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ABSTRACT

Brachytherapy (BT) is an essential component in the curative treatment of cervical cancer. With commercial
BT implant devices, called applicators, the radioactive sources can only be positioned in fixed intracavitary
channels or in a fixed array of interstitial needles. Patient-tailored BT applicators containing individualised
needle channels have the potential to enhance the delivered dose to the tumour while minimising tissue
damage of the organs-at-risk (OARs). During the optimisation process of the needle channels, several
constraints must be considered. The needle paths in the applicator are curvature-constrained, and the
needles should not collide with each other or potentially perforate OARs. Furthermore, clinicians can
impose additional constraints based on their preferences.

Existing approaches in literature for optimising needle placement in patient-tailored BT applicators for
cervical cancer treatment have employed various algorithms. However, these approaches often rely on
significant approximations. For instance, some assume that all needles are inserted in parallel or focus solely
on optimising geometric coverage as opposed to optimising the dose distribution. Moreover, the few
methods in literature incorporating needle path planning in the optimisation process require manually
pre-specified dwell positions. To improve dose conformity and minimise the dependence on the clinician’s
expertise and time, there is a need for the development of software that optimises the needle placement and
paths without resorting to these severe assumptions.

This work proposes and validates a novel three-stage approach to generate a patient-tailored applicator
configuration without resorting to fully geometric optimisation. First, a high-potential set of dwell positions
is obtained by running a modified version of the dwell time optimisation software BiCycle (Erasmus Medical
Centre, Rotterdam, the Netherlands) on a grid of possible dwell positions. This results in a resolution optimal
treatment plan when not considering geometry and applicator constraints. The positions with the highest
dwell times according to the resolution optimal treatment plan are selected in the high-potential set. Next, a
weighted set cover problem is used iteratively to find a combination of feasible needle segments to cover all
dwell points in the high-potential set at a minimum distance. Lastly, needle channels to steer the needle to
these segments are simultaneously optimised to be of minimum curvature and mutually collision-free.

To evaluate our approach, a virtual configuration and planning study was performed in a cohort of 22 locally
advanced cervical cancer patients previously treated with the Venezia (Elekta AB, Stockholm, Sweden). The
resulting treatment plans of the clinically used configuration were compared with the resulting treatment
plans of the proposed patient-tailored and grid configurations on clinically relevant dose-volume histogram
parameters, dwell times, conformity index and number of interstitial needles. Statistical significance is
assessed with Wilcoxon signed-rank tests.

The proposed workflow was demonstrated to be feasible, and for every patient, a configuration could be
generated in clinically acceptable time. All treatment plans generated for the grid configuration, the
patient-tailored configuration and the clinical configuration were acceptable following the EMBRACE 1l
aims. Planning aims, however, were met more frequently with both the grid configurations (145/151
instances) and the patient-tailored configurations (137/151 instances) in comparison with the clinically used
configurations (119/151 instances). The treatment plans generated with the grid configurations obtained
significantly better (p < 0.01) median normalised CTVig Dgg dose with respect to the clinical configurations.
Moreover, with the grid configurations, there was a significant improvement in median normalised Dy 3
dose for the bladder (p < 0.001), rectum (p < 0.001), sigmoid (p < 0.01) and bowel (p < 0.001) compared to
treatment plans obtained with the clinical configurations. The treatment plans generated with the
patient-tailored configurations obtained comparable target doses, but median normalised D,.,s doses for
the bladder (p < 0.001), rectum (p < 0.01) and bowel (p < 0.01) were significantly better for the
patient-tailored configurations compared to the clinical configurations.

The proposed automated patient-tailored BT source channel configuration planning method was
demonstrated to be clinically feasible. The resulting treatment plans have dosimetric advantages over the
treatment plans generated with the clinical applicator configuration. Improvements to the intracavitary
dwell position placement are expected to further increase dose conformity.
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PRELIMINARIES

0.1. LIST OF ABBREVIATIONS

Al Artificial Intelligence

BED Biologically Effective Dose
BT Brachytherapy

COIN Conformity Index

CTV Clinical Target Volume
DIs Dosimetric Indices

DVH Dose Volume Histogram
EBRT External Beam Radiation Therapy
EQD2 Equieffective Dose in 2 Gray Fractions

GTV Gross Tumour Volume

Gy Gray

HDR High-Dose-Rate

HR High-Risk

IC Intracavitary

ILP Integer Linear Program

IMRT Intensity Modulated Radiation Therapy
IR Intermediate-Risk

IS Interstitial

IQR Interquartile Range

IU Intrauterine

LS Local Search

MRI Magnetic Resonance Imaging

OAR Organ At Risk

RFAT Radio-Frequency Ablation Therapy
RRT Rapidly-Exploring Random Tree
SCP Set Cover Problem

TrajOpt Trajectory Optimisation

VCP Vertex Cover Problem

WSCP Weighted Set Cover Problem
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0.2. NOMENCLATURE
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v,z fast

dy,z,needed

T

Radiotherapy

Total dose of radiation delivered

Total number of fractions

Dose delivered per fraction

Tissue-specific radiosensitivity ratio

Dose in Gy that is received by at least a volume V/
Partial volume that receives a dose of at least D

Coverage problem

Ground set of n candidate dwell points

Number of candidate dwell points in the high-potential ground set
Candidate set of m candidate needle segments
Number of candidate needle segments in candidate set
Non-negative cost of needle s

Denotes if needle s has been selected

Denotes if dwell point j has been covered by needle s
Collision matrix

Cover distance

Distance between needle s and dwell point j
Maximum number of selected needles

Pairwise validity matrix

Path planner

Bernstein’s polynomial basis

Set of control points of the jth piece of the Bézier curve

Bending energy

Curvature of the needle path

Derivative order

Bezier curve order

Index denoting one of the three orthogonal dimensions

Set containing all m selected needles by the weighted set cover
Direction of the needle segment g

Upward direction in the entry region

The distance between needles m and z or between needle m and
part z of the IU tandem structure according to the fact-checking algorithm
The required distance between needles m and z or between needle m
and part z of the IU tandem structure

Set containing the small and large tubes of the IU tandem structure
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1 INTRODUCTION

1.1. BACKGROUND

Cervical cancer ranks as the fourth most frequently diagnosed cancer and the fourth leading cause of
cancer death in women [1]. Due to this form of cancer, an estimated 342,000 deaths occurred
worldwide in 2020 [2]. High-dose-rate (HDR) brachytherapy (BT) is an important part of the curative
treatment of locally advanced cervical cancer and is often used as a boost to external beam radiation
therapy (EBRT) [3].

In BT the radioactive source is placed in close proximity to or inside the tumour. An afterloader drives
this source through intracavitary (IC) channels in an implant device - called an applicator - or
interstitial (IS) needles guided by this implant. The main goal of HDR-BT is to maximise the radiation
in the target region whilst minimising the radiation to the organs at risk (OARs, including the rectum,
sigmoid, bowel and bladder for cervical cancer) as much as possible. To achieve this, treatment
planning is essential. Treatment planning involves determining the dwell time the source is positioned
at prespecified locations, called dwell positions. In conventional applicators, the dwell positions are
fixed due to the ability to only select from a standard configuration of needles and source channel
sizes. Therefore, target coverage and local control with conventional applicators remain sub-optimal
for large or complex tumours or difficult anatomies [4]. In addition, high dose to organs leads to
frequent side effects and reduces the quality of life [5]. Figure 1.1a shows the conventional Utrecht
IS/1S CT/MR applicator, and Figure 1.1b shows an example dose distribution.

(b) A slice of an example dose distribution. The dwell positions
are shown in red. The white, pink, green, and blue lines are the
(a) Utrecht IC/IS CT/MR applicator. iso-dose lines. Image taken from [6].

Figure 1.1: Example of a conventional applicator (a) and a slice of an example dose distribution (b).

Due to recent developments, applicators can now be patient-tailored. This has the following foreseen
benefits: i) increased target coverage and absorbed dose to the target volume with reduced or equal
trauma to the surrounding tissues and organs at risk (OARs), ii) improved needle guidance and
minimisation of the required number of needles and iii) reliable and comfortable placement [7]. An
example of a patient-tailored applicator is the ARCHITECT applicator, which contains optimised
source channels. The vaginal vault, the clinical target volumes, and the OARs are segmented on MR
images. The outer shape of the ARCHITECT applicator is based on the shape of the vaginal cavity. After
shape and source channel determination, the applicator is 3D printed [8]. In the current ARCHITECT
concept, the 3D-printed halves are used as add-ons to the Elekta Geneva IU tandem. Figure 1.2a shows
the ARCHITECT applicator, and Figure 1.2b shows a schematic representation of an applicator
implanted in a patient.
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[ Tumour Region
Vaginal Cavity
Bladder
Rectum

[ sigmoid

[ Bowet

(b) Schematic visualisation of the ARCHITECT applicator implanted in a
patient with relevant structures annotated. The marked parts are the following:
(1) needle lock insert (Elekta), (2) needle template, (3) entry region, (4) swept
section, (5) patient-tailored top, (6) ProGuide IS needle (Elekta), and (7)
(a) Custom 3D-printed ARCHITECT applicator. Geneva IU tandem (Elekta). Image taken and adapted from [9].

Figure 1.2: The patient-tailored 3D-printed ARCHITECT applicator shown with parts separated (a) and implanted in a patient
(b).

Treatment planning in HDR-BT is fundamentally multi-objective and concerns qualitative aspects that
make a plan or implant suitable. Regarding treatment planning, trade-offs between the dose in the
target regions and OARs must be accomplished. Moreover, homogeneity in the dwell times is preferred
[10]. Another important aspect to consider is that hot spots, very high dose regions, and cold spots,
regions with substantial dose deficits, should be prevented [11], [12]. Regarding catheter placement,
clinicians want safety margins between the needle and OARs to avoid perforation. Lastly, if a needle is
inserted at an excessively steep angle relative to the outward normal of the tissue, there is a risk of the
needle sliding along the tissue surface rather than penetrating it. Such deviations lead to imprecise
needle placement and thus, must be prevented.

Treatment planning for conventional applicators long concerned manual dwell time modifications, a
trial and error process dependent on time and skills of the treating physician [13]. Several automated
dwell time optimisation approaches have been proposed which demonstrate superiority over
manually generated plans [14] - [16]. With the increased flexibility of source positioning due to
patient-tailored applicators, manual planning will become increasingly complex, substantially
increasing the need for automated needle and dwell position planning. Additionally, as the
patient-tailored ARCHITECT applicator channels are used to steer the needles, the optimisation
should also consider source channel planning. Since not all catheter placements lead to feasible
source channels, the dwell position optimisation should also consider the feasibility of the channels.

This study aims to combine dwell time optimisation and source channel planning for interstitial
needles without resorting to fully geometric coverage planning. This work proposes a three-stage
approach. First, a high-potential set of dwell positions is obtained by running a modified version of the
dwell time optimisation software BiCycle (Erasmus Medical Centre, Rotterdam, the Netherlands) on a
grid of possible dwell positions [14]. This results in a resolution optimal treatment plan when not
considering geometry and applicator constraints. The positions with the highest dwell times according
to the resolution optimal treatment plan are selected in the high-potential set. Next, a weighted set
cover problem is used iteratively to find a combination of feasible needles to cover all dwell points in
the high-quality set at a minimum distance. Lastly, needle channels to the applicator’s entry region are
simultaneously optimised to be of minimum curvature and mutually collision-free. ~Channel
centrelines are represented by Bézier curves, which enables fast collision checking to be used. The
proposed method and the grid configuration are validated based on virtual treatment plans in a
representative patient cohort.
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1.2. THESIS STRUCTURE

Several fundamental concepts in BT that are required for obtaining an understanding of the presented
method and results are introduced in Chapter 2. Readers familiar with BT can skip this chapter
missing no crucial information. Those new to the subject are advised to read this chapter before
proceeding with the rest of the thesis.

Chapter 3 discusses works related to the method proposed in this thesis, focusing on the set cover
problem and path-planning methods in radiotherapy or related fields.

The main results and the novel method of this thesis are presented in Chapter 4 in the form of an
article. The paper proposes a method to combine dwell time optimisation and source channel
planning for the interstitial needles without resorting to fully geometric coverage planning. The
proposed method and the used grid configuration are validated based on virtual treatment plans in a
representative patient cohort.

Supplementary explanation of the concepts proposed in the paper is presented in Chapter 5. In
Chapter 6 more results are presented and discussed that give valuable insights in the proposed method
but are not shown in the paper. Furthermore, a component-based analysis of the proposed
methodology is presented in this chapter.



2 FUNDAMENTAL CONCEPTS IN
BRACHYTHERAPY

In this chapter, different BT concepts that are used in this work will be explained. The concepts
discussed and the corresponding sections are: the regions of interest for HDR-BT (Section 2.1), the
different treatment categories in BT (Section 2.2), the combination of BT with EBRT (Section 2.3), the
dose definitions and calculations used in this work (Section 2.4), the treatment planning aims
(Section 2.5), and the BiCycle optimisation algorithm (Section 2.6).

2.1. REGIONS OF INTEREST

The main goal of HDR-BT is to maximise the radiation in the target region whilst minimising the
radiation to the OARs. The target region for cervical cancer consists of different volumes. One of these
volumes is the Gross Tumour Volume (GTV), the primary tumour volume with the highest tumour cell
density. The GTVgg; is the residual gross tumour volume, indicating the amount of visible tumour that
remains post-surgery or after EBRT. Another relevant volume is the Clinical Target Volume (CTV),
which consists of the GTV and any volume suspected of containing microscopic disease. There are two
different CTV areas: the first is the CTV High-Risk (CTVyg) and the second is the CTV
Intermediate-Risk (CTVig). The CTVyp is always entailed in the CTVig. The high and intermediate risk
split allows for tailored radiation therapy plans to maximise the treatment effect on the tumour while
minimising the damage to healthy tissue. OARs that are considered in cervical cancer HDR-BT are the
bladder, rectum, sigmoid and small bowel. In Figure 2.1 the delineation of the volumes of interest, the
target region and the OARS on an MRI image is shown.

= CTVyg
== CTV|g — Targetregion

- GTVRes

Vaginal cavity
Bladder ™)
Rectum

— OARs
== Sigmoid

== Bowel

Figure 2.1: Delineation of regions of interest on a sagittal T2 weighted MR image.

