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1 Introduction

Brachytherapy (BT) is a well-established therapy option for cancer treatment which
roots back to the beginnings of radiotherapy with its first patient treated in 1901 only five
years after the discovery of radioactivity in 1896 by Henri Becquerel [1]. The principal
idea of curing cancer by the short-range radiation® of radionuclides remained the same
up to modern state of the art BT.

Innovations in BT were driven by the optimisation of the treatment procedure to
enhance patient related treatment outcomes and to reduce the staff’s radiation exposure.
The latter could be achieved by taking care in radiation protection techniques and
choosing the most appropriate radioactive nuclide. Physical properties as the half-life,
the radiation type and the dose depth curve in water have to be considered. In the
1910s to 1920s radium, the first radioactive element found, was used for prostate-BT
[2]. Later on, a solution of 1% Au was implanted to treat prostate cancer by making use
of the 5~ component of the radioactive decay [3]. In the 1960s, iodine seeds with a low
E, = 28.37keV photon emission were developed in order to maintain a high dose to the
tumour while reducing the staff’s exposure [4]. The radioactive sources are encapsulated
which facilitates their handling and prevents contamination of the operation theatre.

The intraoperative seed implantation was an early technique that got along without
any imaging modalities by defining the target volume under sight within the tumour
bed. In the 1970s 60 patients underwent intraoperative ?°I seed implantations into the
prostate [4]. Retro pubic open surgery was used to stage the prostate cancer and then
proceed with lymphadenectomy and seed implantation. The prostate size was estimated
by the tumour bed and the needle path-length into the prostate to estimate the total
activity needed for tumour control. The seeds were then implanted with 1 cm distance to
each other. Because of the lack of intraoperative imaging, the needle tip was sensed with
the physician’s finger to prevent puncturing the rectum wall. From the 80s to the early
2000s intraoperative seed-BT was prescribed for unresectable pancreatic cancers [5, 6],
lung cancer [7], liver metastases [8] as well as tumours causing spinal cord compression

[9].

State of the art prostate Brachytherapy With the innovations in External-Beam Ra-
diation Therapy (EBRT) conformal irradiation of the tumour without the need of surgery
and anaesthesia were possible and BT had declining importance except for prostate BT.
For the latter, a distinction is made between high-dose rate afterloading-BT (HDRBT)
and low-dose rate seed-BT for prostate cancer. The afterloader seals the radiation source
and is able to release it remotely with a wire, when the staff left the operation theatre.
Nowadays, it used with a '9?Ir source temporarily irradiating the clinical target volume
with a dose rate exceeding 12 % [10]. Prostate seed-BT in contrast is called low-dose-
rate (LDR) BT with a dose rate of less than 2 % Both HDR BT and LDR BT can
be applied as monotherapy or in combination with EBRT and lead to good treatment
outcomes [11-14]. However, this thesis focuses on the use of seeds in LDR BT.

"hrachys” is short in Greece
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Prostate seed-BT is a minimally invasive therapy option for early staged prostate
carcinoma [15]. The modern approach is based on permanent implantation of stranded
seeds in the prostate through a template grid, which is mounted to the transrectal ultra-
sound (TRUS) imaging device [16]. The latter is used for live imaging and intraoperative
treatment planning. Antigen free survival outcomes in a comparative study for low and
intermediate risk prostate carcinoma are shown to be higher than EBRT and surgery
suggesting an excellent local tumour control [12]. Alongside a questionnaire to patients
that underwent seed-BT in the local therapy department resulted in favourable long-
term quality of life outcomes with an follow up after a median of 51 and 141 months
respectively [17, 18].

The workflow starts with the acquisition of the 3D-TRUS image set which is contoured
in the operation theatre. An inverse optimizer calculates the treatment plan defining
the needle trajectories through the fixed template and the number of seeds used. The
physicist optionally refines this plan by adjusting the insertion depth of the needles or by
adding or removing seeds. These two steps are termed as intraoperative and interactive
planning respectively [19]. The needles are then implanted under live TRUS imaging.
The live needle position can be registered to update the live dose distribution, which is
termed as dynamic dose calculation in [19]. The physician is then able do decide whether
the seeds are released or the needle is repositioned. An underdosage of the target volume
can be prevented by implanting additional needles at the end of the procedure. One day
and six weeks after the implantation a Computed Tomography (CT) scan is acquired
for quality assurance of the implant. In the past, seed migration was a common problem
where mostly single loose seeds show pulmonary, distal toward the perineum or seminal
vesicles migration after implantation. This effect could be minimized by using stranded
seeds [20].

The therapy options for prostate seed-BT depend on the prostate carcinoma staging
and the risk for distant metastases. For low risk and favourable intermediate risk prostate
carcinoma the Clinical Target Volume (CTV) can be prescribed to 145 Gy as the covering
isodose in a monotherapy [21]. The CTV here is the whole prostate delineated in the
TRUS images plus margins with dose constraints to the urethra in order to prevent
incontinence and sexual dysfunction after treatment. For intermediate and localized
high-risk prostate carcinoma 115 Gy prescription dose as a boost to the CTV and 40 Gy
of EBRT to the Planning Target Volume (PTV) is an alternative to EBRT alone [13].

Fields of modern research Prostate seed-BT is still subject of research. With prostate
cancer having a high incidence but a relatively low mortality rate in Europe active
surveillance is recommended first for low risk prostate carcinoma to prevent overtreat-
ment [21]. For a curative treatment with less impairments of quality of life focal treat-
ment approaches are investigated where only sub-volumes of the prostate were delineated
as target volumes [22-26]. A patient study where only the hemi-gland was prescribed
could not show a statistically significant benefit for quality of life [23] and hence even
smaller volumes are considered in the ultra-focal approach [26].

However, these smaller target volumes raise the requirements for a successful implant
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to the technique and the team. Retrospective simulations comparing the treatment of the
whole prostate, the hemi gland or focal F-CTVs have shown the dependence of volume
size and shape to seed displacements [22]. The smaller the target the less needles and
seeds are used. Their displacement due to inaccurate needle placement and seed release
lead to deviations from important dose constraints. It is the D90, the minimal dose of
90 % of the target volume, and V100 accounting for an effective treatment. Therefore,
a high needle placement accuracy (NPA) is crucial for a successful and patient sparing
treatment. The in-vivo NPA for perineal treatment is estimated to be 3 — 6 mm [27]
and therefore first patient studies were pioneered with rather big safety margins i.e.
the F-CTV of (34 + 20) % of the prostate volume [28] compromising the goal of focal
treatment with a limited implantation accuracy.

It can be seen that the current transperineal TRUS guided implantation procedure
is reaching its limits in terms of accuracy and image guidance. The use of new image
modalities as the CT and Magnetic Resonance Imaging (MRI) in combination with new
robotic assistants as navigation tools could have the potential to facilitate prostate-BT.
The robotic automation enables to follow a standardized workflow independent of the
tumour site and surrounding Organs at Risk (OARs) which decreases the operator de-
pendence on the implantation quality and hence the safeness. Alongside the precision of
placing the needle and the time-efficiency might be optimized. A better image modality
could also enable dynamic dose calculations, which is the feedback of the released seeds
to the treatment planning system to recalculate the dose distribution [19]. This can lead
to novel adaption strategies that are elaborated in this thesis.

