th Percentile 187.26 109.87 8.59 173.23 113.78 0.30
Minimum 101.31 57.75 0.00 96.24 54.74 0.00
Maximum 197.93 128.24 19.58 199.81 148.92 0.48

Table A.3: Summary of statistics for dosimetric parameters for OAR Urethra

OAR Urethra D10 Gy(IntraOp) D30 Gy(IntraOp) D10(ObInp) D30(ObInp)

Number of Patients 34 34 34 34
Mean 213.13 201.42 205.45 195.60
Median 212.79 201.12 204.24 195.60
Standard Deviation 9.81 7.33 7.68 5.54
25th Percentile 207.29 196.65 201.11 192.16
75th Percentile 216.72 206.09 209.36 200.35
Minimum 187.76 178.84 190.06 183.16
Maximum 238.45 216.80 233.51 203.75

79



% Setup calibration data
function [linearModel] = setupCalibrationData()
% Define calibration data (integrated areas and reference activities)
integratedAreas = [7645395987.510, 5608682980.979, 4885634219.294,

1508013080.740, 2508452427.411, 2301833134.175];
referenceActivities = [0.506, 0.448,0.489, 0.059, 0.122, 0.054];

% Perform a linear regression model fit
linearModel = fitlm(integratedAreas, referenceActivities, ’RobustOpts’,

’on’);
end

% Estimate and display activity based on Lorentzian fit
function estimateAndDisplayActivity(lorentzFit, seedLength,

pixelNumbers, FWHM_Gauss_mm, FWHM_Lorentz_mm)
% Set up calibration data for activity estimation
[linearModel] = setupCalibrationData();

% Calculate the total area under the Lorentzian curve
totalArea = integrateLorentzian(lorentzFit, min(pixelNumbers), max(

pixelNumbers));

% Estimate the activity based on the total area under the Lorentzian
curve

totalActivity = calculateActivity(totalArea, linearModel);

% Display the estimated activity and FWHM values
displayActivityResults(totalActivity, seedLength, totalArea,

FWHM_Gauss_mm, FWHM_Lorentz_mm);
end

Listing A.1: The linear calibration data correlating the reference activities with the integrated
area.
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Figure A.1: Single seed signal
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Figure A.2: Seed Space Seed Seed strand signal
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Figure A.3: Seed Space Seed Space Seed strand with a graphic for visualisation of the pattern
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Figure A.4: Sketch of the proposed modernisation of the current QuickLink™ loader

A.1 Detailed estimation of the number of photons de-
tected

1. Activity Conversion to Becquerel

• Assumed Activity: 0.464mCi

• Conversion factor: 1mCi = 3.7× 107 Bq

• Activity in Bq:

0.464× 3.7× 107 = 1.7168× 107 Bq

2. Photon Emission Rate

• Assuming each decay results in the emission of one or more photons,
the photon emission rate corresponds to the decay rate (Bq) of the I-125
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source:
1.7168× 107 photons/s

3. Transmission Through Glass

• Glass thickness[89]: 0.7mm = 0.07 cm

• Mass Attenuation Coefficient[93] (µ/ρ): 0.616 cm2/g(Approximation for
energies around 27-35 keV)

• Density of Glass: 2.5 g/cm3

• Linear Attenuation Coefficient (µ):

0.616× 2.5 = 1.54 cm−1

• Transmission (T):
exp(−1.54× 0.07) ≈ 0.90

4. Geometric Factor

• Detector area (A):

29.1mm× 8µm = 0.2328mm2 = 2.328× 10−7m2

• Distance from source to detector (d):

0.7mm = 0.0007m

• Solid Angle (Ω):

A

d2
=

0.0000002328

(0.0007)2
≈ 0.475 sr

• Fraction of photons hitting the detector:

Ω

4π
≈ 0.475

4× 3.14
= 0.0378
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5. Effective Photons Detected

• Photons impacting the CCD:

1.7168× 107 × 0.90× 0.0378 ≈ 584, 055 photons/s

6. Energy Absorption

• Energy absorbed is given as:

Energy absorbed = Initial photon energy×
(
1− e−µglass×0.07

)
• Assumption of an average energy of 27 keV:

Energy absorbed = 27 keV×
(
1− e−1.54×0.07

)
• Thus, the energy absorbed is approximately:

Energy absorbed ≈ 27 keV× 1.1023 ≈ 2.65 keV

7. Photons Detected after considering QE

• Assuming QE: 10% (or 0.10)

• Photons detected:

584, 055× 0.10 ≈ 58, 405 photons/s

The calculation results indicated that the measurement time must be con-
sidered in order to measure a sufficient number of photons.

Optimal exposure time and frame rate

For a frame rate of **30 Hz**, each frame must be captured within **33.3 ms**.
This is calculated as:

Total time per frame = 1 s
30 frames = 33.3ms

Readout Time is calculated as:
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Readout Time = Number of Pixels
Data Rate =

3648

500, 000
= 7.3ms

Thus, the exposure time for 30 Hz is:

Exposure Time = 33.3ms− 7.3ms = 26ms

The optimal setup for **30 Hz** is as follows:

• Exposure time: 26 ms

• Readout time: 7.3 ms

• Frame rate: 30 Hz

• Total time per frame: 33.3 ms

For a frame rate of **60 Hz**, each frame must be captured within **16.7
ms**. This is calculated as:

Total time per frame = 1 s
60 frames = 16.7ms

With the same readout time:

Exposure Time = 16.7ms− 7.3ms = 9.4ms

The optimal setup for **60 Hz** is as follows:

• Exposure time: 9.4 ms

• Readout time: 7.3 ms

• Frame rate: 60 Hz

• Total time per frame: 16.7 ms
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