2.2. BRACHYTHERAPY TREATMENT CATEGORIES

Different categories of BT treatment types can be distinguished based on the rate at which the
radiation dose is administered. HDR-BT is characterised by the delivery of a high radiation dose over a
short duration, typically minutes per session, necessitating the temporary placement of the
radioactive source. HDR-BT is often defined as brachytherapy with an absorbed dose rate larger than
12 Gy/h [17]. On the other side, low-dose-rate BT involves the administration of radiation at a lower
dose rate over a prolonged period, often days, with the radioactive sources either permanently
implanted in the form of seeds or temporarily placed [18]. The focus of this thesis will be on HDR-BT.
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2.3. TREATMENT SCHEDULE

As stated HDR-BT is often used in combination with EBRT. Typically, HDR-BT is applied in the last
2-3 weeks of the radiotherapy, with both treatment types accounting for approximately half of the
resulting biologically effective dose [17]. HDR-BT mostly consists of 3 or 4 fractions, where a fraction is
a continuous irradiation period with a specified absorbed dose. The decision to use 3 or 4 fractions in
the total treatment is made based on the ability to meet the planning constraints and aims. Therefore,
the patients receiving 4 fractions generally have more complicated anatomies than patients receiving 3
fractions. Examples of a dose delivery schedule for 4 HDR-BT fractions in combination with EBRT can
be seen in Figure 2.2. The visualisation only shows example treatment schedules; the exact treatment
schedule differs from clinic to clinic and from patient to patient, and preferred schedules change over
time.

| Week 1 | Week 2 | Week 3 | Week 4 | Week 5 | Week 6 | Week 7 | Week 8 |

A)
B)
<)

I EBRT D BT

Figure 2.2: Visualisation of example overall treatment schedules for radiotherapy combining 25 fractions of EBRT (typically 1.8
Gy per fraction) and 4 fractions in 2 or 3 applications (continuous applicator insertion periods) of BT for the curative treatment
of cervical cancer. The example configurations are: A) the proposed EMBRACE workflow 1. B) the proposed EMBRACE workflow
2. C) a typical Erasmus Medical Centre workflow. A coloured block illustrates a single fraction in the treatment. Image extracted
and adapted from [19].

The procedure of the Erasmus Medical Centre of applying a single fraction consists of different steps
[20]:
1. Implantation preparation: The patient is checked and prepared to be transferred to the operating
room by a nurse in the short-stay unit.

2. Implantation of the applicator: After the patient is anaesthetised, a urinary catheter and the
applicator are implanted.

3. Recovery from implantation: The patient recovers from the applicator implantation in the
recovery room while vital signs are monitored.

4. Waiting before imaging: The patient is returned to the short-stay unit to wait until the imaging
room is free.

5. Imaging: The patient’s bladder is filled in the imaging room, and MRI images are made.
6. Treatment planning: The patient waits in the short stay unit and is regularly checked by a nurse.
(@) The contours of the target volumes and the OARs are delineated by one radiation oncologist

and verified by another.

(b) At the same time, the applicator, catheters and relevant points are reconstructed by one
radiotherapy technologist and verified by another.

(c) After approval of both steps, the radiotherapy technologist initially makes a treatment plan.
This plan is verified and optimised by the radiotherapy technologist, radiation oncologist,
and medical physicist together.

7. Treatment delivering: The treatment plan is uploaded to the afterloader and the patient is
transferred to the treatment room. The applicator is connected to the afterloader and after
checking all source channels with a dummy source the irradiation begins.

8. Removal of applicator: The applicator is removed.

9. Recovery: The patient recovers in the short stay unit until the patient can be discharged.
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2.4. DOSE DEFINITIONS AND CALCULATIONS

2.4.1.EQD2

The equieffective dose in 2 Gy fractions (EQD2) is used in radiation oncology to compare the biological
effectiveness of different radiation therapy regimens with varying fraction sizes and total doses [21]. It
provides a standardised way to evaluate and compare the effects of radiation treatments delivered in
different schedules but intended to achieve similar therapeutic outcomes. This concept is particularly
important when considering treatments with combined BT and EBRT as the EQD2 allows for simple
addition of the doses delivered in both modalities. The EQD?2 is based on the linear-quadratic model,
which describes the relationship between the dose of radiation and the biological effect it produces in
tissues [22]. In the calculation of the EQD2, the biologically effective dose (BED), a predictor of the
biological effect as a function of the delivered dose, is used. The formulas to calculate the BED and the
EQD2 for one treatment modality are shown below [23]:

BED=u~d(1+i) 2.1
alpB

op2= D 02
(a5 +1)

Here, u is the total number of fractions, d is the physical dose delivered per fraction and % is the
tissue-specific radiosensitivity ratio. In this work, the target volumes are assumed to have a uniform
radiosensitivity ratio of 10 Gy and the OARs have a uniform radiosensitivity of 3 Gy [17].

2.4.2. DOSE VOLUMETRIC HISTOGRAM

The dose-volume histogram (DVH) is a fundamental tool in radiation therapy planning and analysis
[24], as it summarises the dose distribution within the target volume and surrounding tissues [25]. As
clinical outcomes are related to these DVH parameters, the latter are often used for treatment planning
and prescription [26], e.g., in EMBRACE 1l planning aims or limits [27]. Dose parameters are also known
as dosimetric indices (DIs). Two types of parameters are extracted from DVHs: the dose and volume
parameters. The dose parameter (Dy), measured in Gray (Gy), refers to the specific level of radiation
received by the tissue volume (V), expressed in percentage or cm® [28]. Similarly, the volume parameter
(Vp), measured in percentage or cm3, refers to the partial volume (V) that receives a dose of at least D.
These dose parameters are respectively defined as:

Dy={D() | v=V} (2.3)
Vp={V(©@) | 2 =D} (2.4)

The DVH parameters used in this study for the target volumes are the Dggy and the Dggy. For the
OARs, the recommended DVH parameter is the D, s [17].

There are several limitations to the use of DVH parameters. One main limitation of the DVH
parameters is that these reduce the spatial dosimetric information into two-dimensional dose-volume
relations, resulting in valuable information being lost. For example, DVHs cannot indicate where
within a structure hot or cold spots are present [28]. Similarly, an asymmetric dose distribution over a
specified volume could result in a similar DVH as when computed for a symmetric dose distribution
over the same volume [29]. Furthermore, as treatment progresses and time elapses, there might be
changes to the patient’s anatomy (i.e. patients lose weight, tumours shrink, organs change shape) [30].

2.5. TREATMENT PLANNING AIMS

The treatment planning aims used in the Erasmus Medical Centre are based on the EMBRACE Il study by
the gynaecological working group of the European Society, GYN GEC-ESTRO [17]. The planning must
adhere to treatment aims (soft limits) and dose limits (hard limits). These constraints and objectives are
based on the DIs. In some cases not all planning aims can be met and in other cases it is possible to find
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a better plan according to all DIs. In Table 2.1, a simplified clinical planning protocol with constraints
and goals for the different DIs of the target volume and the different OARs is shown.

Table 2.1: A simplified clinical planning protocol from the EMBRACE II study [27]. In this study, the EQD2 is used as a unit for
the dose. For the target volume the EQD2 is the EQD23¢, and for the OAR the EQD2 is the EQD21 ¢y

Region | DI | Hardlimit (EQD2) | Aim (EQD2)

CTVhr Dgoo, =85 Gy =90 Gy, =95 Gy
CTVyr Dggo, =90 Gy > 95 Gy
CTVir Dggo, - =75 Gy
Bladder | D, .3 =90 Gy =80 Gy
Rectum | D, s =75Gy <65 Gy
Sigmoid | Dy 3 <75Gy <70 Gy
Bowel | D, 3 =75Gy =70 Gy

As can be seen in Table 2.1, the planning aims and hard limits are given in EQD2. Assuming that all
BT fractions deliver an equal dose and there are 25 EBRT fractions with a dose of 1.8 Gy per fraction,
the first fraction BT planning aims in Gy according to the EMBRACE 1l study are shown in Table 2.2 for
3 and 4 fractions. In practice, treatment is adaptive, and prescribed doses in subsequent fractions are
changed accordingly. However, in this work, all fractions are assumed to deliver equal doses to calculate
the projected total dose of treatment based on the first fraction.

Table 2.2: The planning aims in Gy for 3 and 4 BT fractions, corresponding to Table 2.1, assuming that all BT fractions deliver an
equal dose and there are 25 EBRT fractions with a dose of 1.8 Gy per fraction.

Region DI 3 fractions | 4 fractions
CTVar | Dgow | =9.42Gy, <10.10Gy | =7.74 Gy, < 8.31 Gy
CTVyhr Dggy, =>7.17 Gy >5.83 Gy
CTViR Dggo, >4.38 Gy > 3.50 Gy
Bladder | D, s <6.47 Gy =5.45Gy
Rectum bem? =4.71Gy =3.93 Gy
Sigmoid | Dy.p3 <5.35Gy <4.48 Gy
Bowel | Dy 3 =5.35Gy =4.48Gy

2.6. BICYCLE

As stated before, the treatment planning problem is multi-objective. The multi-objective optimisation
used in this work is the BiCycle algorithm [14], which was developed in the Erasmus Medical Centre.
BiCycle is based on a wishlist approach. The multi-objective problem is stated as a sequential
optimisation of single-objective problems in which a pre-specified wishlist determines the
optimisation order. After every single objective optimisation, the found solution is added as a new
constraint for the following optimisations. Some tolerance on the found solution is added to ensure
enough space to optimise in the following optimisations. After optimising each criterion, the second
phase is started. In this phase, all objectives that meet their goal are further optimised while keeping
all other objectives constrained.
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3.1. TREATMENT PLANNING
Patient-tailored applicator planning requires both dwell time optimisation and catheter placement
optimisation. This section lists some of the methods proposed in the literature.

Treatment planning for conventional applicators concerned dwell time modifications and was
performed manually, a trial and error process that takes a long time and is dependent on the skills of
the clinician [13]. With the use of optimisation models, the treatment plan quality can be improved
[31].

There are different types of approaches to dwell time optimisation. Firstly, there are penalty models
such as linear penalty models [32], [33], and quadratic penalty models [34]. Secondly, single objective
dose-volume optimisation models have been proposed. Some single objective dose-volume models
solve a mixed integer linear program [35], use a heuristic to simplify the problem [36], or use a
Heaviside function approximation [37]. As an alternative to dose-volume optimisation, optimisation
using mean-tail-dose models has been suggested [38]. Lastly, there are three multi-objective
dose-volume models: BiCycle [37], GOMEA [39], [40], and gMCO [15].

The run time of these automated multi-objective dose-volume model approaches to arrive at a clinical
plan is typically in the order of minutes, making it clinically infeasible to use these methods directly for
integrated catheter placement optimisation. Different categories of previous approaches are proposed
for catheter optimisation for HDR-BT [41]. Several approaches using constraints on the number of
catheters optimise the dwell times and positions simultaneously while having restrictions on the
number of catheters used [36], [42], [43]. All three approaches have run times up to hours, making
them clinically infeasible. Several other approaches are based on geometric coverage optimisation,
e.g., by assuming constant dwell times for each dwell position [13], [44], [45]. However, geometric
optimisation might be less appropriate due to the complicated shape of the target region and the
proximity to the OARs in cervical cancer. Another category of approaches uses an iterative strategy,
where catheters that contribute the least to the objective are iteratively removed [31], [46], or a
combination of addition and removal of catheters based on contribution to the objective [47]. The
problem with iterative optimisations based on needle contribution is that after deleting more needles,
previously removed needles must be reconsidered because now these needles might contribute
significantly.

In this work, besides dwell time optimisation and catheter placement optimisation, source channels
are also planned. In the previous works that have performed partially automated planning of curved
source channels in HDR-BT applicators, RRT and its variants are often used [48] - [50]. The approaches
are visualised in Figure 3.1 and will be discussed below.
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Figure 3.1: Visualisation of the different path planning methods in HDR-BT.

The first method by Garg et al. is a channel layout method that computes a set of non-intersecting
curvature-constrained channels within the implant that reach the dwell positions proximal to the
tumour [48]. This method uses RRTs to find collision-free curvature-constrained paths from the a
priori-defined dwell positions back to the entry region of the applicator. The method starts with the
dwell segment most distant from the entry region, and after a feasible path is found, this is added as an
obstacle while finding the paths from the following dwell segments.

The second method by Duan et al. computes mutually collision-free curvature-constrained channels
within the implant [49]. The path optimisation (TrajOpt) is performed by leveraging randomly
perturbed variations of a previously discovered path. Opposed to single-channel optimisation, the
authors also tried multi-channel optimisation. The method aims to minimise a cost function that
includes the total twist of the needle path, the path length, and the distance between the paths and
obstacles. The authors have demonstrated that this method yields high-quality channel layouts with a
higher planning success rate while maintaining comparable computation times to the method
proposed by Garg et al. [48]. The limitations of this approach are that it can only guarantee local
optimality and has high running times. Moreover, due to the randomness of the optimisation, it is
dependent on the seed path for optimisation.

The third method by Patil et al. proposes a method that computes multiple collision-free curvature-
and torsion-constrained ribbons (group of channels) [50]. The ribbons are traced out by sweeping a
constant-width rigid body along spatial curves. The method has a two-stage approach. In the first
stage, an RRT-based planner plans curvature and torsion-constrained feasible ribbons. In the second
stage, the curvature and torsion of these ribbons are locally optimised using sequential quadratic
programming. The limitations of this approach are: i) it can only reach local optimality, ii) it has high
running times, iii) in narrow passages, the RRT-based planner is not guaranteed to find a feasible path,
and iv) if the RRT planner finds solutions in the same homotopy class, the local optimisation finds a
sub-optimal solution (see Figure 3.2).

In all papers mentioned above, the dwell segments are manually specified. A method that optimises
the dwell segments to get the optimal dose distribution whilst considering the feasible dwell segments
within the applicator is desired. Furthermore, all papers above only plan paths for IC channels. For
the curative treatment of locally advanced cervical cancer, IS needles are needed and should, therefore,
also be included in the planning.
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(a) Example of two paths from the same homotopy class. (b) Example of two paths from different homotopy classes.

Figure 3.2: Two functions are called homotopic if they can be continuously deformed into each other. Two paths are from the
same homotopy class if they are homotopic. A visualisation is shown in this Figure. A visualisation of paths from the same
homotopy (a) and different homotopy classes (b) is shown. Images obtained from [51].

Another previously proposed approach to automate source channel planning used minimum
curvature Bézier curve trajectory optimisation for each candidate channel in the first stage [9]. The
Bézier curve formulation enabled the use of fast quadratic programming [52]. Feasible configurations
were selected with geometric coverage optimisation in the next stage. Therefore, the quality of the
returned solutions is dependent on the candidate set and promising needle candidates may be
discarded instead of re-optimising the configuration around these. Simultaneous optimisation of
channels may circumvent these issues. The method made use of a brute force line-segment collision
check.

3.2. COVER PROBLEMS

In this work, a weighted set cover formulation is used to solve the coverage problem. There are already
some approaches in HDR-BT or similar fields that perform treatment optimisation using cover
problem formulations.

In implant optimisation in HDR-BT, straight needles are used. Analogously, in other EBRT variants,
such as Intensity Modulated Radiation Therapy (IMRT), straight beams are used. Some ablation
therapy variations, a form of tumour therapy, such as radio-frequency ablation therapy (RFAT) [53],
use straight needles.

The approaches in similar fields are shown in Table 3.1. In the table, the methods are listed, including
the coverage problem formulation that is used and the medical field in which it is used. Furthermore,
the objective of the approach and how the optimisation is solved are listed. Extra steps to make the
optimisation possible or to speed up the optimisation are also listed. Lastly, if the method uses
inter-needle collision checking and if the method uses co-planar geometry, basically reducing it into a
2D problem, is stated.