Facilitating the treatment procedure further could also solve a structural problem of
BT which is the low accessibility of the treatment even in USA and Europe due to the
limited number of capable physicians and physicists [29]. The use of this treatment
modality is even declining [30] and too less education is done. An automated implanta-
tion procedure, a better imaging guidance and adaption to seed displacement could lead
to a higher mastery of the procedure by the intervention team. Data shows that the
quality of the implant presently highly depends on the experience of the intervention
team, which should have accomplished more than 20 prostate seed-BTs under super-
vision as the associated learning curve suggests [31, 32]. The latter is apparent when
analysing the dose coverage over the patient number that increases and then reaches a
stable plateau after 20 patients. This can be related with the complex intervention work-
flow. The TRUS for instance is a challenging modality to delineate the whole prostate
without any image artifacts because of missing physical contact to the rectum wall due
to air in the rectum. Interestingly, Acher et al. found no learning curve when establish-
ing seed-BT with dynamic dose feedback by registering the released single seeds in the
TRUS images [33]. The hypothesized reason next to a proper mentorship program was
the ability to adapt the implant with additional needles when needle displacement and
a loss of dose coverage occurred. This might indicate that facilitating the implantation
procedure by e.g. automation can lead to an easier start for unexperienced teams.

The following two paragraphs describe the current research using new image modalities
as the CT and MRI for seed-BT and associated robotic systems.
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CT guided interventions With upcoming CT free-hand percutaneous seed implan-
tation was shown inter alia for pancreatic cancer, locoregional recurrent gastric cancer
and recurrent spinal primary tumours [34-36]. However, this technique requires an ex-
perienced physician to accurately place the needle at the planned position. In addition,
the high dose exposure due to the CT guidance is disadvantageous. A more recent ap-
proach aims to design surface adapted implantation templates by using 3D printing for
coplanar and non-coplanar needles [37, 38]. The template wholes consider the planned
trajectories with its injection angle that are placed virtually. With simulated annealing
the optimal number of seeds is determined [39].

In a previous study, Smakic et al. showed a higher NPA and time efficiency in compar-
ison to a manual needle placement by using a robotic navigation tool [40]. Rothfuss et al.
recently has shown an approach using a robotic arm (guidoo, BEC GmbH, Pfullingen,
Germany) that precisely steers an injection template with the correct injection angle
to a planned position on the patient’s surface [41]. The physician then only needs to
inject the biopsy needle. In the AAPM 192 guidelines, such a device is classified as a
level II robot. The robot arm is based on the LBR iiwa 14 R820 (KUKA AG, Augs-
burg, Germany). In a phantom experiment with 16 needle insertions, an experienced
interventional radiologist achieved a mean deviation from the target point to tip point
of 2.74mm [42]. The seed’s high dose gradient of the low keV photon emission leads to
a small dose envelope of the prescription dose around the seed. Therefore, increasing
the geometric positioning accuracy and reducing seed displacement due to a higher safe-
ness in the automated workflow result in substantial improvements of the technique. In
this thesis the use of this navigation tool is considered for a robotic seed-BT of a liver
metastasis in scenario 1 (see Table 1 on 7).

MRI guided interventions The MRI yields the best soft-tissue contrast and the pa-
tient and staff are not exposed to radiation. However, the static magnetic field of the
system requires MR-safe equipment to use for in-bore interventions. First prostate seed
implantations were shown by D’Amico et al. with a real time intraoperative MR imaging
unit in 1998 [43]. They used an MR-safe template and MR~imaging to guide the needles
to its destination. An in-house developed Treatment Planning System (TPS) was used
to contour the volumes and plan the intervention on the MR image data [44]. Issues in
this field are given by artifacts due to magnetic field distortions. The MR-safe needle,
especially the needle tip and seeds appear as signal voids with no magnetic resonance
signal from them. Moreover, the signal voids further appear enlarged due to artifacts
resulting from magnetic field disturbance. They complicate the precise localization of
needles and seeds. Regardless of this the live needle feedback and the dynamic dose
calculation in the interventional MRI was shown by Cormack et al. in [45]. They anal-
ysed the axial MRI image near the needle tip in the TPS. The needle tip coordinate
was defined as the centre coordinate of the circular signal void. With the coordinate of
the template injection-hole, the needle path could be recalculated to update the dose
distribution as well as to calculate the needle displacement. They used on average two
additional needles to adapt the plan to given needle displacement errors. To overcome



1 Introduction

the given uncertainty due to artifacts the latter were as well simulated for a seed at the
tip of the needle. This should enable to calculate the precise seed position by identifying
the given artifact. Finally, this would enable the feedback of the precise seed position
just before its release [46]. The simulations further revealed that the use of a plastic
needle reduces the artifact to the seed. The group later focused on simulating HDR
iridium sources with the intent to generate lookup tables to register the source position
precisely [47, 48]. However, this is a difficult task as the artifacts depend on the magnetic
field, which in turn depends on the scan parameters such as acquisition angle.

If stranded seeds are used the problem arises that the seeds are hardly distinguishable
from the spacers between the seeds. Nosrati et al. used functional MRI and machine
learning algorithms to automatically register the seed positions from stranded seeds in
MRI, which would enable dynamic dose calculation [49]. Martin et al. showed the use
of MRI visible seed spacers to ease the seed registration [50].

Robotic navigation tools have also been considered for MRI interventions to facilitate
and speed up the needle placement for biopsy and therapeutic methods like BT [51-53].
One is the CE certified MR~compatible Remote Control Manipulator (RCM) (Soteria
medical, Arnhem, the Netherlands) designed for transrectal in-bore biopsies [54, 55]
leaving the needle implantation in the hand of the physician. It is a Level II robot as
well. In contrast to the state of the art, the fixed template is replaced by the transrectal
needle-guide, a water fillable injection template enabling MR-image guidance during
the implantation. The needle guide is automatically rotated with pneumatic actuators
around a fixed point such that the implantation trajectory points to the desired target.
Together with the ability to move the needle guide forward and backward, the RCM
counts three degrees of freedom. In this thesis, the RCM is considered for prostate
seed-BT in an MR-only workflow.

Research objectives The main objective of this thesis is to pave the way to a new
robotic seed-BT. This includes the development of a new intervention workflow as well
as a novel TPS to fully benefit from the possibilities of the two robotic systems guidoo
and RCM.

The TPS should contain a needle-path planning according to the degrees of freedom of
the given robot and an inverse dose optimization. The guidoo has seven degrees of free-
dom which allows nearly arbitrary needle paths enabling to reach target volumes partly
covered by complex risk structures [56]. Therefore the path planning should consider
all directions around the PTV as possible needle trajectories. Siauw et al. introduced
a needle candidate domain for skew catheter trajectories in a defined plane for prostate
HDR-BT [57]. In this thesis, the concept of generating a needle candidate domain with
all possible needle trajectories, which circumvent risk structures was inspired by this pa-
per. The needle candidate domain would then serve as a basis for the inverse treatment
planning. Scenario 1 refers to a liver metastasis to be treated with the assistance of the
guidoo.