Table 3.1: Coverage methods in radiation and ablation therapy.

Non
Mathematical . s . . Extra steps taken in Collision | planar
Approach formulation Field Objective Solving method the appr(?ach Checking | geometry
Acosta et al. WSCP IMRT Maximise voxel coverage Solving ILP Sample beam options X v’
[54] (using CPLEX v6.6)
Ehrgott et al. WSCP IMRT Maximise voxel coverage Solving ILP Sample beam options x x
[55] (using CPLEX v6.6)
Haas et al. WSCP IMRT Pareto ranking of Genetic algorithm Initialisation of x x
[56] weighted linear penalty weights
penalty function
Ehrgott et al. WSCP IMRT Conformity to desired Local search Sample beam options x x
[57] dose volumetric constraints
Djajaputra et al. MKCP IMRT Conformity to desired Simulated annealing Sample beam options x x
[58] dose volumetric constraints
Lee et al. MSCP IMRT Maximise voxel coverage Greedy + post- Sample beam options + x v’
[59] (weighted) + OAR sparing processing using LS | select covering threshold
Siauw et al. SCP HDR-BT Minimise number of Solving ILP Define entry region Vv’ v’
[44] needles (using CPLEX v12.1) | select covering threshold
Aleman et al. WSCP IMRT Maximise voxel coverage Greedy Make non-dominated X v’
[60] adjacency matrix
Liang et al. WSCP RFAT Minimise number of solving ILP Sample needle options + v’ v’
[61] needles + OAR sparing (using GAMS CPLEX) Set penalty weights +
+ trajectory optimisation solve surface coverage
Yuetal WSCP RFAT Maximise distance to OAR Genetic algorithm Set penalty weights x v’
[62] + minimise insertion depth + number of needles
+ maximise insertion angle can increase
Kulkarni-Thaker WSCP RFAT Minimise OAR coverage solving ILP Only consider boundary v’ v’
etal. [63] voxels + iteratively
add constraints
Altobelli et al. VCP IMRT Maximise voxel coverage - Create directed x v’
[64] minimise OAR damage bipartite graph
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AUTOMATED IMPLANT CONFIGURATION
OPTIMISATION INCLUDING SIMULTANEOUS
SOURCE CHANNEL PLANNING FOR HIGH
DOSE RATE BRACHYTHERAPY

R. Dirks, R. Straathof, J. Alonso-Mora, L. Rossi

Abstract— Patient-tailored brachytherapy applicators de-
signed for the curative treatment of cervical cancer have
the potential to enhance the delivered dose to the tumour
while minimising tissue damage of surrounding organs.
This work presents a novel three-stage approach to opti-
mise channel configurations in patient-tailored applicators.
First, the automated treatment planning algorithm BiCycle
is adapted to identify a set of high-potential dwell posi-
tions from a grid. Next, a weighted set cover problem is
solved iteratively based on the high-potential dwell points
to select straight needle segments from a candidate set.
Feasibility of this selection is checked and the selection
is updated based on the ability of a simultaneous path
planning algorithm to plan minimum curvature mutually
collision-free source channels in the applicator. Treatment
plans are generated with BiCycle for the clinically used, grid
and patient-tailored configurations for the first fraction of
22 locally advanced cervical cancer patients. The proposed
method and the grid configuration were demonstrated to
be clinically feasible according to EMBRACE Il aims. Fur-
thermore, the grid configuration obtained a significantly
larger target volume dose with a significantly lower bladder,
rectum, sigmoid and bowel dose compared to the clinically
used configuration. The proposed method found a similar
dose in the target volumes and a significantly lower dose
for the bladder, rectum and bowel compared to the clinically
used configurations. The proposed approach can generate
patient-tailored applicators for locally advanced cervical
cancer brachytherapy with dosimetric advantages over the
clinically used configuration.

Index Terms— Cervical cancer brachytherapy, Implant
configuration optimisation, Patient-tailored, Simultaneous
path planning, Bézier curves

|. INTRODUCTION

Cervical cancer ranks as the fourth most frequently diag-
nosed cancer and the fourth leading cause of cancer death
in women [1]. Due to this form of cancer, an estimated
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342,000 deaths occurred worldwide in 2020 [2]. High-dose-
rate (HDR) brachytherapy (BT) is an important part of the
curative treatment of locally advanced cervical cancer and
is often used as a boost to external beam radiation therapy
(EBRT) [3].

Target coverage and local control with conventional appli-
cators remain sub-optimal for large or complex tumours [4].
This leads to frequent side effects and reduces the quality
of life [5]. Due to recent developments, applicators can now
be patient-tailored. This has the following foreseen benefits:
i) increased target coverage and absorbed dose to the target
volume with reduced or equal trauma to the surrounding
tissues and organs at risk (OARs), ii) improved needle guid-
ance and minimisation of the required number of needles and
iii) reliable and comfortable placement [6]. An example of
a patient-tailored applicator is the ARCHITECT applicator,
which contains optimised source channels. The vaginal vault,
the clinical target volumes, and the OARs are segmented on
MR images. The outer shape of the ARCHITECT applicator
is based on the shape of the vaginal cavity. After shape and
source channel determination, the applicator is 3D printed [7].

Treatment planning for conventional applicators concerned
dwell time modifications and was performed manually, a trial
and error process dependent on time and skills of the treating
physician [8]. Several automated dwell time optimisation
approaches have been proposed, which demonstrate superiority
over manually generated plans [9] - [11]. With the increased
flexibility of source positioning due to patient-tailored appli-
cators, manual planning will become increasingly complex,
substantially increasing the need for automated needle and
dwell position planning.

The source channel planning for the ARCHITECT appli-
cator consists of planning paths from the entry region of the
applicator to the desired needle segments. The planned needle
channels should i) be mutually collision-free, ii) be contained
in the applicator, iii) avoid collision with the intrauterine (IU)
tandem, and iv) avoid OAR perforation. To ensure smooth
insertion of the needles, the curvature of the source channels
in the applicator is limited and to be minimised [12]. Fur-
thermore, clinicians can impose additional constraints based
on their preferences. Figure 1 shows a visualisation of these
constraints.
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This study aims to combine dwell time optimisation and source
channel planning for interstitial needles without resorting to
fully geometric coverage planning. This work proposes a
three-stage approach. First, a high-potential set of dwell posi-
tions is obtained by running a modified version of the dwell
time optimisation software BiCycle (Erasmus Medical Centre,
Rotterdam, the Netherlands) on a grid of possible dwell po-
sitions [9]. This results in a resolution optimal treatment plan
when not considering geometry and applicator constraints.
The positions with the highest dwell times according to the
resolution optimal treatment plan are selected in the high-
potential set. Next, a set cover problem is used iteratively to
find a combination of feasible needles to cover all dwell points
in the high-quality set at a minimum distance. Lastly, needle
channels to the applicator’s entry region are simultaneously
optimised to be of minimum curvature and mutually collision-
free. Channel centrelines are represented by Bézier curves,
which enables fast collision checking to be used. The proposed
method and the grid configuration are validated based on
virtual treatment plans in a representative patient cohort.

C~—

Tumour Region
Applicator
Bladder
Rectum
Sigmoid
Bowel

= Tandem
= Needle channels

OARs

Fig. 1. Visualisation of the different constraints on the needles channels
(left) and the curvature constraints/goals (right) in a sagittal view. The
different constraints are that the needle channels should i) be mutually
collision-free, ii) be contained inside the applicator, iii) avoid collision with
the IU tandem and iv) avoid OAR perforation. The curvature constraints
limit the curvature of the source channels in the applicator (1) and allow
no curvature outside the applicator (2).

A. Related work

The approach in this paper combines treatment planning
and catheter placement for HDR-BT. Previously proposed
approaches for catheter optimisation in HDR-BT can be
categorised [13]. Several approaches using constraints on the
number of catheters optimise the dwell times and positions
simultaneously while having restrictions on the number of
catheters used [14] - [16]. These approaches have run times
up to hours, making them clinically infeasible. Several other
approaches are based on geometric coverage optimisation,
e.g., by assuming constant dwell times for each dwell position
[8], [17], [18]. However, geometric optimisation might be
less appropriate due to the complicated shape of the target
region and the proximity to the OARs in cervical cancer.
Another category of approaches uses an iterative strategy,
where catheters that contribute the least to the objective
are iteratively removed [19], [20], or a combination of
addition and removal of catheters based on contribution to the

objective [21]. The problem with iterative optimisations based
on needle contribution is that after deleting more needles,
previously removed needles must be reconsidered because
now these needles might contribute significantly.

In this work, geometric coverage planning is extended to
take treatment planning into account using a weighted set
cover problem formulation. Geometric coverage has been used
in similar fields, namely intensity-modulated radiation ther-
apy (IMRT) and radio-frequency ablation therapy (RFAT). In
IMRT, the weighted set cover formulation has often been used
to maximise the voxel coverage [22] - [25]. The weighted set
cover formulation has also been used to optimise a weighted
linear penalty function [26], or the conformity to the desired
dose volumetric constraints [27]. In RFAT, the weighted set
cover formulation is used to minimise the number of needles
[28], maximise the distance to the OARs [29], or minimise
the OARs coverage [30].

With regards to HDR-BT, an unweighted version of
this formulation is used [17], and a related max-k cover
formulation is used in our previous work [31]. Whereas these
approaches solely rely on geometry, the proposed method in
this work generates and selects a candidate set based on the
high-potential dwell points returned by treatment planning
optimisation.

Partially automated planning of curved source channels in
HDR-BT applicators approaches have used RRT, trajectory
optimisation, or a combination thereof [32] - [34]. In these
approaches, the desired dwell positions are manually speci-
fied, and simultaneous optimisation of source channels is not
possible in clinically feasible time.

The automated source channel planning workflow proposed
in our previous work uses minimum curvature Bézier curve
trajectory optimisation for each candidate channel in the first
stage [31]. Bézier curve trajectory planning has also been
considered for UAVs [35], [36], and for autonomous vehicles
[371, [38]. The Bézier curve formulation enables the use of fast
quadratic programming [39]. Feasible configurations are se-
lected with geometric coverage optimisation in the next stage.
Therefore, the quality of the returned solutions is dependent
on the candidate set and promising needle candidates may be
discarded instead of re-optimising the configuration around
these. Simultaneous optimisation of channels may circumvent
these issues. As this requires fast collision checking, culling
methods and warm starting are used in this work to improve
computational efficiency [40].

Il. METHOD

A. General Overview

An overall overview of the workflow in this paper is presented
in Figure 2, with subsequent sections providing a more detailed
explanation of every step of this process. The algorithm is
implemented in MATLAB 2021b on one of the computing
clusters of the Erasmus Medical Centre [41]. The used cluster
consists of two 8-core 2.90 GHz Intel Xeon E50-2690 CPUs.
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Fig. 2. Overview of the workflow proposed in the paper to optimise the patient-tailored applicator geometry (see text for further explanation).
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1) Interpolate Anatomy: Contours of the regions of interest,
target volumes, OARs, and vaginal cavity, are drawn on axial
MR slices. The first step in the process is contour interpolation
of the segmentations to obtain triangular meshes of the relevant
structures [31].

2) Create Applicator: The geometry of the applicator is
determined based on the triangular mesh of the vaginal cavity.
The ARCHITECT applicator consists of two 3D-printed halves
connected to the IU tandem structure. In this work, needles are
assumed to be able to cross from one half to another. The top
part of the applicator is connected to a standardised circular
entry region with a diameter of 25 mm by a swept tapered
section. The entry region of the ARCHITECT applicator is
the part where the clinician inserts the needles. The feasible
entry points for the needles are standardised and do not collide
with the IU tandem structure.

In the applicator, the structures connecting to the IU tandem
are added. The collision space of the tandem structure is also
added, this is done by creating an offset of the outer geometry
by a distance equating the channel lumen radius (= 1.4 mm)
plus the wall thickness of the 3D print (= 1 mm) [31]. The
feasible planning space for the source channels consists of the
applicator volume minus the collision space.

Based on the applicator shape, the coverable region of
the applicator is determined. The coverable region consists
of possible applicator-exit points for the needles. All vertex
points on the surface of the applicator with an outward normal
deviating less than Afngem (= 20°) from the tandem direction
are added to this coverable region. All vertex points that have
an outward normal deviating less than Afyigpoin (= 80°) from
the vector pointing to the centre of mass of the CTVygr are
also added to the coverable region.

3) GridBiCycle: To obtain the high-potential dwell posi-
tions, BiCycle is used on a grid of possible dwell positions.
This grid is established with a step size of 10 mm, both
perpendicular and parallel to the IU tandem direction. The
grid points are filtered to ensure all grid points lie within the
offset of the target regions and the vaginal cavity. A modified
version of BiCycle with an adapted wishlist is started on the
filtered grid points to obtain a set of dwell times indicating
the relative importance of each position. The wishlist adheres
to the EMBRACE II aims and considers dose to the CTVyg,
CTVR, the OARs (bladder, rectum, sigmoid and bowel) and
different dose points. The relative contributions of the needles,
taken into account in the clinical version of the BiCycle
wishlist, are not considered. The result of the BiCycle run on
the grid configuration is used to select dwell points. All dwell
points outside the vaginal cavity are considered for interstitial
(IS) needle optimisation. The Dy« (empirically determined
to be 35) points with the highest dwell times are chosen and
referred to as candidate dwell points.

4) Make candidate needle set: The candidate needle set
contains straight interstitial needles created using three types
of sampling: i) in the tandem direction, ii) shortest distance,
and iii) based on sets of candidate dwell positions. The
tandem direction needles are created from every candidate
dwell point to the coverable region in the direction of the
tandem. The shortest distance needles are created from every

candidate dwell point to the closest point in the coverable
region. The set needles combine candidate dwell points. A
line is fitted through all dwell points in the set, forcing it to
go through the closest point in the coverable region. The line
fitting is done in matrix form: Let the dwell positions in the
group be x1,...,x,. The eigenvector u of covariance matrix
M = % S Tinew mg:new, where Z denotes the mean is the
direction vector of the needle: T +tu : ¢ € R. The endpoint of
the needle is determined based on the projection of the furthest
dwell point in the group on the line, plus the distance to the
needle tip (= 5 mm).

Only needle segments meeting all constraints are added to
the candidate set, the other needle segments are discarded di-
rectly. The primary constraint involves avoiding collision with
the IU tandem. This is ensured by maintaining a minimum
distance between the needle and the IU tandem. To avoid OAR
perforation, a safe operational distance (= 10 mm) from the
needle tip to OARs is maintained, and the distance in the
radial direction should also be larger than 5 mm. Lastly, if
a needle is inserted at an excessively steep angle relative to
the outward normal of the tissue, there is a risk of the needle
sliding along the tissue surface rather than penetrating it. Such
deviations lead to imprecise needle placement and thus, must
be prevented. Therefore, the angle between the needle and the
inward tissue normal is constrained to be below 30°.

5) Select needles: The set of needle segments to cover all
candidate dwell points is selected from the candidate set by
making use of a weighted set cover problem (WSCP). In our
problem formulation of the weighted set cover problem U =
1,2,...,n is a ground set of n high-potential dwell points. S
is the candidate set of m candidate needle segments of U,
IS| = m. A cover C is a collection of sets C' C S whose
union is U. Each s € S has a cost ¢;. The goal is to find a
cover of maximum cost.

maximise ) _ o, (WSCP) (1a)
s=1
subject to Y A, >1 forall jeU (1b)
s:e€S
zs € {0,1} forall s€S (1c)
zy+x, <1 for all (y,z)eB (1d)
m
> 20 < Nynaa (le)
s=1

In this formulation, x, denotes if needle s has been selected
and A, ; denotes if dwell point j has been covered by needle s.
Constraint (1b) ensures that all dwell points are covered by at
least one needle. A needle covers a dwell point if its distance
to the dwell point is lower than the cover distance d.. As
the needles need to be mutually collision-free, constraint (1d)
prevents collision pairs from being selected, as distinguished
by the pairwise validity matrix B. Constraint (le) limits the
number of needles to be selected to N,,qz-

Needles are scored based on the inverse squared distance
to the dwell positions covered by the needle, and weighted by
the corresponding dwell time in the BiCycle plan on the grid
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configuration. The cost of a needle, c;, is thus given by:

co=—Y Ag;dlt; )
jeJ

Here, d, ; is the distance from dwell point j to needle s, t; is
the dwell time of the high-potential dwell point j according
to the BiCycle treatment plan. To minimise the needles and
prevent distances to dwell points counting in multiple selected
needles, the cover distance is iteratively increased until a
feasible solution to the set cover problem is found. The
covering indices A and needle scores are recalculated in every
iteration. The process is also described in Algorithm 1. The
weighted set cover problem is solved using Gurobi (Beaverton,
Oregon, USA) [42].

Algorithm 1: Pseudocode of the needle selection
algorithm

1 Function SelectNeedles (candidateSet, Ny,
de initiai, B, dwellPoints) :

2 de 4 denitial’

3 selectedNeedles + 0,

4 while selectedNeedles is () do

5 A + GetCoveringIndices (candidateSet,
dwellPoints, d.) ;

6 ¢ + ScoreNeedles (candidateSet, dwellPoints,
A);

7 selectedNeedles < SelectOptimalSet (¢, A,
Npar, B,candidateSet) ;

8 if selectedNeedles is () then

9 | de < do+ 1;

10 end

11 end

12 return selectedNeedles, d.;

6) Path planner: From the selected needle segments channel
paths need to be planned back to the entry region.

Needle segments and entry points are matched considering
that their respective channel should have minimum curvature
and need to be mutually collision-free. First, a matching
plane is defined, and the needle segments are projected in
their direction onto this plane. The Hungarian method is used
to reduce the overall squared distance from the projected
needle points and the matched projected entry points [43].
The height of this plane is an important factor in determining
the trade-off between channel curvature and collisions and is
empirically determined to be in the middle of the entry region
and applicator top plane.

As the needle segments are now placed and matched to an
entry point, the channels from these needle segments to the
entry region points need to be planned. Needles are enforced
to enter the applicator in a direction perpendicular to the entry
plane. The proposed method uses Bézier curves to represent
the needle channels’ centrelines. The total curvature of all
channels is minimised based on an approximate expression for
the bending energy of a Bézier curve [44]. The cost function
J for minimising the kth derivative of a Bézier curve can be
written in the following way:

T gk
J = [ (D full), 4y 3
Jo dtk

nelr,y,2]
By using the Bernstein property, this problem can be rewritten
into a quadratic problem, PTQyP, where P contains all
three dimensions of the control points in a single column
and )y is the Hessian of the objective [39]. This Hessian
can be precomputed based on the order of the derivative and
the order of the Bézier curve, which makes the curvature
minimisation computationally efficient. Fixed end directions
of the channels are added as equality constraints, forcing the
channel to be perpendicular to the entry region and in the
direction of the needle segment on the other end.

The planned paths also need to be mutually collision-free. This
can be checked by making use of the convex hull property
[45], which results in overly conservative bounds [46], [47].
Another option is to use a point-per-point evaluation, which
is slow and might suffer from the tunnelling effect. Hence,
a method with a converging lower and upper bound on the
distance between two Bézier curves is used [40]. The upper
bound is determined by the minimum distance of the start and
end points of the Bézier curves. The lower bound is determined
by the distance between the two bounding boxes with the use
of a GJK algorithm [48]. If the relative difference between
the bounds is larger than the predefined tolerance (= 0.1), the
Bézier curves are split using De Casteljau’s algorithm and the
process is repeated until the lower and upper bounds are within
the tolerance [49]. The IU tandem shape is approximated
by two Bézier curve sections with different diameters (thick
section = 8 mm, thin section = 6 mm) to check for collisions
with the converging collision checking method.

Simultaneous optimisation of multiple collision-constrained
channels is performed via the workflow in Figure 2 using
the MATLAB optimisation routine fmincon. For the sake of
computational efficiency, path planning without consideration
of collision constraints is used as initialisation. The paths are
then optimised considering the aforementioned collision con-
straints and subsequently undergo verification through a brute
force straight-line collision assessment. If all paths clear this
verification step without any detected collisions the paths are
approved. Conversely, if collisions are identified in instances
where the rapid collision assessment failed to detect any, a
more meticulous straight-line collision optimisation process is
initiated. Should collisions persist after this optimisation, the
entry points of the conflicting needle pairs are switched and
the path planning process is restarted. If the algorithm fails
to find a feasible solution using these needles after N (= 3)
restarts, more retries with the same needles are unlikely to lead
to a feasible solution. Hence, the number of restarts is limited
to N restarts. If no feasible source channels are found, even
after these restarts, a new set of needles is selected. In this
set, needle pairs that have previously been in collision are
not allowed to both be selected. Needles that have been in
collision with the IU tandem are removed from the candidate
set. If multiple collisions occur after the restarts, the maximum
number of needles is reduced. The pseudocode of this process
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is presented in Algorithm 2.

Algorithm 2: Algorithm to find feasible source chan-
nels using a candidate set

1 Function CreateARCHITECT (dwellPoints,
Nmax,initial, dc,initial; ﬂPPliCafO'i anatomy):

2 (candidateSet,B) + CreateCandidateSet
(dwellPoints, applicator, anatomy);

3 Nmax — Nmax,initial;

4 paths < 0;

5 dc — dc,initial;

6 while paths is ) and N, > 1 do

7 (selectedNeedles, d.) <+ SelectNeedles (

candidateSet, N, d., B, dwellPoints)
8 (paths, collisions, Neonisions) <— FindPaths (
selectedNeedles, applicator) ;

9 if paths is () then

10 (candidateSet,B) +—
UpdateCandidateSet (candidateSet,
B, collisions) ;

11 if Neoisions > 1 then

12 Nmax <~ Nmax -1

13 end

14 end

15 end

16 return paths;

7) Generation of treatment planning configurations: Treat-
ment planning is performed using BiCycle on the grid, clin-
ical and ARCHITECT configurations. For the ARCHITECT
configuration, dwell positions are spaced every 5 mm in each
needle minimising the distance to the corresponding covering
dwell points. Dwell points at least 6 mm below the applicator’s
top surface are treated as intracavitary dwell positions.

For treatment planning for the clinical and ARCHITECT
configuration, the clinical wish list for cervical cancer is used
that adheres to the EMBRACE II aims and considers dose
to the CTVgr, CTVR, OARs (bladder, rectum, sigmoid and
bowel), and different dose points.

B. Patient Dataset

The patient dataset used in this study is the same as used in our
previous work [31]. The first fractions of twenty-two patients
with FIGO stage IB3-1V treated between 2021 and 2022 with
HDR-BT using the IC/IS Venezia applicator are considered
for the virtual planning study. Treatment included EBRT (25
fractions of 1.8 Gy) and MRI-guided BT (3-4 fractions).

C. Patient Evaluation

The evaluation of the treatment planning is done based on the

normalised clinically relevant DVH parameters, the total dwell
v yeim

VCIVER Ty ot H(l -

V,;—U‘Om) with o denoting the OARs), and the number of needles

used. Results for the GT Vg, are not shown here as it is not

considered in the current wishlist. The normalised dosimetric

time, the conformity index (COIN =

indices for the target volumes are calculated by dividing the
obtained dose by the planning aim dose (Dplan/Daim). For
the OARs, the normalised dosimetric indices are calculated
by dividing the planning aim dose by the obtained dose
(Daim/ Dpian)- Hence, for all normalised dosimetric indices, a
value above 1 depicts that the planning aim has been met, and
the higher, the better.

The BiCycle results of the clinically used applicator con-
figuration are used as the benchmark in these comparisons.
Therefore, two comparisons are made, one between the clinical
configuration and the grid configuration, and one between
the clinical configuration and the ARCHITECT configuration.
Statistical significance regarding the difference in normalised
dosimetric indices and total dwell times is determined with
Wilcoxon signed-rank tests. Spearman’s rank tests are utilised
to evaluate the correlation between the different parameters
and the dosimetric indices.

I1l. RESULTS

The proposed source channel planning algorithm found
feasible solutions for all 22 patient cases. The source
channels all had acceptable curvatures with a minimum
local curvature radius of 40 mm [7]. Figure 6 shows the
applicator geometries generated with the proposed method
and the clinically used needle configurations. As observed,
the proposed method generates configurations with needles in
more diverse directions than the clinically used configurations.
The number of needles used does not significantly differ
between the clinical and the ARCHITECT configurations. The
proposed method’s average (range) runtime was 28 (18-52)
minutes. This runtime includes the runtime of BiCycle on the
grid configuration. On average (range), the proposed method
tried a new needle combination 5.9 (2 - 12) times.

All generated treatment plans were considered acceptable
according to EMBRACE 11 aims, as no hard limits were
exceeded. The planning aims, however, were not met for all the
parameters and patient cases. The number of times planning
aims were not met for the different configurations is shown
in Table I. As can be observed from this table, in comparison
with the clinical configuration, planning aims were met more
often with the grid configuration, ensuring that the planning
aims were met for all target volumes. The generated plans for
the ARCHITECT configuration also met planning aims more
often than those generated for the clinical configuration.

TABLE |
TABLE SHOWING THE NUMBER OF TIMES THE PLANNING AIMS WERE
NOT MET FOR THE DIFFERENT CONFIGURATIONS FOR 22 PATIENT

CASES.
Structure \ Clinical ARCHITECT  Grid
CTVur Doo
CTVyr Dog

Bladder Dy 3
Rectum Dy 13
Sigmoid Dy 3
Bowel Dy 3
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Fig. 3. Box plots showing normalised doses from treatment plans generated with clinical, ARCHITECT and grid configurations for selected DVH
parameters. The black line indicates the median, the boxes indicate the interquartile ranges, the whiskers indicate the extrema without outliers, and
the asterisks are the outliers. Significance levels are indicated with the black filled circles (e = p < 0.05, @ =p < 0.01, eee =p < 0.001) and ns

denotes no significant differences are found.

Figure 3 shows the normalised dose for the different relevant
planning aims for the three configurations. The normalised
CTVur Dy dose for the clinical and ARCHITECT configu-
rations were comparable. There was a significant but marginal
increase (p < 0.001) in normalised (median; IQR) CTVygr Dgg
dose for the grid configuration (1.01; 1.01-1.02) with respect
to the clinical configuration (1.00; 1.00-1.00). The normalised
CTVr Dgg dose for the clinical and ARCHITECT configura-
tions were comparable. However, with the grid configuration
(1.06; 1.05-1.08) there was a significant increase (p < 0.01)
compared to the clinical configuration (1.01; 1.00-1.05). There
were no significant changes in the CTVyg Dgg doses for the
different configurations.

The normalised bladder Do,,3 doses (median; IQR) with the
grid (1.08; 1.00-1.27) and the ARCHITECT (1.02; 0.99-1.17)
configuration were significantly higher (p < 0.001) compared
to the clinical configuration (0.99; 0.90-1.09). Similarly, the
normalised rectum Dy 3 doses (median; IQR) with the grid
(1.6; 1.05-2.28) and ARCHITECT (1.42; 1.01-2.1) configu-
ration were significantly higher (p < 0.01) with respect to
the clinical configuration (1.17; 1.00-1.82). The normalised
(IQR) sigmoid Dy s dose significantly increased (p < 0.01)
from 1.16 (1.01-1.46) with the clinical configuration to 1.20
(1.12-1.65) with the grid configuration. Moreover, for the
normalised (IQR) bowel Do,z dose, there was a significant
increase (p < 0.01) from 2.12 (1.14-4.76) with the clinical
configuration to 2.61 (1.5-4.51) with the grid configuration.
With the ARCHITECT configuration, the median normalised
(IQR) bowel Dy ,s dose increased significantly (p < 0.01)
to 2.36 (1.39-4.96) from 2.12 (1.41-4.76) with the clinical
configuration. There was no significant difference between the
clinical and ARCHITECT configurations regarding normalised
dose for the sigmoid Do 3.

The median (range) conformity index increased significantly
(p < 0.05 from 0.63 (0.37-0.88) with the clinical
configuration to 0.78 (0.52-0.87) with the grid configuration
and 0.78 (0.44-0.85) with the ARCHITECT configuration.
Furthermore, with the use of the grid and ARCHITECT

configuration, the median (IQR) total dwell time decreased
significantly (p < 0.01) from 339 (314-397) to 299 (270-319)
and 300 (263-363) seconds, respectively.

Figure 4 shows the differences in fraction doses for the clinical
and the grid configuration per patient per dosimetric index.
In the figure, yellow bars indicate that the corresponding
treatment plan did not meet the planning aim, and green
blocks indicate that the planning aim was met. For most
patients, the grid configuration made better tradeoffs between
OAR sparing and target dose. Decreasing the dose for some
of the already reached planning aims enabled other aims
to be reached. Moreover, in cases where all planning aims
were met for both configurations, the grid configuration was
often preferable for most dosimetric indices. For example, in
patient 8, the CTVyr Dgo and CTVyr Dgs doses could be
lowered in accordance with the planning aims, such that the
Dycs dose for all OARs are now meeting the planning aims.
The use of the grid configuration also enabled an increase in
CTVir Dgg dose for this patient, ensuring this planning aim
was met as well.