For transrectal needle implantations with the RCM the needle guide is constrained by
the rectal wall. Possible displacements to the needle guide due to outer pressure of the
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scenario robot implantation technique target volume Dy (Gy)

1 Guidoo transpercutaneous, liver metastasis 100
multiple directions

2 RCM transrectal, fan shaped prostate 115, 145

3 RCM transrectal, fan shaped intraprostatic lesion 160

Table 1: Describes the three scenarios and its unique features such as the used robot, the
target volume location and the prescription dose Dy,,. Details to the prescription
schemes can be found in section 2.1.2

rectal wall by limited space or patient movement complicate a workflow centred on an
intra-operative pre-plan. Therefore, a TPS with a highly adaptive implantation workflow
is necessary. Scenario 2 refers to planning of the prostate CTV as it is established in the
state of the art approach. Furthermore, scenario 3 focuses on intraprostatic ultra-focal
target volumes (F-CTVs) in the prostate. In contrast to the guidoo, here all needle
paths meet in the rotation isocentre (in the following termed as rotation point) of the
transrectal needle guide. The rotation point is a freely chosen coordinate point on the
registered needle guide trajectory. It should be chosen such in a way that the expected
needle trajectories can be realised without reaching the movement limit of the RCM
because of the limiting rectal wall.

Simulated implantations Sls for each scenario are used to study the impact of seed
displacement to the given dose constraints for two assumed NPAs. One NPA represents
the accuracy of the state of the art approach and the other a higher accuracy that might
be achievable by using a robotic assistant. Moreover, the potential benefit of online
needle adaption in the SI is to be analysed. Two alternative optimization algorithms
are designed to automatically adapt the radiation treatment plan after each implanted
needle to compensate possible seed displacements.

To test the feasibility of the transrectal intervention workflow an implantation exper-
iment of scenario 3 is conducted using a recently published complex anthropomorphic
pelvis phantom that contains prostate lesions [58]. MRI image guidance is used to
register the needle guide alignment and thus to recalculate the needle trajectory. The
feedback to the TPS enables to approve or realign the needle guide. Delivered seeds
are registered with MRI using commercially available spacers (Sirius, C4 Imaging LLC,
Texas, USA) [50]. The accuracy of each workflow step including needle guide and seed
registration with MRI is determined.

Remarks to related contributions This thesis is associated to two master theses that
contributed to the TPS [59, 60]. The TPS is based on a MATLAB (The MathWorks-
R2020a) project of the preliminary master thesis [59]. The latter contains the object-
oriented structure as the classes of intervention objects such as the target space, needle
and seed, the input file specifying the treatment setup and the kinematic scripts to rotate
and translate seeds within the target space.

The TPS validated on the example of a liver metastasis for external needle injections
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described as scenario 1 was published my own publication [61]. The ideas and implemen-
tation of the TPS with the dose modelling, path planning, needle candidate domain and
optimization algorithms are attributed to me as the first author. The co-authors con-
tributed in proof reading, as well as discussions and retreats during the implementation
phase.

The simulated annealing adaption algorithm in the context of scenario 1 was published
in the poster session [62]. The co-authors contributed in comments to the abstract and
poster.

For transrectal prostate-BT the TPS was then preliminary modified in the supervised
master thesis project of [60]. Methods used from the latter are the introduction of
margins to the TPS, the contouring and structure set generation of the five lesions
and various urethra margins considered in scenario 3, the preliminary transfer of the
candidate needle domain concept and the simulated annealing optimizer. However, I
then rewrote the candidate needle domain generation and simulated annealing optimizer
to match my purposes described in sections 2.4 and 2.5.5.
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Figure 1: Data-flow during the intervention. The three data types are the Digital Imag-
ing and Communications in Medicine (DICOM) format, the RT-Struct con-
taining the contour information and coordinates of the world DICOM coordi-
nate system.

2 Materials and methods

2.1 Setup for robotic brachytherapy
2.1.1 Robotic workflow

Within the scope of this work there are three robotic intervention scenarios that consist of
a diagnostic imaging system, contouring system, TPS, and the robot navigation system.

Figure 1 on page 9 displays the data-flow between these systems. The world DICOM
coordinate system of the imaging system is used for the treatment planning system. The
robot’s internal coordinate system is matched with the latter by scanning and registering
the needle injection template with the imaging system.

The organs at risk as well as the target volume can be delineated with the contouring
system. For this task the commercial treatment planning system (Oncentra Prostate
(OCP) v.4.0, Nucletron B.V., subsidiary of Elekta AB, The Netherlands) is used. The
structures are then exported as an RT-Struct file to the TPS presented in this thesis.

The TPS software is used to model the robotic intervention with needle path planning,
dose optimization and to display these with the patient image data. The basic ideas
of an object oriented seed-BT TPS with seed and needle classes can be found in [44].
The dose modelling, needle path planning as well as the optimization algorithms were
developed during this thesis and are discussed in the following sections.

All calculations were conducted using an Intel® Core™ i5-6500 CPU with 3.2 Ghz,
16.0 GB RAM and a NVIDIA NVS 510 graphics card on Windows 10.

Scenario 1 In this section the workflow for percutaneous needle injections (scenario
1, Table 1 on page 7) is discussed. As a treatment example a complex, novel abdom-
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inal phantom with a liver metastasis (40.3ml) has been scanned with an Artis Zeego
(Siemens, Erlangen, Germany), a robotic Cone-Beam Computed Tomography system
designed for angiography.

a)
CBCT
contouring
TPS | robot places
| needle trajectory | injection template
L 4
| physician injects
live adaption needle
 S— seed verification
b)
Initialisation Import co_ntours and reconstruct
3 dimensional volumes

Path planning Locate injection coordinates
Needl_e candidate Combine injection with tip coordinates
domain
Greedy optimizer  Generate initial plan with V100>99%
Remove seeds Reduce the V200 in overdosed regions
.Vgrlat.e needle Improve the seed distribution in the target
injection depth
Coverage optimizer Set final needles until V100'>V100+1%

Figure 2: a): The experimental setup and schematic workflow of scenario 1. a) left
picture: The CBCT system Artis Zeego and the navigation assistance system
guidoo. Right picture: The abdominal phantom and the injected needle with
the positioned injection template. b): Short description of the TPS work steps.
Adapted from own publication [61]

The workflow is visualised in Figure 2 and starts with a Cone-Beam Computed To-
mography of the abdomen. The image data is contoured including the target volume,

10
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bones and OARs. The RT-Struct is then transferred to the TPS with the scripts of [63].
Then 3D alpha shapes are generated with the MATLAB alphashape function which is
based on Delaunay triangulation of the contour coordinates [64, 65].

Figure 3 on page 12 displays the initialised volumes that are the metastasis as target
volume and the liver, aorta, vena cava and ribs as OARs.

The needle path planning (section 2.3) algorithm identifies all injection coordinates
able to reach the target volume by circumventing risk structures. Then the needle
candidate domain is generated which contains all combinations of the needle injection-
and tip coordinates (section 2.4). Its structure contains pre-processed information used
for the initial inverse optimization step (section 2.5.1). The treatment plan is then
further optimized by three optimization functions (sections 2.5.2-2.5.4) to reach the
given dose constraints by considering all degrees of freedom.

The robotic navigation systems receives subsequently each needle trajectory defined by
the needle’s tip and injection coordinate. It then aligns the injection template precisely
on the patient surface internally calculating the injection angle from the given needle
trajectory. The physician injects the needle verifying its position with fluoroscopy and
releases the seeds. The implanted seeds’ coordinates are registered with fluoroscopy to
enable the live adaptation of the treatment plan in the TPS. This procedure and the
adaptation optimizer has been studied with simulated implantations and is discussed in
section 2.6.