In Figure 5 the differences in fraction doses for the clinical
and the ARCHITECT configuration per patient per dosimetric
index are shown. As can be seen, better tradeoffs between
OAR sparing and target dose could be made for several
patients. For example, in patient 8, decreasing the dose in
the target volumes also allowed a decrease in the dose in the
OARs, ensuring all planning aims were met. Moreover, for
some patients, the target and OAR dose could be improved for
all dosimetric indices except for a small increase in a single
OAR dose. For example, in patient 21, all dosimetric indices
obtained with the ARCHITECT configuration were preferable
over the clinical configuration, except for a small increase in
sigmoid dose. No correlations were found to be significant
between the dosimetric indices and the number of needles used
for the ARCHITECT configuration.
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IV. DISCUSSION

This study proposes and dosimetrically validates an approach
to generate a patient-tailored applicator configuration without
resorting to full geometric optimisation. A high-quality
candidate set is created based on a treatment plan for a
grid configuration placed in and around the tumour region.
The optimal needle segments are selected with an iterative
weighted set cover problem, in which, after each iteration,
source channel optimisation is performed to check whether
a feasible configuration can be found. The source channels
are optimised using iterative simultaneous optimisation
with fast convergence-based collision checks. A virtual
configuration and planning study in a patient cohort of
22 patients demonstrated that the grid configuration could
improve dose conformity for several patients. Similarly, the
proposed ARCHITECT configuration could increase the dose
conformity for several patients.

The current method to obtain candidate dwell positions uses
BiCycle on an equally spaced grid. In this study, the grid
resolution and placement are not varied. Research has shown
that the step size between dwell positions plays a significant
role in the dose conformity for HDR-BT for the prostate
[50]. Moreover, the grid spacing and placement also affect
the optimisation time and convergence of BiCycle, as, for
example, more points lead to a longer optimisation time. In
a study (data not shown), the 10 mm grid spacing was found
to lead to good biasing of the needles while still leading to
reasonable optimisation times. Besides varying the standard
grid spacing, random perturbations and a circular pattern might
also be beneficial.

The proposed needle selection and source channel planning
methods work regardless of the approach used to find the
candidate dwell positions. Therefore, other approaches that
select dwell positions can also be used to generate the high-
quality candidate set. Possible alternatives include GOMEA
on a grid [51], a central Voronoi decomposition [18], or a
genetic algorithm [52]. Methods resorting to fully geometric
coverage planning might be compromised by the complicated
shape of the target region and the proximity to the OAR
in cervical cancer. Hence, methods not resorting to fully
geometric coverage planning, like the approach in this work,
might be preferred.

The candidate set used in this work is created based on
three types of needles: the shortest, the tandem direction and
the group needles. Other needle types create an even more
diverse and possibly higher-quality candidate set. Another
needle type can, for example, be created by generating
straight needle segments with different directions in the
tumour region [51] [53]. Moreover, the needles are only
added to the candidate set if all constraints are met. If a
needle does not meet a constraint, it is not added. The quality
of the candidate set can be further improved by not discarding
infeasible but promising needles directly. Perturbations of
these needles can be generated and, if feasible, added to the
candidate set.

Needle segments are matched to entry points based on
minimum overall distance on the matching plane before
planning the source channel paths. This matching is essential
in the tradeoff between collisions and curvature. In sequential
multi-robot path planning, the order in which the paths are
planned is also essential for the path quality and feasibility
[54]. A full search, trying all possible matching combinations
[55], is not computationally efficient. Hence, heuristics are
often used to obtain an efficient tradeoff [56]. Proposed
heuristics for multi-robot path planning are random swapping
[57], and starting with the furthest needle [54]. The current
work matches entry points and needle segments based on the
minimum overall squared distance evaluated on a matching
height plane. The heuristic only considers distance and does
not consider potential tandem collisions. A different heuristic
taking into account potential collisions with the IU tandem
structure might be beneficial. Possible approaches could
use the minimum energy curves for all possible matching
combinations, with a heuristic that increases the cost of
needles in collision [58], or increases the score in the case
of neighbouring paths [59]. Collisions with the IU tandem
can also be prevented by adding repelling points, which
increase the energy of nearby paths [44]. Besides changing
the matching heuristic, the informed rematching of colliding
needles can also be done based on the heuristic [60], instead
of switching the colliding needed pairs. Moreover, the need
for a matching algorithm can be removed by not constraining
the entry points to be at a certain position but only on the
entry plane inside the applicator [61]. This, however, will
lead to a non-standardised entry region, reducing the clinical
ease and increasing the change of channel mixups or needle
reconstruction problems.

A weighted set cover formulation is used to select the
optimal needle segments from the candidate set. However,
the coverage problem can also be solved with other coverage
problem formulations. An example of another coverage
problem solution would be multiline fitting algorithms like
RANSAC [62] or PEaRL [63]. The set cover problem is
a generalisation of the RANSAC variations [64]. Another
example of a possible coverage problem solution is a
clustering method, such as k-means clustering. These
methods have been used before in RFAT [65], and in IMRT
[66], [67]. In the clustering approach, points would first be
clustered, after which one needle per cluster would be fitted.

In the current work, the planned source channels are all
planned as IS needles. In conventional applicators, there is
an ovoid/ring structure for IC dwell positions. This work
removes these structures to create more flexibility for IS
needles and possibly increase dose conformity [68], [69]. The
function of the ovoid/ring structure is recreated by placing
dwell positions at a 6 mm distance from the applicator
surface on the source channels. The relative contributions
of IC channels and IS needles are not considered in the
wishlists in this work. Hence, these contributions are allowed
to deviate from Embrace 1l aims. Previous research has
shown that this can be safely done without having an impact
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on the treatment quality [69]. This research suggests that
patient-specific IC/IS applicator configurations could lead to
superior dosimetric outcomes compared to traditional IC/IS
applicators with oblique needles. This adds to the similar
indications in previous works, where favourable patient-
tailored configurations have been reported in comparison
to standard IC/IS applicators [31], [70], [71]. With both
the grid and ARCHITECT configurations, the number of
planning aim violations was reduced compared to the clinical
configuration. Moreover, with the use of the ARCHITECT
configuration, a significant decrease in bladder, sigmoid and
bowel Dy.,3 doses was achieved. Better results might be
achieved by better placement of the final dwell positions
in the proposed ARCHITECT configuration. These dwell
positions are currently spaced at a 5 mm distance, as this
is used clinically in the Erasmus Medical Centre. Different
dwell spacings could be used, as the obtained dwell sequence
influences the cell survival [72].

The proposed method can generate feasible patient-tailored
applicators for every patient in the patient cohort within 52
minutes. User actions in the proposed workflow are limited
to quality checks, implying this can be implemented in the
current clinical workflow. The runtimes mentioned in this
work indicate that the method can run in clinically feasible
time. The computations can be further sped up by increasing
the quality of the candidate set or improving the matching
heuristic to reduce the replanning times. The replanning times
are already reduced by limiting the number of restarts with
the same number of needles. As no correlations were found
to be significant between the number of needles used and
the dosimetric indices, this approach is justified. Moreover,
runtime reduction can also be achieved by further parallelising
the computations.

There are several limitations to the method proposed in this
work. The focus of this study is to show the clinical feasibility
of the method and validate it on a small patient cohort. The
current workflow uses the MRI taken during the first fraction
with a conventional applicator in situ. Hence, the ARCHI-
TECT applicator can only be used from the second fraction
onwards. A pre-BT MRI with a conventional applicator in situ,
performed by some institutions [73], enables the usage of the
proposed ARCHITECT applicator in the first fraction. More-
over, the clinical configurations used in this work are all based
on the first fractions; the dose conformity obtained in the sec-
ond fraction with the clinical configuration could be better, as
in our clinic, the number of needles used in the second fraction
onwards often increases. In addition, the current comparison
assumes equal dose distributions for all fractions. In practice,
these dose distributions might vary between fractions, resulting
in better total treatment dose conformity. Lastly, the current
virtual planning study is evaluated and compared purely to the
resulting DVH parameters. Experienced clinicians should also
evaluate the treatment plans.

V. CONCLUSION

This study proposes a method to combine dwell time optimi-
sation and source channel planning for the interstitial needles
without resorting to fully geometric coverage planning. The
proposed method and the grid configuration are demonstrated
to be clinically feasible, and in the resulting treatment plans,
the dose conformity could be increased for several patients.

The proposed approach benefits from the high-potential
dwell points to generate a high-quality candidate set. More-
over, the method benefits from simultaneous source channel
planning combined with iterative replanning, increasing the
likelihood of feasible source channels with minimum cur-
vature. The proposed approach can generate patient-tailored
applicators for locally advanced cervical cancer BT with
dosimetric advantages compared to the clinically used con-
figuration.

APPENDIX |
patient 1 patient 2 patient 3
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Fig. 6. Overview of patient-tailored applicators generated with the
proposed method.
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5 EXTENSIVE EXPLANATION CONCEPTS
IN PAPER

In this chapter, a more extensive explanation of some of the concepts presented in the paper is given,
specifically focusing on the grid configuration (Section 5.1), the candidate set creation (Section 5.2), the
set cover formulation (Section 5.3), the path planner (Section 5.4), the matching algorithm (Section 5.5),
and the iterative replanning (Section 5.6).

5.1. GRID CONFIGURATION

To obtain the high-potential dwell positions, BiCycle is used on a grid of possible dwell positions. The
grid is created in the direction of the IU tandem with a uniform step size. The grid points inside the OARs
are removed to speed up the optimisation. An example of a grid placed in the anatomy of a patient is
shown in Figure 5.1.

- CTVig

|:| CTVig

|:| Vaginal Cavity
|| Bladder

[ | Rectum

|7 sigmoid

[ Bowel

@ Dwellposition

Figure 5.1: Visualisation of a grid of possible dwell positions placed on the anatomy of a patient without OARs (left) and with
OARs (right).

A modified version of BiCycle is used on this grid. The inputs for BiCycle are the structure set
(RTStruct) and the treatment plan (RTPlan), which are both in DICOM (.dcm) format. The RTPlan
contains the dwell positions that can be used. BiCycle uses a wishlist that separates the tandem,
ovoids, and needle contributions. All grid points are artificially placed in the tandem structure. As
BiCycle includes smoothing of the dwell times per channel, and all dwell points are now contained in a
single channel, the smoothing definition needs to be modified. The new smoothing definition is
normalised for the amount of dwell points in the channel. Moreover, the relative contributions of the
different parts are not relevant as all points that are to be considered are placed in the tandem. The
BiCycle wishlist used for the grid configurations and the clinical wishlist are shown in Section A.1 and
Section A.2, respectively.
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5.2. CANDIDATE SET CREATION

As stated, in this work the high-quality candidate set is generated based on the candidate dwell
positions. There are different types of needles created based on these candidate dwell positions. The
different needle types are described below and are visualised in Figure 5.2.

The different needle types are the shortest needle (left), the tandem direction needle (middle), and the
group needle (right). The shortest needle is created from a single dwell point to the closest point in
the coverable region (purple). The tandem direction needle is created by finding the closest point in
the coverable region in the direction of the IU tandem from the candidate dwell position. The group
needles combine multiple dwell positions with one needle. Firstly, a line is fitted through all candidate
dwell positions in the group (green line). Secondly, the closest point in the coverable region to the
fitted line is found (black star). Lastly, a line is fitted through all candidate dwell positions in the group,
enforcing the closest point to be on the line (blue line). The resulting line is the group needle.

Applicator
@® Dwell position
. == Needle

Coverable
region

-
* Shortest point

== Fitted groupline

Figure 5.2: Visualisation of different needle types: the shortest needle (left), the tandem direction needle (middle), and the group
needle (right).

5.3. SET COVER FORMULATION

To select the best set of needle segments from the candidate set to cover all candidate dwell points, a
weighted set cover problem (WSCP) formulation is used. The WSCP formulated as an integer linear
program (ILP) is solved using the state-of-the-art solver Gurobi (Beaverton, Oregon, USA) [65]. Gurobi
includes deterministic, parallel branch-and-cut, nontraditional tree-of-trees search, multiple default
heuristics, solution improvements, cutting planes, and symmetry detection algorithms and is created
by Gurobi optimisation. Gurobi is often used in literature for coverage problems, for example, for set
cover [66], max cover [67], and facility location [68].

In our problem formulation of the WSCP U = 1,2, ..., n is a ground set of n candidate dwell points. S is
the candidate set of m candidate needle segments of U, |S| = m. A cover C is a collection of sets Cc S
whose union is U. Each needle segment s € S has a cost c;. The goal is to find a cover of maximum cost.

m
maximise ) CsXs (WSCP) (5.1a)
s=1
subject to Z Agjz1 forall jeU (5.1b)
s:e€S
x5 €{0,1} forall se$S (5.1¢)
Xy+x;=1 forall (y,2)eB (5.1d)
m
Y X5 < Nmax (5.1¢)
s=1

In this formulation, x; denotes if needle s has been selected, and Ay ; denotes if dwell point j has been
covered by needle s. Constraint (5.1b) ensures that all dwell points are covered by at least one needle.
Dwell points within the cover distance d. from the needle are said to be covered by a needle. As the
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needles need to be mutually collision-free, constraint (5.1d) prevents collision pairs from being
selected, as distinguished by the pairwise validity matrix B. Lastly, the number of selected needles is
limited to Npyax by constraint (5.1¢).

The constraints of the WSCP are added to the optimisation in Gurobi. Constraints (5.1b),(5.1d) and
(5.1e) are added as inequality constraints. Constraint (5.1c) is enforced by constraining every element
of x to 1 or 0. The implementations of the different inequality constraints in the optimisation are
explained below.

The covering constraint (5.1b) can be posed as the following linear inequality constraints:
—Apxm Xmx1 = lpx (5.2)

The columns of A belonging to the dwell points within the cover distance from the IU tandem are filled
with ones, ensuring these dwell points do not have to be covered by needles anymore. The collision
constraints (5.1d) are added with the following linear inequality constraints:

Cimxm Xmx1 = lmxi (5.3)

In the collision matrix C, Cy,; is 1 for every colliding needle pair y,z. All elements on the diagonal are
set as 1 and all elements below the diagonal are set to zero. The forbidden needle pairs and forbidden
needles are implemented making use of the collision matrix. A forbidden needle pair (o,p) is added by
setting C,,p to 1 and for a forbidden needle (v), Cy,, is set to 2. The number of needles that are selected
is constrained by constraint (5.1¢). This constraint is implemented by ensuring that a (1 x m) array
filled with ones, multiplied by the needle-selecting array is smaller or equal to Np,4x for every index.

Needles are scored based on the inverse squared distance to the dwell positions covered by the needle,
and weighted by the corresponding dwell time in the BiCycle plan on the grid configuration. The cost
of aneedle, c;, is given by:

co== Y Agjdl 1 (5.4)
jeu

All dwell positions inside the cover distance are used in the score of a needle, even though another
selected needle might also cover the dwell position. Hence, the selection of the cover distance is critical
for the success of the set cover formulation. Selecting a too large cover distance results in central needles
covering a lot of dwell positions and, therefore, getting a more negative score. While needles on the side
cover fewer needles and get a less negative score. If the cover distance is too low, there is no feasible
solution. Hence, the cover distance is iteratively increased until a feasible solution is found, ensuring
that the cover distance is as low as possible and reducing the possibility of penalising for distances to
the same dwell positions more than once. An example visualisation of the effect of the cover distance on
the selection of at most two needles out of a candidate set is shown in Figure 5.3. Here, a too low cover
distance (left), leads to no feasible solution. A too large cover distance (middle), results in the dwell
point distances counting in all needles and therefore the selection of only the red needle. If the cover
distance is set properly (right), the blue and green needles are selected, resulting in a total minimum
distance between the dwell points and the closest needle when selecting two needles at maximum.
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Figure 5.3: Visualisation of the effect of different cover distances. In the image, there are three dwell positions (black circles) to be
covered by a maximum of two needles (red, blue and green). The cover distance is shown by the filled rectangles bounded by the
striped lines. If a dwell point is covered by a needle is indicated by the coloured circles on the dwell position. If the cover radius is
too small (left), no feasible solution is found. If the cover radius is too large (middle) the dwell point distances count in multiple
needles and the algorithm prefers the selection of few needles. In this case, only the red needle would be selected. If the cover
distance is correct (right), the algorithm selects the optimal needles (blue and green).