Scenario 2-3 Scenario 2 and 3 (Table 1 on page 7) distinguish each other by the target
volume and planning objectives. The workflow uses the RCM and is the same for both
scenarios.

In these scenarios a robotic intervention to the prostate is investigated with MRI
as imaging system. The robotic system is the RCM used to guide transrectal needle
injections. Figure 4 on page 13 shows the pelvis phantom used for the image data set
generation and experiments with the RCM.

The proposed workflow (Figure 5 on page 14) starts with T2 weighted images in
transversal and sagittal slices. The acquisition angle is arranged (approx. 45°) such that
the needle guide is cut along its trajectory to enable visualising the stitch canal in the
central slice (compare Figure 4 on page 13. The images are sent to the RCM software
to check the alignment to the patient to the RCM and to choose the rotation point that
is used in the TPS later on. With a fixed rotation point the needle path planning is
simplified in these scenarios. They are further imported in OCP to contour the prostate,
F-CTVs, needle guide and OARs such as the urethra, bladder and rectum and imported
as RT-Struct into the TPS to generate the needle candidate domain (section 2.4) and
for inverse radiation treatment planning (section 2.5).

After preparing the needles with seeds the intervention starts and the first needles’
tip coordinate is identified in the RCM navigation software. The needle guide can be
registered semi automatically by double clicking on the needle guide easily visible due
to the fillable water depot around the stitch canal. The needle guide is then prompted
to navigate to the desired location. In the box of Figure 5 this is described in point 1.

11
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Figure 3: a) A contoured CBCT image of the abdominal phantom in OCP.b) The im-
ported contours of scenario 1 as alpha shapes in the TPS. Adapted from own
publication [61]
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Figure 4: Up: The implantation setup showing the RCM with the docked needle guide
and the phantom in prone position under the body coil on the MRI table.
Down: Transversal and sagittal MRI images of the phantom with the registered
needle guide (yellow) and the planned needle guide position (blue).

The latter is verified by MRI scans. The needle guide position is used to recalculate
the needle trajectory with the use of the needle guide tip- and rotation point coordinate
to adapt the insertion depth if necessary and approve the live needle trajectory (point
2 in Figure 5). The physician injects the first needle and releases the seeds, which are
subsequently verified with another MRI scan. The feedback of the implanted seeds’
coordinates located in the MRI images (point 3 in Figure 5) enables adapting the re-
maining needle trajectories (section 2.6) with the simulated annealing adaption (SAA)
algorithm. The latter was benchmarked by simulating the needle injections with a given
NPA and comparing the adapted simulations with the unadapted ones.

The whole workflow’s feasibility was tested in a phantom experiment measuring the
accuracy of each workflow step (section 2.7). A detailed description of this workflow in
context of the experiment can be found there as well.

2.1.2 Planning objectives

Scenario 1 The liver metastasis is treated in this scenario with D, = 100 Gy pre-
scribed as the enclosing isodose-shape. Therefore the percentage of the target volume
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Figure 5: The workflow chart starting in the upper left corner just after the setup prepa-
ration. Three interactions 1-3 between the TPS and the RCM software are
closer described in the box below. The first interaction is required to start the
treatment planning. The second interaction is required after each automatic
needle guide alignment by the RCM to control it. Then the needle implan-
tation takes place. The third interaction is the seed coordinate feedback to
enable control over the implantation and adaption strategies.

receiving the prescription dose (V100) should be close to 100 %. In the seeds’ vicinity
the irradiance is much stronger than further off which leads to a highly inhomogeneous
dose distribution with high dose areas in the target volume receiving more than 150 %
or 200 % (V150 and V200) of the prescription dose. However, the prescription dose is
chosen considering organs at risk in close contact, which here are the aorta and vena
cava. For these OARs, clinical constraints and effects for violations for seed doses are
unknown. However, the maximum dose to 1% of the OAR (D1) should be less than
100 Gy. On the other, a dose escalation to a metastasis with no organ at risk should also
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Figure 6: The alpha shapes of the contoured phantom in prone position with five F-CTVs
as target volumes in the TPS for scenario 3.

be constrained to the point where no further tumour control is observable to maintain
the number of used seeds at a feasible amount. Martinez-Monge et al. e.g. prescribed
160 Gy (equivalent to 144 Gy with TG-43) to liver metastases treated with seeds [§].
The planning constraints were defined as V100 < 97 %, D90 > 120 % of D, and a V200
as low as possible. The D90 is the minimum dose received by 90 % of the target volume.
For the needle path planning algorithm the liver and the ribs were to be considered as
risk structures that were not allowed being punctured.

Scenario 2-3 In scenario 2 (Table 1), the prostate is delineated as the target volume
(CTV with V = 49.4ml) with prescription doses of Dy, ; = 145 Gy and Dy, » = 115Gy.
These are the state of the art prostate seed-BT dose concepts for the monotherapy and
the combined therapy with additional 40 Gy of EBRT. To spare the urethra an urethra
margin of 8 mm is generated in OCP to prevent seed locations in close distance to the
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urethra. The planning objectives refer to the AAPM TG-137 report [66]. The prostate
constraints are V100 > 95 %, V150 < 50 % and V200 < 20 % of the prescription dose and
D90 > D,,,. The V100 and the D90 attribute the dose coverage of the CTV and the V150
and V200 constrain high dose volumes inside of the CTV to 50 % and 20 % respectively.
The dose constraint D90 > D, could be related directly to the clinical outcome in
[67]. Alongside, the four year freedom from biochemical failure rate was shown to be
92% for a D90 > 140 Gy [68]. Organs at risk are the urethra and rectal wall, which
are to be spared by too high doses related to side effects such as urinary symptoms
and rectal bleeding [69]. The urethra constraints are primary the D10 < 1.5 D, and
secondary D30 < 1.3 Dy,. The rectum constraints are primary Dy .. < Dy, and secondary
Do1ce < 1.5 Dp,. Here Dy signifies the maximum dose to 2cm?® and Dy ¢ to 0.1 cm?
of the rectum.

In scenario 3 (Table 1 on page 7), the target volumes are intraprostatic lesions. The
contoured volumes are displayed in Figure 6 on page 15. Five F-CTVs were delineated
as target volumes (lesions L1 (V = 0.6mL), L2 (V = 1.8mL), L3 (V = 1.3mL), L4
(V = 1.5mL) and L5 (V = 1.7mL)). The prescription dose for the covering isodose
was set to Dy, = 160 Gy for lesions L1/3/4/5 and to D,, = 115Gy for L2 due to its
hardly reachable location behind the urethra. The case of L2 shows the limitations of
the system due to the given geometry and is discussed in the limitations part (section
4.7).

The aim for the ultra-focal approach is a high V100 close to 100 % and an optimal
sparing of the organ at risks with doses of urethra and rectum far below the current
dose constraints described in the paragraph of scenario 2. The V150 and V200 dose
constraints to the F-CTV are of minor importance in this setting having a small focal
target volume, because the dose escalation inside of the F-CTV may be beneficial for a
better local tumour control.

2.2 Dose modelling of lodine-125 seeds

Todine-125 seeds are radioactive sources emitting weighted mean E., = 28.37keV photon
radiation with a steep dose gradient [70]. The latter enables to reach a high dose in the
target volume and low doses outside in the normal tissue and OARs [16]. Figure 7 on
page 17 displays the seed structure and the seed strands with seeds and spacers.