5.4. PATH PLANNER

The source channels’ centrelines in this work are represented by Bézier curves. Bézier curves are based
on Bernstein’s polynomial bases. The formula for a Bernstein’s polynomial basis is shown below:

by, (1) = (':) RS (5.5)

A linear combination of Bernstein basis polynomials is called a Bézier curve. The formula for a Bézier
curve is shown in (5.6). Here, ¢; is the set of control points of the jth piece of the Bézier curve.

n . .
Bj(6) = )by (0) + ¢jby (1) +... = ) ¢jb}, (1) (5.6)
i=0
A Bézier curve has different properties that are listed in Table 5.1 [69].

Table 5.1: Table containing the properties of a Bézier curve and their explanation.

Property Description

Bézier curves are always completely contained within the convex

Convex hull property hull of their control points.

A Bézier curve’s initial and final points are the first and the last

Endpoint interpolation propert . .
p p PTOPETLY . ontrol points respectively.

The derivative of an nth order Bézier curve is an (n-1)th order

Hodograph property Bézier curve
The Bézier curve parameterised to variable t is defined on ¢ €

Fixed interval property 0.1]

5.4.1. MINIMUM ENERGY FORMULATION

As stated before the curvature of the needle path (x) needs to be minimised. This can be done by
minimising the bending energy of a curve (Epeng) [70]. The bending energy of an in-extensible linearly
elastic rod can be calculated in the following way:

Epena(x) =f1<2(t)||x’(t)||dt (5.7
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The computation of the curvature is computationally expensive. Hence, the bending energy can be
approximated with equation (5.8).

Ebendzf”x”(t)”zdt (5.8)

The cost function for minimising the kth derivative of a Bézier curve (J) can be written in the following
way [52]:

Tal’C t
f f"() (5.9)

ue[x 2zl

For minimising the bending energy, the second derivative is to be minimised (k = 2). Hence, this
problem can be rewritten into a quadratic problem, P” Qy P, where P contains all three dimensions of
the control points in a single column and Qy is the Hessian of the objective. The calculation of Qy will be
explained below. The kth derivative of a Bézier curve of order n can be represented as the following, as it
only requires the derivative of the Bernstein basis and not of the control points, with g;,,(7) =X CL bfl (1).
The derivative also follows a De Casteljau scheme.

dk n! n-k r
— ° i
a8 =Ty Al 610
ki _ ak—1 i+l k-1 i
A c'u—A o -A o (5.11)

In the case of bending energy minimisation with k = 2, the forward difference operator A* is:

20 _ Al i+l Al _ 42 o il i
A L= A Cy A Cyu=Cy 2¢, +cy (5.12)
The derivative can also be expressed in matrix form:

k

d
—Fa(m= b*@) ' DFp (5.13)
@) =0, b 4. IR (5.14)
p=lch,cprcpl’ (5.15)

-1 1
k n!
= 1
- K)! . (5.16)
-1 1

D, is the forward difference operator as a (n — k) x n matrix. This split makes the cost function the
following:

1 ef 1
Ju= Szk_apTDk UO b*@)b* ) dr| D p (5.17)

The part between the brackets is H.

—ky(n—-k
ko pk T n-kj[n-k fl a+byy _ \2n-2k-a—b ;. _ (") 1
ub‘f b" (1)b" (1) dT—( 4 )( b ) A "1 -1) drt = (ZZ:ik) 2kt 1 (5.18)

This follows from the multiplication of two Bernstein bases [71]:

be (n;k)(nzk) ba+b 5.19
n—-kn-k = " an_2k O2n-2k (5.19)
( a+b )

1 1
where: f bldx=—— (5.20)
0 n+1
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The cost function per dimension then becomes the following matrix product:

oNT (L _pkT gk nk 0
CIJ sgk—a D* H"D C#
Ju=| : : (5.21)
cl 1 kT ki | \ et
H a2 D" HDF ) \%
By adding the other dimensions of i one arrives at the quadratic problem:
AR
cy cy
J= QO (5.22)
c2 c
¢z cz

To ensure that the location and direction of both the start and endpoint of the source channel are
correct, two types of equality constraints are incorporated into the optimisation: the position
constraints and the direction constraints. The position constraints make use of the endpoint
interpolation property and the direction constraints make use of the hodograph property. The
resulting optimisation is solved using the MATLAB optimisation routine fmincon and is shown below:

m
minimise Z Jq (5.23a)
k=0
subjectto  ¢§ ;= Penuryyu Y, YGEM (5.23b)
Cig = Preediey Y,V qEM (5.23¢)

1, g+ B2,q o g = BungCn g + M2, Chag  YHL V2, (Ul # p2),VgeM  (5.23d)

ﬁul,qcﬁf‘}] + 17”2'qc;}2_y; = Du1,qC,q + Du2,qCp,q Yul,Vu2, (ul #u2),vygeM  (5.23e)

Here M contains all m selected needles. The equality constraint for the gth needle consists of different
parts. Firstly, all three dimensions of the first control point are set to be equal to the corresponding
entry point dimension (Pentry,,) with constraint (5.23b). Similarly, all three dimensions of the last
control point are set to be equal to the corresponding needle segment location (Ppeedie) with
constraint (5.23c). Secondly, the second control point location is constrained to be in the upward
direction (1) by adding three equality constraints each enforcing the point to be on a plane (5.23d).
The three planes used are the planes defined by two of the three direction dimensions (ul,u2).
Similarly, the second to last control point location is constrained to be in the direction of the needle
segment (D) by adding three plane constraints (5.23¢). The total equality constraint matrix is created by
adding the equality constraint matrix per needle on the diagonal of the total equality constraint matrix.

5.4.2. COLLISION AVOIDANCE

The planned source channel paths need to be mutually collision-free. This can be checked by making
use of the convex hull property [72], which results in overly conservative bounds[73], [74]. Another
option is to use a point-per-point evaluation, which is slow and might suffer from the tunnelling effect.
Hence, a method with a converging lower and upper bound on the distance between two Bézier curves
is used [75]. The pseudocode for this method is shown in Algorithm 1 and a visualisation of the process
is shown in Figure 5.4. The method is explained below.
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Figure 5.4: Visualisation of an example of the fast distance determination algorithm. The Bézier curves are shown in the black
lines and their control points are shown with the black circles. The upper bound (red striped line) is the minimum distance
between the first and last control points (red circles). The blue line represents the lower bound and is determined by the minimum
distance between the convex hulls (blue lines) of the control points. If the relative difference between the bounds is too high, the
Bézier curves are split in the division points (green circles) and the process is repeated (see black striped rectangle) until the
difference is within the bounds.

Let two Bézier curves be defined as:
i=0

n m
Ciw =) PiB(w)  C(v)=} Q;Bj'()
j=0

In these curves u, v € [0,1] and Blfl(u) and B;.n(v) are the nth and mth degree Bézier basis functions. P;
and Q; are the control points in 3D space.

Algorithm 1 Computing the minimum distance a between a given pair of nodes

Require: The global upper bound of minimum distance a, two set of points N1, N2, and a tolerance €

if upperbound (N, N2) < a then
a — upperbound(INy,N»)

end if

if lowerbound(Ny,N») = a(1 —€) then
return o

else
Subdivide N; into Nj; and Ny,
Subdivide N, into N»; and Na,
a — min (a, Algorithm 1(Nyy,No1, @)
a — min (a, Algorithm 1(Ny;,N»2, @)
a — min (a, Algorithm 1(Nj2,Nop, @)
a — min (a, Algorithm 1(Ny2,No2, @))

end if

return o

It is guaranteed that the distance between two points on the different Bézier curves is greater than or
equal to the minimum distance between the Bézier curves. Therefore, the upper bound on the
minimum distance between two Bézier curves can be obtained by sampling two points. By making use
of the endpoint interpolation property, the upper bound can be determined whilst reducing the
sampling cost. According to the endpoint interpolation property the following holds:
Py =C1(0), Py, = C1(1),Qp = C2(0), Qs = C2(1). The upper bound of the minimum distance can be any
one of |Py — Qql, 1Py — Qml, 1Pn — Qol, | Py, — Q. Hence, the upper bound is set as the minimum of these
four values.
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In the determination of the lower bound (blue striped line) the convex hull property is used. The lower
bound is set to be the minimum distance between the two convex hulls of the Bézier curves. To
determine the minimum distance between two convex hulls the GJK algorithm is used [76].

To decrease the gap between the upper and lower bounds in the algorithm, a dynamic scheme for node
division is used. This is based on the use of minimum distance points on the two convex hulls. By
subdividing the Bézier curve as close to this closest point pair, faster convergence of the algorithm can
be achieved. The GJK algorithm returns the closest point pair as a weighted combination of the vertices
of the convex hulls. The parameters for the subdivision are then calculated as follows:

u* =)y x;

i
i (5.24)
0

M=

I
m

m
, v =) xj
i j=0

The Bézier curves are then subdivided using De Casteljau’s algorithm at u* and v* respectively (green
points) [77]. If the relative difference between the upper and lower bound is larger than the tolerance,
the process is repeated on the re-divided Bézier curves. This is visualised in the black-striped square.

The collision constraints (5.25) are added as nonlinear constraints to the optimisation formulation
found in (5.23).
dy,z fast — Ay, zneeded <0 V(),2) EM & VyeM,zeT (5.25)

Here, dy, fas; is the distance between needles y and z or between needle y and part z of the [U tandem
structure according to the fact-checking algorithm. The parts of the IU tandem structure in M are the
small and the large IC tubes. dy, ; needed is the minimum distance between two needles (y,z) or between
aneedle y and a part z of the IU tandem. In Figure 5.5 the different parts of the IU tandem structure are
shown. In this work, the IC tandem tubes are also modelled with two Bézier curves (T). Therefore, in
total, there are M + 2+ Npeedles Nonlinear collision constraints.

«—— |U tandem tube

Cervical stopper

-
+—— SmallIC tube
+«—— lLargeIC tube 3D printed part
of Applicator
IU tandem
- structure

Figure 5.5: Visualisation of the ARCHITECT applicator with different parts of the IU tandem structure annotated.

5.5. MATCHING ALGORITHM

To plan paths from the needle segments to the entry points, needle segments and entry points are
matched considering that their respective channel should have minimum curvature and be
collision-free. The heuristic used to consider these constraints is the distance between the entry points
and the needle segments projected onto a matching plane. This process is visualised in Figure 5.7 and
explained below. In Figure 5.6, a visualisation of the entry region is shown.
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D Applicator

[ ] IU tandem

A Entrypoint

Figure 5.6: Illustration of the standardised entry region seen from below.

The needles are projected in their direction onto a plane at a matching height from the origin of the
needle (green and purple). In this plane, the Hungarian method is used to minimise the overall squared
distance from the projected needle points to the matched entry points [78]. The height of this plane
is an important factor for obtaining the trade-off between channel curvature and collisions. This is
visualised with an example in Figure 5.7. Here, two matching planes are visualised at different heights.
As can be seen, the matching between the entry points (middle and right) and the needle segments
(red and blue) changes by changing the height of the matching plane. A lower matching plane leads to
lower curvature but more collisions and vice versa. The height of the matching plane was empirically
determined to be in the middle of the entry region and the top plane.
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Figure 5.7: Visualisation of two example matching between entry points and needle segments with the matching algorithm. The
needles are projected in their direction onto a plane at a matching height from the origin of the needle (green and purple). In this
plane, the Hungarian method is used to minimise the overall squared distance from the projected needle points (circles) to the
matched entry points (triangles). As can be seen, the height of the matching plane is very relevant as it can change the matching
of entry points to needles. In the example the matchings of the blue and red needles are switched by changing the matching plane
height (green and purple).

5.6. ITERATIVE REPLANNING

In the previous sections, all main steps of the source channel planning method proposed in this work
are described. In the proposed method, these steps are used iteratively to obtain the optimal set of
feasible source channels. This process is visualised in Figure 5.9.
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For the sake of computational efficiency, path planning without considering collision constraints is
used as initialisation for the path planning considering collision constraints. The paths are then
optimised considering the aforementioned collision constraints and subsequently undergo
verification through a brute force straight-line collision assessment. If all paths clear this verification
step without any detected collisions the paths are approved. Conversely, if collisions are identified in
instances where the rapid collision assessment failed to detect any, a more meticulous straight-line
collision optimisation process is initiated. For computational efficiency this is only done if the fast
collision checking method detected no collisions. This path optimisation process is visualised in
Figure 5.8.

Fast
collisions?

Fast collision checking Point per point line

Only energy optimisation optimisation collision checking

Brute force
collisions?

Brute force
collisions?

Brute force
collisions?

No ! No

Figure 5.8: Activity diagram of the source channel paths optimisation algorithm.

Should collisions persist after this optimisation, the entry points of the conflicting needle pairs are
switched and the path planning process is restarted. If the algorithm fails to find a feasible solution
using these needles after N (= 3) restarts, more retries with the same needles are unlikely to lead to a
feasible solution. Hence, the number of restarts is limited to N restarts. If no feasible source channels
are found even after these restarts, a new set of needles is selected. In this set, needle pairs that have
previously been in collision are not allowed to both be selected. Needles that have been in collision
with the IU tandem are removed from the candidate set. If multiple collisions occur after the restarts,
the maximum number of needles is reduced and a new set of needles is selected.

During the switching of colliding needles, the colliding needles switch their matched entry points.
However, if a needle’s entry point is already switched, the entry point can not be switched again.
Otherwise, it would be possible that a needle’s entry point is switched multiple times in a row and, in
doing so, creates new collisions. Whereas switching two needles also resolves the other collisions. Not
all collisions have to be resolved after the first switching step. If there are still collisions after the first
switching step, these could be solved in the next switching step. Needles colliding with the IU tandem
are moved to the free entry point with the lowest heuristic value. If the number of needles is decreased
to below 1, the algorithm stops and no feasible paths are returned.
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Figure 5.9: Activity diagram of the iterative optimisation of the simultaneous Bézier curve path planning algorithm.



6 COMPLEMENTARY RESULTS

In this chapter, extra results that are not presented in the paper but give valuable insights into the
proposed method are presented. In Section 6.1, more results of the grid configurations are presented.
In Section 6.2, more results of the ARCHITECT configurations are presented. Tables containing all
treatment planning results for the patients receiving three and four fractions are shown in Section 6.3.
A component-based analysis of the different components of the proposed method is presented in
Section 6.4. Recommendations to improve the method are presented in Section 6.5.