Iodine-125 is adsorbed as silver iodide to the metal marker surface. The latter is used
for a positive CT-image contrast to register implanted seeds after implantation. The
seeds are sealed inside a titanium hull to avoid contamination during application.

In this thesis the use of seed strands is preferred to prevent seed migration and increase
the stability of the seeds on the strand by limiting the displacement and rotation to each
other [20].

The TG-43 line source (2D) formalism with the seed source BEBIG model S17plus
1257 is used for the dose modelling [70, 71]. The air-kerma strength per seed is set to
0.838 U as it is used in the local radiotherapy department. The latter is the source
activity, which indirectly influences the number of seeds and needles in the optimization
process due to the total dose emitted by each seed.
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Figure 7: Up: A schematic view of an ?°I seed. Down: Three stranded seeds with

5.5mm space to each other. The seed centres then are 1 cm apart from each
other. Adapted from own publication [61]

In the TG-43, the AAPM recommendations report to the dosimetry of interstitial
brachytherapy sources, the seed’s dose rate at a point P is expressed in terms of P’s
spherical coordinates r and #, where r is the distance from the seed’s centre O and
6 is the angle between the seed’s axis and (ﬁ [72]. Because of the seed’s cylindrical
symmetry, the dose rate is independent of the azimuthal angle ¢. The dose rates in
water are tabulated for 2.5mm < r < 10cm and 0 < # < 90° in [71]. The dose rates
are integrated numerically over the time to obtain the absolute dose grid of one seed in
water.

The seed is aligned with its 4.5 mm length along the 0° line. The dose matrix is flipped
to match 360° by making use of the dose rate’s symmetry to the seed centre. To have a
more precise estimation of the steep dose gradient of the seed, the dose is extrapolated
for each angle to the distance points r = 1,2mm and further to the seeds surface with
dynamic distances to the seed centre 74, ;. For 10° < 6 < 170° the corresponding surface
point is in the lateral surface of the seed cylinder, whereas it is in the cylinder’s base for
f <10 and 8 > 170°. So then 6 is calculated with

dseed
sur: 0) = . 10° 0 170°). 1
Tsurt(€) 2sm(9)(0 < f < 170°%) (1)

For § < 10° (and 6 > 170°) the corresponding surface point is in the cylinder’s
base. Here r is approximated as the average of the distances of the proper surface (r =
Lseeq/2 = 2.25mm for § = 0°) and the surface of the marker (r = L,qrker/2 = 1.85 mm
for 6 = 0°)
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Lseed
ter = 2
oner 2cos(6)’ 2)
Lmarker
inner = o~ ) (3)
L L r)/2
Tausf = ( seed + marke )/ (4)

2 cos(0)

For the angles 0°, 2° and 5° 2.25, 2.20 and 2.1 mm for rg; is chosen.
For each angle 6; the dose values Dy, (r) are fitted with the power function f(r) =ar
along the distance r from the seed centre. Then the surface dose is

b

Dy, (tsws) = a rsurf’ (5)

with a and b resulting from the fit. These fit functions are also used to calculate dose
values at the distances r = {3,4,6,7} mm. The dose modelling ranges from the seed’s
surface up to 10 cm radial distance from the seed’s centre.

Figure 8 on page 19 shows the dose distribution in water in polar coordinates from
the centre to the radius of 10 mm in the clinically relevant dose regimen below 300 Gy
with a seed displayed in the centre. Along the seed axis, the dose declines faster than in
the rectangular directions where the dose distribution is elliptically shaped. In 3D, the
dose distribution then is spherically shaped with dented poles along the seed axis.

The resulting 2D polar dose distribution D(r,6) then has to be expanded to three
dimensions. The Matlab function scatteredInterpolant is used to generate an interpo-
lation function F' with the 2D set of the parameterised y = r sin# along 6 = 90° and
z =1 cosf along 6 = 0° [73]. Note that in TG43 0 = 0° is the axis along the seed axis
(z) and € = 90° away from the axis (y). All sampling points r and ¢ are now defined in
a Cartesian coordinate system. The three room directions x, y, z are then parameterised
in spherical coordinates with

23p = 1sin(¢) cos b, (6)
ysp = 7sin ¢sin @ (7)

and
T3p = T COS ¢ (8)

with —180° > ¢ > 180° varied in ten degree steps. Due to seed’s rotational symmetry
of the cylindrical seed along its long axis the dose with a specific distance to the seed
centre and angle is constant independently of the ¢ angle. Therefore the 3D dose grid
can be calculated by projecting each point back to the 2D grid by calculating the 3D
grid by F(\/22, + 22, ysp) for all sampling points of the spherical coordinates. The
first argument signifies the distance of each sampling point to the seed centre which is
used as value for z3p.

Then the Cartesian 3D dose grid D(x,y,z) is calculated by interpolating between the
3D spherical dose grid and the Cartesian sample coordinates x,y, z with —100 mm <
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Figure 8: Shows the filled contour plot of a seed in the for the dose range of (300, 15) Gy
up tor = 10mm and 0° < # < 360° in polar coordinates with one seed in the
centre.

z,y,z < 100mm. The huge amount of grid points in the seed’s vicinity {rg,;f < r <
7mm minimize the error of linear interpolation as in this area the distances to the
Cartesian grid points are very small. The grid resolution then is the step width of x, y, 2
which is 2 mm for the plan optimization and 1 mm for the calculation model evaluation
in this thesis.

Figure 9 on page 20 shows the seed’s dose distribution in the x, y plane with a seed in
the centre on a rectangular 1 mm grid. The rotational symmetry of the cylindrical seed
can be seen.

To calculate the seed’s dose with a specific location and alignment its local dose grid
is translated and rotated accordingly. The grids of all seeds are interpolated to the
central dose grid and super-positioned in the target space to calculate the dose of the

19



2 Materials and methods

T T T T 300
15 F b
-1 250
10 - b
-1 200
5_ -
3
E g
E or 7 150 §
> el
5t -
100
-10 - b
50
-15 - b
| | | | | | |

-15 -10 -5 0 5 10 15
X (mm)}

Figure 9: Shows the colour washed contour plot of a seed aligned along the z-axis in the
x,y plane on a 1 mm rectangular grid.

total implant.

To validate the correct dose modelling of an (1 x 1 x 1) mm? dose grid the needles of
one treatment plan are re-planned in OCP by placing them according to the DICOM
coordinates of the image set. Two representative dose planes are compared with a global
gamma analysis in the commercial software OmniPro 'mRT (IBA -1.7b). The latter is
a widely used method to compare dose planes of e.g. the planned dose vs. the measured
dose in EBRT quality assurance [74].

2.3 Needle path planning

Scenario 1 The needle path planning aims to identify all feasible injection coordinates
on the patient skin to reach the target volume by circumventing risk structures. The
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injection coordinates here are a sub-domain of the contour points defining the patient’s
surface. A contour point is considered as an injection point if it passes all filter functions
defined by the boundary conditions such as risk structures and needle length. The filter
function’s execution order is from coarse to fine to minimize the computational cost by
minimizing the domain of contour points to be tested.

The first filter function filters contour points of the patient side, which is facing the
treatment couch. The contour points with the sagittal component (direction -z) smaller
than the z-component of the median coordinate of the patient’s surface contour are
filtered out.

To distinguish trajectories leading through risk structures to the target from valid
ones a new algorithm has been designed. The needle trajectory can be mathematically
seen as line segment between the injection point and the tip point. The idea is based on
the fact that only one point on the trajectory found in the risk structure is sufficient to
filter the trajectory out. This checkpoint is tested with the MATLAB function inShape
which determines if a specific point is located inside of a given alpha shape [75]. The
simplification of testing one checkpoint instead of the trajectory is on one hand side
very cost effective but on the other not complete. This is no great problem as one
can iteratively test the remaining trajectories with other checkpoints. To minimize
computational costs the checkpoint chosen should exclude as many invalid trajectories
as possible while the subsequent filters should exclude exceptional trajectories with e.g.
short path length trough the risk structure difficult to capture.

For the first OAR-filter all needle trajectories with their injection points IP; point with
the tip point TP on the median of the target volume. The index i defines the position
in the array of injection points as well as the needle trajectory gogether with TP.

_>
The needle trajectory’s unit vector from tip to injection is ﬁ_r', with \; = IP; — Tg.
The checkpoint (CP;) is then calculated with
. x
Ai

The distance r is defined by the length of the median of the risk structure Mg to the
median of the target volume My

—
r= ’MR—MT\/|. (10)

Then the checkpoints are located on a spherical surface with the radius r. The index i
defines the location in the array and relates the checkpoint CP; on the trajectory TT‘S
to its injection point IP;. All IP; with the CP; located inside of the risk structure are
filtered out. In the TPS the inShape function is able to efficiently process the whole
array of checkpoints as one input which results in a fast computation as MATLAB is
optimized for operations involving matrices.

The next filters aim to find remaining invalid injection points. The median of the risk
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structure Mg and therefore the radius r is varied by
Mi:{(X, Y, Z) = MR(X7Y7Z) + (5 Std<MR(X7Y7Z))>7 (11)

with 6 = [-2 : 0.1 : 2] and std(Mg(x,y,z)) being the standard deviation of the risk
structures’ contour points to the median. The raster of ¢ std(Mg(x,y,z)) scans the
range of two standard deviations which includes about 95 % of normally distributed
data considering a possible geometric asymmetry of the risk structures around their
median.

To ensure the reachability of the whole CTV the tip point TP is then set on its contour
surface. In each room direction the maximum and minimum of the contour points are
subsequently set as TP. The filters are executed with the radius r as well as with the
varied radius resulting of Mg (x,y,z) with § = [-2: 0.1 : 2].

The 18 gauge needles used in the local radiotherapy department have a length of
22.5 cm and a maximal insertion depth of around 20 cm. Here the maximum path length
from injection point to tip point was set to 17.5 cm. The filter is used for the trajectories
that point to the lowest contour point in the -z direction.

The number of injection points is further decreased by filtering out neighbouring
injection points with a closer distance than 2mm. The impact on the final treatment
planning of this filter is low because needle trajectories with this small injection point
distance would contribute almost identically to the treatment plan given the very small
angle between the two directories pointing on the same tip point coordinate. Hence, by
omitting these needle candidates the optimization process is facilitated in its decision
process and converges faster to a solution.

The remaining injection points are used to generate the domain of needle candidates
used for the inverse treatment plan optimization. When a needle candidate is chosen for
the treatment plan, its trajectory is another time tested for collisions with risk structures.
The checkpoints are equally sampled with 1 cm distance along the trajectory. However,
in the case of blood vessels or smaller risk structures one would need to reduce the
stepping width to ensure a safe implant. Due to the huge amount of needle candidates,
computational cost is minimized here by conducting this last task only for the trajectories
chosen for the treatment plan.

Scenario 2-3 In the case of transrectal needle injections the injection point is given by
the rotation point of the RCM needle guide.

2.4 Needle candidate domain

Scenario 1 The contour points cp of the target volume TV must fulfil the equation
cp(z) < median(TV(z)) + 1.5 std(TV(z)) (12)

to be considered as possible tip points TP; for the needle candidates. The index j defines
the location in the array of needle tips. The tip points with a distance below 1 mm to
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needle tip coordinate (x, vy, z) domain of injection coordinates (x, y, z)
for a needle with n seeds
n=1 n=2 n=3 n=4 n=>H

1st needle tip(x, y, z) {injection coordinates (x, y, z)}

Table 2: The needle candidate domain is structured in a cell array in the TPS as dis-
played here. Each row contains in the first column the needle candidate’s
needle tip coordinate. The domain of all possible injection points pointing to
this needle tip containing n seeds is stored in the (n + 1)™ column. After own
publication [61]

each other are filtered out to shrink the domain size and accelerate the optimization
process. Table 2 shows the structure of the needle candidate domain.

For each needle tip there is a domain of injection coordinates defining all needle
candidates pointing to this needle tip. The number of the column defines the number of
seeds that these needle candidates contain. In this scenario, the seeds must be placed
inside of the target volume. The nth seed coordinate s, of the (j,i)™ needle can be

calculated via

- >

Sn = TPJ + (((Il - 1) Lspacer) + Ltip + Lseed/2) ) (13)

>

with Lepacer and Lgeeq being the length of the seed and spacer as displayed in Figure 7
on page 17 and Ly, the length of the needle tip.

For each trajectory, the seed coordinates are tested if they are located inside of the
target volume. The domain of valid injection points pointing to a specific tip point with
the fourth seed tested would then be saved in the column five of the specific row. To
prevent saving a needle candidate with a valid fourth seed but invalid seeds beforehand
the injection point domain is filtered in the order from the first seed to the last. The
maximum number of seeds per needle is set to n,.. = 5. However, this value is defined
by the target volume size and should be adapted if necessary. The candidate needle
domain is used for the greedy optimizer in section 2.5.1 as a structured domain for
needle candidates by navigating through it with loops over the rows j and columns i.

il

Scenario 2-3 In the transrectal treatment approach the needle candidate domain struc-
ture remains the same. The only injection point here is the needle guide’s rotation point
to be chosen in the RCM’s navigation software. The rotation point coordinate remains
constant to some degree during the whole intervention and therefore all needle trajecto-
ries are planned to overlap in this point.

In scenario 2, the tip point coordinates are defined initially as the prostate CTVs’
contour point coordinates. To better cover the prostate they are shifted about 1.5 mm
along their trajectory from the rotation point. Then the first seed coordinates are closer
to the prostate contour, which facilitates to cover this part with the prescription dose.
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Furthermore, the contour points of the urethra margin are chosen as additional tip
points to enable covering the space between the urethra margin and the needle guide
with needles. If a trajectory punctures the urethra or if its first seed coordinate is not
in shape of the CTV it is removed. Then the number of possible stranded seeds for each
needle trajectory is calculated. In contrast to scenario 1, the n'" seed-position for all tip
points can be calculated by the modified equation 13

2
{80} = {TP} + (((n — 1) Lupacer) + Lugp + Lucea/2) {ﬁ} (14)

by inserting the array of all tip points {TP} and the array {)\;} which point from
each tip point to the only rotation point. The seeds have to be located inside of the
prostate CTV and outside of the urethra margin to be stored in the needle candidate
domain. Therefore, needle trajectories may pass the urethra margin but no seed position
inside the urethra margin is allowed. This enables short-stranded seeds in the anterior
fibromuscular stroma, which is the space partly concealed behind the urethra.