6.1. GRID CONFIGURATION RESULTS

To obtain the high-potential dwell positions, BiCycle is used to create a treatment plan on a grid
configuration. In Figure 6.1, a visualisation of the resulting treatment plan for patient 1 is shown. Here,
the dwell positions in the grid configuration are shown in black, and the corresponding dwell time in
the treatment plan is visualised in green.

B CTV,y,

L CTV,

|| Vaginal Cavity
| | Bladder

|:| Rectum

| Sigmoid

@ 10seconds Hll Bovel

e 5seconds . Dwell position

. 1second @ Dwelltime

Figure 6.1: Visualisation of the treatment plan with the grid configuration for patient 1. All potential dwell positions are shown in
black. The corresponding dwell time is visualised in green. The larger the diameter of the circle, the larger the dwell time. On the
left, only the tumour region and the vaginal cavity is displayed. On the right, the OARs are also visualised.

The maximum dwell time in this grid configuration treatment plan was 21 seconds. In contrast, the
treatment plan with the clinical configuration for this patient had a maximum dwell time of 26 seconds.
This adds to the indication that the grid configuration has a preferred dose distribution over the clinical
configuration as the dwell time is more homogeneous.

6.2. ARCHITECT CONFIGURATION

The proposed source channel planning algorithm found feasible solutions for all 22 patient cases. The
generated ARCHITECT applicator for patient 1 is shown in Figure 6.2. The corresponding treatment
plan is visualised in Figure 6.3.

37
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Figure 6.2: Patient-tailored applicator generated with the proposed method visualised from different angles.
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Figure 6.3: Visualisation of the treatment plan with the proposed ARCHITECT configuration for patient 1. The dwell times are
visualised in green. The larger the diameter of the circle, the larger the dwell time. On the left, only the tumour region and the
vaginal cavity is displayed. On the right, the OARs are also visualised.

As stated, the relevant DVH parameters do not fully describe the dose distribution. Hence, the dose
distributions are also visualised on MRI slices. The conventional clinically used applicator has oblique
needles pointing slightly away from the tandem and not reaching the appropriate depths. Hence, this
applicator lacks superior coverage of the target volume. In Figure 6.4a, a resulting dose distribution on
a superior axial slice of an MRI is shown. As can be seen, the lack of dwell positions results in a
non-optimal coverage of the target volume. The resulting dose distribution with the proposed
ARCHITECT applicator on the same slice is shown in Figure 6.4b. This applicator has multiple dwell
positions in the superior region, allowing for better target volume coverage whilst decreasing the OAR
dose.
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(b) The ARCHITECT configuration

Figure 6.4: Visualisation of dose distribution on a superior axial MRI slice obtained with the treatment plan with the clinical (a)
and the ARCHITECT (b) configuration. On the right, the corresponding needle configuration is visualised in the 3D anatomy of
the patient. The different clinically relevant volumes are also annotated on the slice height.

In Figure 6.5a and Figure 6.5b, the dose distribution on a lower axial slice of the MRI is displayed for
the clinical and ARCHITECT configuration, respectively. The dose distribution with the ARCHITECT
applicator is created with more dwell positions, and because the spread of the dwell points is better,
the individual dwell points have lower dwell times, resulting in a larger dropoff in radiation. This
can be observed in the distance between the 150% and the 100% isodose lines. This larger dropoff
results in a lower OAR dose, which can be seen in the reduced overlap between the isodose lines and
the delineated OARs. Moreover, the area receiving 400% of the prescribed dose is smaller with the
ARCHITECT configuration, adding to the belief that a better spread of dwell positions can reduce hot
spots.
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Figure 6.5: Visualisation of dose distribution on an axial MRI slice obtained with the treatment plan with the clinical (a) and
the ARCHITECT (b) configuration. On the right the corresponding needle configuration is visualised in the 3D anatomy of the

patient. The different clinically relevant volumes are also annotated on the slice height.

6.3. ALL RESULTS

Table 6.1 and Table 6.2 show the mean, range, and p-value for the different parameters for all three
configurations used in this work for patients receiving 3 and 4 fractions, respectively. The p-values
for the grid and ARCHITECT configurations are evaluated using Wilcoxon signed rank tests using the

clinical configurations as a comparison.



Table 6.1: Overall results for patients with three fractions for the different configurations.

Clinical ARCHITECT Grid
Parameter median max min IQR | median max min IQR p-value | median max min IQR p-value
CTVur Dyo (Gy) 9.43 10.01 9.37 0.01 9.43 9.44 9.43 0.01 7.09e-1 9.56 9.59 951 0.02 6.15e-4
CTVyr Dgsg (Gy) 7.80 8.20 6.48 0.56 7.47 8.17 7.13 0.67 4.45e-1 7.98 8.19 7.18 0.44 1.99e-1
CTVig Dgsg (Gy) 4.42 549 2.89 0.35 4.44 580 4.39 0.05 2.1le-1 4.65 5.13 4.43 0.12 2.15e-3
Bladder D,,,3 (Gy) 6.46 745 410 1.61 6.17 7.12  4.05 141 7.79e-4 5.81 6.57 3.83 1.28 4.0le-5
Rectum D3 (Gy) 3.85 5.85 1.63 2.25 3.59 5,92 1.81 2,50 8.15e-3 3.06 5.63 1.64 2.58 6.08e-5
Sigmoid Dy 3 (Gy) 3.99 592 1.08 1.48 4.18 593 1.19 2.01 8.58e-1 4.43 542 1.03 1.47 1.93e-3
Bowel Dy 3 (Gy) 2.77 494 054 2.82 2.71 5.33 0.51 3.15 8.90e-3 2.68 5.11 0.46 2.68 5.30e-5
CTVhr Vigo (cm®) 0.98 0.99 096 0.01 0.98 0.99 0.97 0.02 5.70e-1 0.99 0.99 0.97 0.01 1.15e-1
CTVur Viso (cm®) 0.73 0.79 0.68 0.02 0.73 0.78 0.63 0.05 4.26e-1 0.64 0.71 0.55 0.08 5.30e-5
COIN (-) 0.65 0.37 0.88 0.15 0.73 0.44 0.85 0.19 2.62e-2 0.77 0.52 0.87 0.12 9.15e-5
Total dwelltime (s) 338 523 221 94 331 512 220 61 1.73e-3 299 431 218 68 4.01e-5
Number of needles (-) 4 2 6 2.00 5 4 7 1.25 2.64e-1 - - - - -
Table 6.2: Overall results for patients with four fractions for the different configurations.
Clinical ARCHITECT Grid

Parameter median max min IQR | median max min IQR p-value | median max min IQR p-value
CTVhr Dgo (Gy) 7.74 7.75 7.41 0.09 7.75 7.75 7.74 0.003 7.09e-1 7.86 7.87 7.84 0.02 6.15e-4
CTVyhr Deg (Gy) 6.47 6.73 5.84 0.86 6.36 6.61 5.97 0.50 4.45e-1 6.57 6.66 5.88 0.56 1.99e-1
CTVir Dog (Gy) 3.56 3.68 3.50 0.10 3.58 410 3.51 020 2.11le-1 3.77 3.98 3,58 0.13 2.15e-3
Bladder D,,;3 (Gy) 5.96 6.08 5.44 0.47 5.43 6.28 493 0.54 7.79e-4 5.44 545 4.71 0.20 4.0le-5
Rectum Dy 3 (Gy) 3.54 393 1.28 1.74 2.65 390 1.29 1.03 8.15e-3 2.06 3.07 1.07 1.10 6.08e-5
Sigmoid D,.,,3 (Gy) 4.71 497 3.37 0.73 4.47 470 3.42 0.46 8.58e-1 3.98 447 317 0.94 1.93e-3
Bowel Dy .,3 (Gy) 0.92 1.20 0.51 0.52 0.88 0.99 045 0.41 8.90e-3 0.79 0.89 0.44 0.34 5.30e-5
CTVug Vigo (cm®) 0.98 0.99 0.95 0.03 0.97 0.98 0.96 0.01 5.70e-1 0.98 0.98 0.96 0.02 1.15e-1
CTVur Viso (cm®) 0.67 0.70 0.63 0.05 0.68 0.70 0.66 0.03 4.26e-1 0.50 0.53 0.47 0.05 5.30e-5
COIN (-) 0.62 0.60 0.68 0.06 0.73 0.59 0.78 0.10 2.62e-2 0.79 0.70 0.82 0.05 9.15e-5
Total dwelltime (s) 349 428 315 71 340 402 307 64 1.73e-3 298 319 265 27  4.0le-5
Number of needles (-) 4 2 6 2.00 5 4 7 1.25 2.64e-1 - - - - -
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6.4. COMPONENT-BASED ANALYSIS OF THE PROPOSED METHODOLOGY

In this section, the different components of the proposed method are analysed. The components that
are analysed are the candidate dwell point selection (Subsection 6.4.1), the needle selection
(Subsection 6.4.2), the path planning algorithm (Subsection 6.4.3), and the IC dwell point placement
(Subsection 6.4.4). Additionally, the runtime of the current implementation of the proposed method is
analysed in Subsection 6.4.5.

6.4.1. CANDIDATE DWELL POINT SELECTION

The number of candidate dwell points selected to create the candidate set can influence the quality of
the resulting treatment plan. In this work, the candidate dwell points are obtained by making use of
BiCycle on a grid configuration. From the resulting treatment plan, the Dy« dwell positions with the
highest dwell time are selected as the candidate dwell positions. As the value of Dy is user-selected,
an analysis of the effect of this value is conducted.

There are various ways in which the number of candidate dwell points can influence the resulting dose
conformity. Some of these stem from the set cover formulation requirement that all candidate dwell
points must be covered at least once. Consequently, if a candidate dwell point is positioned close to an
OAR, the selected candidate needles are likely to be closer to the OAR as well, increasing the
probability of over-radiating the OAR. Furthermore, if a candidate dwell point is challenging to reach
while adhering to all needle constraints, it will be sparsely covered by needles in the candidate set.
This underrepresentation might lead to a greater cover distance, possibly resulting in lower dose
conformity. Conversely, utilising too few candidate dwell points might lead to a set of candidate dwell
points not properly representing the resolution optimal dose distribution, potentially leading to
regions of the CTV not being radiated properly.

To analyse the effect of the number of candidate dwell points, a candidate set is created for different
values of Dpyax. From this candidate set, the optimal needles are selected using the set cover problem
formulation proposed in this work. In this analysis, no path-planning steps are performed. The
selected needles are used directly to create the configuration on which BiCycle is used to do the dwell
time optimisation. The original ovoid dwell positions from the clinical configuration are used as IC
points to ensure that inferior coverage is not compromised in this analysis. The different values for
Dnax that have been tested are 30, 35, 40 and 45.

The results of the treatment optimisations for the different values of Dpax are shown in Table 6.3. As
can be observed, the number of candidate dwell points used to create the candidate set influenced the
number of planning aims that were met. For every patient, the number of planning aims that were met
is the highest with the candidate set created based on 35 candidate dwell points. Consequently, D,y is
selected to be 35 in this work.



Table 6.3: Results of the treatment optimisations with BiCycle on the configurations with different numbers of candidate dwell points (Dmax). The configurations are created based on the Dmax
dwell points with the highest dwell time from the grid configuration. These dwell points are used to create a candidate set from which the optimal needles are selected, making use of the set cover
formulation. The selected needles are used directly to create the configuration without performing path planning. CD stands for cover distance.

Clinical Dmax =30
Patient | Needles | Aims met | CD | Needles
1 4 5/7 7 10
2 5 11 6
3 6 9 7 8
4 4 8 8 8
5 5 9 9 9
6 3 9 10 9
7 4 11 10 7
8 4 10 9 7
9 4 10 5 7
10 5 9 7 9
11 4 9 7 9
12 6 12 8 7
13 3 8 8 7
14 6 8 9 9
15 6 8 9 7
16 3 7 5 10 9 10
17 6 7 10 7 10 9
18 6 9 9 7 26 2
19 4 8 8 9 10 10
20 2 10 10 7 9 9
21 4 4/7 10 10 4 32 2 5/7
22 6 5/7 8 10 7 15 4 5/7
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6.4.2. NEEDLE SELECTION ALGORITHM

The quality of the needle selection is crucial for the resulting dose conformity. Hence, the working of
the needle selection algorithm is tested extensively. Firstly, the ability to recreate clinical needles based
on the clinical dwell positions is tested. Secondly, the dose conformity of the configuration obtained
by only using the set cover formulation is analysed.

When using the clinical dwell points as input for the needle selection algorithm, the algorithm should
return the clinically used needles. No extra needles should be placed, and all dwell points should be
covered exactly. In Figure 6.6, the selected needles based on clinical dwell points can be seen. As
observed, the selected needles cover all dwell points precisely, meaning the algorithm successfully
passed the test.

’
/ 4

3D printed part
of Applicator

. Dwell position

== Needle

Figure 6.6: Visualisation of the selected needles (blue) by the proposed method based on the original clinical dwell points (black).

The effectiveness of the set cover problem in selecting a needle set that leads to good dose conformity
is evaluated. To this end, the selected needle set by the set cover formulation is directly used to create
a treatment configuration. The original ovoid dwell positions from the clinical configuration are used
as IC points in this configuration. The differences in fraction doses for the clinical and the set cover
configuration per patient per dosimetric index are shown in Figure 6.7. The resulting treatment plans
obtained clinically feasible treatment plans that met 5 fewer planning aims than the treatment plans
with the grid configurations. As losing dose conformity due to the needle feasibility constraints is
unavoidable, the weighted set cover approach is believed to be valid.
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Figure 6.7: Bar chart showing the differences between the relevant DVH parameters from the treatment plans obtained with the
clinical and the set cover configuration. Bars above the x-axis indicate that the set cover configuration obtained a preferred dose
for that volume, whereas bars below the x-axis indicate that the clinical configuration obtained the preferred dose. Planning aims
not being met are indicated by the yellow blocks, and aims being met are indicated by the green blocks. If the structure was not
annotated in the structure set, it is indicated by a black box. The patients receiving three fractions are shown on the left of the
vertical black dotted line, and the patients receiving four fractions are plotted on the right of this line.
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Even though the set cover approach is believed to be valid, possible improvements can still be made.
Several patients in the patient cohort have vaginal extensions of the target volumes. The candidate set
created for these patients might have candidate dwell points that are sparsely covered by candidate
needles in the candidate set. Sparsely covered candidate dwell points are candidate dwell points that
are not covered by a lot of needles within a small coverage distance. The requirements used in this
work, like the requirement on tissue insertion angle, make the candidate dwell points of the vaginal
extension difficult to cover. Furthermore, in this work, potential needles are only added to the
candidate set if all constraints are met and are directly discarded otherwise. In order to prevent the
sparse points from leading to a large coverage distance in the adaptive algorithm and, therefore, to the
selection of non-optimal needles, extra candidate needle segments can be added to cover the sparse
dwell positions. These extra candidate needle segments are called sparse point needles.