In scenario 3, the tip points are the contour points of the F-CTV. The seed coordinate
is valid if it lies inShape of the F-CTV. The first allowed seed position is defined as the
tip point coordinate on the F-CTVs contour. The next seed positions are located on
the needle trajectory with the inter-seed distance to each other. Therefore, the whole
pathway distance through the F-CTV is used to calculate the allowed number of seeds
for each needle trajectory.

2.5 Treatment plan optimization algorithms

In this section, plan optimization algorithms are described. The aim of these algorithms
is to automate the planning process by formulating planning objectives described in
section 2.1.2. In contrast to manual forward planning, this automated plan generation
is termed inverse planning. Next to the directly defined planning objectives, another
boundary condition to the optimization is the number of needles and stranded seeds.
Reducing the number of needles and achieving the primary planning objective is a con-
tradictory task that has to be balanced properly. Using short strands or single seeds
increases the number of required needles to achieve the planning objectives. Single seeds
would enable optimal dose distributions while achieving the primary planning objectives
due to the highest degrees of freedom of placement. For the treatment outcome however,
seed displacement and migration has to be considered since the seed radiation dose is
delivered slowly with the half-life of 59.4 days. Therefore, a reduced number of needles
by using long seed strands where reasonably usable is to be preferred, since one expects
the seed displacement and migration to be smaller due to the greater volume and mass of
the strand, which results in a greater stability to outer perturbation. A reduced number
of needles as well reduces the implantation time and the harm to the patient by needle
punctures and anaesthesia.

For scenario 1, the greedy optimizer (section 2.5.1), remove seeds algorithm (section
2.5.2), the needle-depth optimizer (section 2.5.3) and the coverage optimizer (section
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2.5.4) were used (see also Figure 2 on page 10). For scenario 2, an adapted version of
the greedy algorithm was used. For scenario 3, the greedy optimizer was used for an
initial solution and a simulated annealing optimizer (section 2.5.5) for the optimization.

2.5.1 Greedy optimizer

Scenario 1 The greedy optimizer is designed to generate an initial treatment plan cov-
ering the target volume with the prescription dose V100 > 99%. The latter is structured
in an array specifying each needle by the number of seeds and the tip- and injection point
coordinates.

The optimizer adds each needle sequentially and irreversible to the target space grad-
ually raising the dose to the required dose distribution in the target volume. Therefore
the inverse optimization problem leading to a high V100 is divided into sub-problems
solved by maximizing the objective function. This approach is well known as a greedy
heuristic, which has been shown for prostate seed-BT as well in [76]. However, sub-
dividing the problem may only lead to a local optimum while the global optimum of
this optimization problem remains unknown. Solving the objective function of the sub-
problem therefore has to be related directly to fulfilling the planning constraint of the
main problem which is V100 > 99%. In this procedure the dose contributions of the
remaining needles is unknown. Hence, the sub-problem for each needle dynamically
changes due to the dose contributions of the needles set beforehand. However, finding
the global optimum is not necessarily required in this scenario as there might be a large
number of needle combinations fulfilling the treatment constraint. To benchmark the
statistical variations and the stability of the optimization results ten plans are generated
and compared.

The first needle is the starting point of the optimization. The needle is chosen as one
of the needle candidates with the maximum number of seeds n,., = 5. Its needle tip is
best reachable as the one that contains the biggest array of injection points in the needle
candidate domain. The injection point of the needle is then chosen as the geometrical
median of the injection point array. This ensures that the first needle trajectory is
aligned centrally assuming a high number of possible needle candidates with five seeds
in the neighbouring space to be placed next. The first needle is set into the target
space and the dose distribution is calculated on the target space’s dose grid. The next
needles are placed in an algorithm which is executed in a while loop stopping when
the threshold V100 > 99 % is reached or no needle candidate is left due to the setting
restrictions or the maximum needles number per plan of 30 needles. To decrease the
number of objective function calls and saving computational cost the needle candidate
domain is filtered to generate a sub-domain of considered needle candidates. Their tip
points have to be located in the dose range DR of

DR = [0.25 Dy, 0.7 Dy, + 3 NJ. (15)

D, is the prescription dose and N the actual number of needles. The dynamic 3 N value
takes into account that the sub-problem of the greedy optimizer changes for each needle
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due to a modified dose distribution as well. The upper dose range limit is softened with
each needle allowing to set needles closer to each other in the late optimization phase.
The set of dose grid points fulfilling the DR condition enables generating an alpha shape
to filter the domain of tip points with the inShape function. The first loop iterates the
found tip points and the second nested loop the associated injection points. The latter
are filtered another time by validating that each of the n seed coordinates are located
inside of the DR as well. Then the objective function is called subsequently for the
needle candidates defined by the remaining injection points. From this sub-domain, the
needle maximizing the primary objective function output is chosen for the treatment
plan. However, if the sub-domain is empty, because all needle candidates have been
filtered out, the outer loop moves on to the next needle tip.

The objective function’s inputs are the former dose distribution of the previous added
needles and the needle candidate to be tested. It then copies the static target space,
which is the super-class of the actual target space containing all constant parameters
such as the generated volumes, adds the needle and computes the actual dose. The
primary output is the volume size of the generated alpha shape that contains all dose
grid points greater or equal the prescription dose (isoshape) and secondary the relative

fraction of it inside of the target volume V,, rv to the whole volume V. The fraction
Vpr, TV
Vo
are located inside of the target volume. If the fraction is smaller than one a fraction of

the latter dose grid points are located outside of the target volume. Hence, the primary
output relates to the prescription dose coverage of the tumour volume and the secondary
to the conformity of the prescription dose shape to the target volume shape. The needle
candidate has to pass the condition

= 1 shows that all dose grid points containing the prescription dose or higher

Vpr TV 3N
—— >0.96 — — 16
Vo 100 (16)

to constrain implicitly the dose to the surrounding tissue by preventing needles to be set
too close to the target volume contours. This would lower the fraction V{}% However,
in the late phase of the optimization this constraint is softened with a raising needles
number N by % as the fraction V{;% might be reduced by each peripheral needle.
During the evaluation the needle candidate maximizing the isoshape’s volume size,
fulfilling the constraint of equation 16 and passing the needle collision check is saved
temporarily. The latter samples the needle trajectory in checkpoints each 1cm to be
validated with the inShape function. This captures the last remaining invalid needle
candidate trajectories puncturing risk structures. These are trajectories with tip points
other than the six maximum and minimum testing tip points used by the needle path
planner in section 2.3. After evaluating the needle candidate sub-domain the temporarily
saved needle candidate is chosen for the treatment plan. The dose is actualized and
the next sub-problem is initialized. If there is no injection point of all tip points left
that satisfy the dose range condition (equation 15) the number of seeds is reduced
by one. Then the injection points are filtered with one seed position less in equation
15 which enables new valid needle candidates. After solving this problem, the seed
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number however remains reduced for the next problem. For each sub-problem, the
needle candidate domain is shuffled randomly. The optimizer than generates different
treatment plans as different needle candidates are validated in each sub-problem. A
possible dependence of the needle candidate order in the domain thus can be avoided.
The statistical variation of the treatment plans is analysed by generating ten treatment
plans.