These sparse point candidate needles are generated through different steps. Firstly, the sparse
candidate dwell positions are identified. Any candidate dwell position not covered by at least ten
candidate needles in the candidate set, using a coverage distance of 6 mm, is considered a sparse
point. Secondly, for each sparse point, random needles are sampled towards the nearest part of the
applicator. The sampled needles are added to the candidate set if all constraints are met. Lastly, for
groups of sparse points, needles are similarly sampled and added to the candidate set, provided all
constraints are met. An example candidate set with sparse point needles is shown in Figure 6.8. In this
Figure, there are 4 sparse dwell positions, denoted with the pink circles. As can be seen, all sparse dwell
positions are indeed in the vaginal extension of the tumour. The extra sparse candidate needles that
are added to the candidate set are shown in red. The original candidate set size and the number of
sparse point needles added to cover the sparse points for every patient are displayed in Table 6.4.

M crv,,,
CTVg
Applicator
IU tandem
structure
@ Dwellposition
. Sparse dwell
position
Original
candidate needle

Sparse point
candidate needle

Figure 6.8: Visualisation of an example candidate set with added needles for sparsely covered dwell positions. The dwell positions
are denoted with black circles, and a sparse dwell position is denoted with a pink circle. The original candidate needles are
visualised in blue, and the needles added to cover the sparse dwell positions are shown in red.
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Table 6.4: Table showing the original candidate set size and the number of sparse point needles added to cover the sparse points.

Patient 1 2 3 4 5 6 7 8 9 10 11

Number of sparse

. 58 80 16 0 40 0 80 40 0 39 42
point needles

Original candidate | 1456 2305 1281 2406 1607 2188 2555 2314 2554 2273 1906
set size

Patient 12 13 14 15 16 17 18 19 20 21 22

Number of sparse

. 200 0 40 58 0 40 0 120 40 65 0
point needles

Original candidate

. 1445 1817 2113 1982 1953 2431 2993 2690 1761 2884 1993
set size

The maximum number of sparse point needles that are added for the patients in the current patient
cohort is 200. Considering that the total number of candidate needles in the original candidate set is
between 1817 and 2993 for this patient cohort, the candidate set size increase due to adding sparse
point needles is not large. Therefore, if the addition of this limited number of needles increases the
dose conformity, the addition is considered to be desired.

The set cover configurations with the addition of sparse point needles obtain the results shown in
Figure 6.9 when compared to the clinical configurations. As can be seen, the addition of the sparse
points only increased the dose conformity of the resulting treatment plan for patient 19, compared to
the set cover configuration without sparse point needles. Hence, the additional sparse needles are not
added to the standard candidate set. It should be noted that in this test, only one needle is needed to
cover a dwell point, as all selected needles are directly accepted. In the real ARCHITECT configuration
with source channel planning, straight needle segments might not lead to feasible source channel paths
and thus be rejected. Consequently, having extra needles to cover the sparse points might become
beneficial.
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Figure 6.9: Bar chart showing the differences between the relevant DVH parameters from the treatment plans obtained with the
clinical configuration and the set cover configuration with extra needles for the sparse points. Bars above the x-axis indicate that
the set cover configuration obtained a preferred dose for that volume, whereas bars below the x-axis indicate that the clinical
configuration obtained the preferred dose. Planning aims not being met are indicated by the yellow blocks, and aims being met
are indicated by the green blocks. If the structure was not annotated in the structure set, it is indicated by a black box. The patients
receiving three fractions are shown on the left of the vertical black dotted line, and the patients receiving four fractions are plotted
on the right of this line.
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6.4.3. TANDEM COLLISIONS

The proposed iterative simultaneous path planning algorithm plans source channel paths from the
straight needle segments to the corresponding entry points. These paths are only deemed feasible if all
paths remain within the applicator, are not in collision with each other, and are not in collision with
the IU tandem structure. The current matching heuristic obtains a tradeoff between the curvature of
the source channels and the number of inter-source channel collisions. The heuristic does not take
collisions with the IU tandem into account. A different heuristic taking these collisions into account
might result in fewer rejected sets of needles and consequently lead to higher dose conformity. The
loss in dose conformity due to tandem collisions in the proposed method is investigated to get an
estimate of the benefit of a matching algorithm that prevents IU tandem collisions. This analysis is
performed by creating the ARCHITECT configuration with the proposed method, only without the IU
tandem distance constraints. In the comparison with the full ARCHITECT configuration, the losses
due to the tandem collisions can be observed.

In Figure 6.10, the differences between the relevant DVH parameters from the treatment plans
obtained with the clinical and the ARCHITECT configurations without taking tandem collisions into
account are shown. The total amount of planning aims not being met was equal with and without the
tandem collisions. However, for almost all planning aims that are not met, the resulting treatment plan
with the ARCHITECT configuration without tandem collisions obtained a preferable dose over the
treatment plan with the ARCHITECT configuration with tandem collisions. Therefore, the method
could benefit from an adaptation that leads to fewer sets of needles being rejected due to tandem
collisions.

The rejection of some needle sets due to infeasibility is unavoidable; however, if fewer sets are rejected,
the resulting dose conformity will be closer to pure set cover configuration dose conformity. The
rematching of needles already ensures fewer sets of needles are rejected due to infeasibility, but even
fewer rejected sets would improve the dose conformity even more. The current matching heuristic
only considers distance and does not consider potential tandem collisions. A different heuristic taking
into account potential collisions with the IU tandem structure might be beneficial.
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Figure 6.10: Bar chart showing the differences between the relevant DVH parameters from the treatment plans obtained with
the clinical and the ARCHITECT configuration without taking tandem collisions into account. Bars above the x-axis indicate that
the set cover configuration obtained a preferred dose for that volume, whereas bars below the x-axis indicate that the clinical
configuration obtained the preferred dose. Planning aims not being met are indicated by the yellow blocks, and aims being met
are indicated by the green blocks. If the structure was not annotated in the structure set, it is indicated by a black box. The patients
receiving three fractions are shown on the left of the vertical black dotted line, and the patients receiving four fractions are plotted
on the right of this line.
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6.4.4. IC DWELL POINT PLACEMENT

As stated, all straight needle segments selected in the current work are IS needles. The IC dwell
positions used in the ARCHITECT configuration are placed on the curved source channel paths
optimised by the simultaneous path planner. The path planner does not optimise the position of the
IC dwell positions, hence their quality needs to be checked. To evaluate the quality of these IC dwell
positions, the resulting dose conformity is compared to a theoretical treatment plan that retains the
original ovoid IC positions. Although these original positions are not feasible in combination with the
selected needles, this comparison serves as a benchmark to assess the quality of the adapted IC dwell
positions. If the quality of the current IC dwell positions is not sufficient, extra IC channels can be
added to the configuration to increase the IC radiation possibility and, thereby, the dose conformity.

In Figure 6.11, the differences in relevant DVH parameters between the treatment plans obtained with
the clinical configuration and the ARCHITECT configuration using the original ovoid points are shown,
As can be seen, using the original ovoid dwell positions increased dose conformity for several patients.
This suggests that adding extra IC source channels might improve the quality of the IC dwell positions
and, consequently, increase dose conformity.
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Figure 6.11: Bar chart showing the differences between the relevant DVH parameters from the treatment plans obtained with
the clinical configuration and the ARCHITECT configuration with the original ovoid points. Bars above the x-axis indicate that
the ARCHITECT configuration obtained a preferred dose for that volume, whereas bars below the x-axis indicate that the clinical
configuration obtained the preferred dose. Planning aims not being met are indicated by the yellow blocks, and aims being met
are indicated by the green blocks. If the structure was not annotated in the structure set, it is indicated by a black box. The patients
receiving three fractions are shown on the left of the vertical black dotted line, and the patients receiving four fractions are plotted
on the right of this line.

6.4.5. RUNTIME ANALYSIS

The runtime of the algorithm is analysed to identify potential parts of the algorithm that would need
speeding up. The runtimes of the different parts of the algorithm for the different patients in the patient
cohort are shown in Figure 6.12.
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Figure 6.12: Bar chart showing the runtimes for the different parts of the proposed methodology per patient in the patient cohort.
The runtimes in minutes are also inside the bars and the total runtime is displayed on top of the bars. In between the brackets,
the number of times the iterative path planner is restarted on a different matching or needle selection is displayed.

The average runtime of the current implementation of the proposed method was 32 minutes, with a
maximum of 52 minutes, indicating that it is already within a clinically feasible runtime range.
However, there is potential to further reduce this runtime, for example, by more extensively
parallelising the calculations. The most time-consuming step is the needle selection and the
generation of the corresponding paths. The needle selection process is repeated until the simultaneous
path planning algorithm finds feasible source channels for all selected needles. The median number of
times the path optimisation algorithm was restarted is six times. As can be observed, more restarts
were related to longer runtimes. Consequently, a reduction in runtime can be achieved by increasing
the success probability of the path planner on the initially selected needles. This could involve
incorporating additional needle checks, only allowing needles with high path-planning success
probability in the candidate set, or adapting the matching heuristic to reduce the number of collisions.

6.5. RECOMMENDATIONS

Based on the component-based analysis of the proposed methodology different areas of improvement
are identified. There are three recommended areas of improvement: i) the IC dwell positions, ii) the IU
tandem collision avoidance and iii) the candidate dwell point selection. The recommended areas of
improvement, together with suggested improvement approaches, are described below.

The use of the original ovoid dwell positions in the ARCHITECT configuration has demonstrated that
the quality of the IC dwell point can be improved. The addition of extra IC dwell positions can lead to
improvement in dose conformity. Extra IC source channels can be created by random sampling [9]. By
adding biased sampling towards the vaginal extensions, a possibly higher target dose can be achieved.

The analysis of the effect of the IU tandem collisions in the proposed source channel path planning
method shows that the IU tandem collisions lead to losses in dose conformity compared to the set
cover configuration. Even though rejections due to these collisions are unavoidable, fewer rejections
lead to better dose conformity. Using a different heuristic, taking into account potential collisions with
the IU tandem structure, might be beneficial. Possible approaches could use the minimum energy
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curves for all possible matching combinations, with a heuristic that increases the cost of needles in
collision [79], or increases the score in the case of neighbouring paths [80]. In this case, increasing the
score of a match in which the minimum energy curve is in collision with the IU tandem or increasing
the score of entry points close to the IU tandem. Besides adapting the matching heuristic, collisions
with the IU tandem can also be prevented by adding repelling points in the IU tandem structure [70].
The repelling points increase the energy of nearby paths, increasing the distance between the needles
and the IU tandem structure.

The current method to obtain candidate dwell positions uses BiCycle on an equally spaced grid. In
this study, the grid resolution and placement are not varied. Research has shown that the step size
between dwell positions plays a significant role in the dose conformity for HDR-BT for the prostate
[81]. Moreover, the grid spacing and placement also affect the optimisation time and convergence of
BiCycle, as, for example, more points lead to alonger optimisation time. In a study (data not shown), the
10 mm grid spacing was found to lead to good biasing of the needles while still leading to reasonable
optimisation times. Besides varying the standard grid spacing, random perturbations and a circular
pattern might also be beneficial. A weighted combination of multiple sparse grids is also an option to
be considered. Additionally, the D,,,, dwell positions in the target volume with the highest dwell time
according to the grid configuration treatment plan are used. This number is empirically determined to
be 35 based on the candidate dwell point selection analysis. The amount of dwell positions selected
could be made relative to the size of the clinical target volume.
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A APPENDIX

A.1. BICYCLE WISHLIST FOR THE GRID CONFIGURATION

Table A.1: Table containing the BiCycle wishlist used for the grid configuration.

Structure Min/Max Function Measure Limit Goal Sufficient Priority
Constraints
Bladder Minimise Dose- Volume D2cc 2 - - Constraint
Rectum Minimise Dose- Volume D2cc 2 - - Constraint
Sigmoid Minimise Dose- Volume D2cc 2 - - Constraint
Smoothing Minimise Quadratic 50 - - Constraint
Bowel Minimise Dose- Volume D2cc 2 - - Constraint
RectoVaginalPoint Minimise Linear Q - - Constraint
Objectives
CTVIR Maximise Dose- Volume Va8 - 98 98 1
CTVHR Maximise Dose- Volume V90 - 91.3 91.3 3
Bladder Minimise Dose- Volume D2cc - 2 2 6
Bladder Minimise EUD - 100 0.01 6
Rectum Minimise Dose- Volume D2cc - 2 2 7
Rectum Minimise EUD - 100 0.01 7
Bowel Minimise Dose- Volume D2cc - 2 2 8
Sigmoid Minimise Dose- Volume D2cc - 2 2 8
RectoVaginalPoint Minimise Linear Dmax - R 0.01 8
Bowel Minimise EUD - 100 0.01 8
Sigmoid Minimise EUD - 100 0.01 8
Vaginal Top Left Minimise Linear Dmax - S S 12
Vaginal Top Right =~ Minimise Linear Dmax - T T 12
Al Maximise Linear Dmax - 0 N 13
Ar Maximise Linear Dmax - 0 0) 13
Smoothing Minimise Quadratic - 1000 0 14
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A.2. BICYCLE WISHLIST FOR THE CLINICAL AND THE ARCHITECT
CONFIGURATIONS

Table A.2: Table containing the BiCycle wishlist used for the clinical and ARCHITECT configurations.

Structure Min/Max Function Measure Limit Goal Sufficient Priority
Constraints
GTVres Minimise Linear C - - Constraint
Bladder Minimise Dose- Volume D2cc 2 - - Constraint
Rectum Minimise Dose- Volume D2cc 2 - - Constraint
Sigmoid Minimise Dose- Volume D2cc 2 - - Constraint
Bowel Minimise Dose- Volume D2cc 2 - - Constraint
RectoVaginalPoint Minimise Linear Q - - Constraint
Smoothing Minimise Quadratic Tandem/Intra 200 - - Constraint
Smoothing Minimise Quadratic Needle 400 - - Constraint
Objectives
CTVIR Maximise Dose- Volume V98 - 98 98 1
CTVHR Maximise Dose- Volume V90 - 90 90 3
Bladder Minimise Dose- Volume D2cc - 2 2 6
Bladder Minimise EUD - 100 0.01 6
Rectum Minimise Dose- Volume D2cc - 2 2 7
Rectum Minimise EUD - 100 0.01 7
Bowel Minimise Dose- Volume D2cc - 2 2 8
Sigmoid Minimise Dose- Volume D2cc - 2 2 8
Bowel Minimise EUD - 100 0.01 8
Sigmoid Minimise EUD - 100 0.01 8
RectoVaginalPoint Minimise Linear Dmax - R 0.01 8
Vaginal Top Left Minimise Linear Dmax - S S 12
Vaginal Top Right =~ Minimise Linear Dmax - T T 12
Al Maximise Linear Dmax - 0 N 13
Ar Maximise Linear Dmax - 0 0] 13
Smoothing Minimise Quadratic Tandem/Intra - 200 0 14
Smoothing Minimise Quadratic Needle - 400 0 14
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