Scenario 2 To treat the prostate CTV the greedy optimizer stops if V100 > 95% or
if the number of needles is higher than 30. The first needle chosen has the maximum
number of possible needles and is the one that maximizes the objective function. The
latter evaluates the volume

V = Vv — (25 V200(margin)), (17)

with V. v being the prescription dose volume inside the target volume which is reduced
by 25 times the volume of the V200 inside the urethra margin. The latter penalises
needles with seed coordinates close to the urethra margin to fulfil the urethra constraints.
Due to the central urethra, this needle will be placed on one lateral side. In contrast to
scenario 1 the dose range for the next needle tip 15 is set to

[0, 0.1 Dy, (18)

Therefore, the next needle’s tip as well as its seed positions have more distance to the
first needle and are mostly located on the contra-lateral gland of the prostate. The
objective function for all needles except the first is then not maximizing V. v, but
instead only minimizing V200(margin)). Therefore, the needle candidate with the lowest
V200 contribution to the urethra margin is chosen. The objective function is evaluated
for all needle candidates in the domain with the needle tips and seed positions inside
the given dose range. After the second needle the dose range is

[0.2 Dy, 0.7 Dy + 3 N] (19)

for the rest of the needles’ tip points and seed positions.

Scenario 3 For scenario 3 the greedy algorithm was slightly modified in the here de-
scribed way. The algorithm adds needles sequentially to the solution space until the
stopping criteria are met. The latter is V100 > 97% or V150 > 80%. The first needle
is set as the first in the needle candidate domain containing the maximum number of
seeds. The needle candidate domain is randomly permuted to generate new plans by
each optimization. The next needles’ tip and all seed positions have to be located in
the dose range DR = [0.1 D, 1.5 D, + 3 N|. The first needle in the needle candidate
domain fulfilling this condition is chosen. If there is no needle left with the specified
number of seeds, the latter is reduced by 1.
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2.5.2 Remove-seeds algorithm

Needles with seeds contributing to the high dose regions inside of the target volume (D >
2 D,,) are located to remove single seeds. The algorithm therefore aims to minimize the
V200 while trying to influence the V100 as low as possible. Therefore, the optimizer
chooses the needle located centrally in the high dose region as well as centrally to the
outer dose gradient. The medians of the dose grid points with D > 2 D, and D <
0.5 D,, are used to calculate the mean coordinate of these two points. The needle with
the seed coordinate closest to the latter is identified. For the first and last seed of this
needle eight sample coordinates c¢; are defined by

—

n;

| >

Cj:§i5 +2

(20)

>l

TN
Here nj is one of two orthogonal vectors to the needle trajectory, X is the direction vector
of the trajectory and § is the seed coordinate. They are counted to the count variable
if they are inside of the alpha shape defined by dose grid points exceeding the 200 %
prescription dose. These sample coordinates however are necessary to evaluate the space
around the seed, because the seed coordinate itself is always inside the V200 due to its
near field dose distribution. The sample coordinates therefore have a distance of 5.4 mm
to the seed coordinate. A decision threshold then evaluates the count variable by

count > 8 —n + 2, (21)

with the actual number of seeds n of the needle. For the outer seeds evaluated first, the
threshold is lower than for the inner seeds. This takes into account that the outer seeds
are located near the target volume contour and therefore near as well to the decreasing
dose gradient. The inner seeds on the other hands are closer to the high dose region
and should therefore located there with more of the sample coordinates. If the count
variable of the first and the last seed pass the decision threshold the one with the higher
count is removed together with its dose contribution to the dose grid. Then the next two
outer seeds are analysed until no further seed fulfils the decision threshold. In the TPS
removing the last seed is equivalent of reducing the first seed and retracting the needle
along its trajectory by the inter-seed-distance. However, removing only inner seeds is
not possible because in the current workflow stranded seed sequences only are available
with the inter-seed-distance.

2.5.3 Needle-depth optimizer

The needle insertion depth is a degree of freedom addressed by this optimizer. The
initial needle candidates pointed with its tips on the contour points of the target volume
or were retracted by the remove seeds algorithm. However, by varying the insertion
depth the source distribution and therefore the dose homogeneity might be optimized
leading to a higher V100 and lower V150 and V200. The primary goal is to maximize
the V100 by shifting nearby needles closer to the under-dosed areas inside of the target
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volume.

The needle with its tip on the target volume contour can be pushed forward 2 mm
with the first seed coordinate remaining inside of the target contour. To retract the
needle the position of the last seed before leaving the target volume is calculated by
generating check points along the needle trajectory until one checkpoint is outside of
the target volume. Its distance from the actual last seed coordinate is sampled in 1 mm
steps.

The following algorithm is executed in a while loop only ending if all needles have
been adapted or the optimizer is about to choose a previously adapted needle once
again. For the first needle depth adaption the needle with its tip closest to the dose grid
points with D < D, is searched by calculating the distance of each under-dosed grid
point to each needle tip. The needle depth then is varied by (0, 1,2) mm in the forward
direction and the greedy objective function is evaluated. The configuration maximizing
the prescription dose volume inside of the target volume V, tv is chosen. The needles
are always retracted and pushed forward in an alternating matter. Hence the even needle
numbers are retracted and the uneven ones pushed forward. It is assumed that pushing
forward the first needle might generate an under-dosed region backwards. Further might
the high dose region centre remain near the centre of the tumour volume without being
shifted in one direction. For the retracted needles, the distance of the most backward
seeds to the under-dosed voxels is calculated to choose the next needle.

2.5.4 Coverage optimizer

In the case that the treatment plan’s V100 has been below 99 % the coverage optimizer
is executed. It raises the V100 by adding additional needles with one or two seeds to
the target volume’s under-dosed regions. For this purpose the needle tips closest to
the under dosed voxels have to be found to generate a small amount of suitable needle
candidates. They should be part of the original candidate needle domain as well to
ensure implantation safety according to the path planning.

The MATLAB function nearestNeighbour is used to find the nearest target volume’s
contour point for each under-dosed dose grid point. These contour points are intersected
with the first column tip points of the needle candidate domain generating the list of
indices of these tip points to refer to the related injection points for one or two seed
needle candidates. For the first needle the number of seeds is n = 2. The injection
points then are filtered for the ones that got all seeds located in the alpha shape, which
is generated by the under-dosed grid points in the tumour volume. For the remaining
needle candidates the objective function is called. The latter is equivalent to the greedy
objective function but outputs as well the V100 value for the evaluated needle candidate.
The needle candidate raising the V,, tv and passing the condition

Vpr,TV

> 0.7. 22
o (22)

is further considered. As the needle candidates are picked from the candidate needle
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domain the second time, a function proves if the needle candidate has already been
placed in the treatment plan by comparing the needle injection points and tip points.
If the test is passed Vv is saved as the best current value such that the next needles
have to surpass it. A needle candidate however must further pass the needle collision
check and is then set as a new needle if the V100 exceeds 99 % or it is the fifth needle
candidate surpassing the V. rv value of the prior needle candidates and raising the

V100’ > V100 + g (23)

with the number of seeds n. If there are no more needle candidates left the number of
seeds is reduced to one to enable further needle trajectories to be considered.

2.5.5 Simulated annealing

For scenario 3, the initial radiation treatment plan by the greedy optimizer is further
optimized by a simulated annealing optimizer using the MATLAB simulannealbnd func-
tion [77]. Simulated annealing is an established optimization technique to enable finding
a global minimum to a given objective function, first adapted for inverse radiation treat-
ment planning of prostate seed brachytherapy by Pouliot et al. in 1996 [78]. Instead
of modifying the seed positions that are constraint by a given set of needle trajecto-
ries resulting from the transperineal fixed template as it is the case for state of the art
prostate-BT, the needles’ tip coordinates are one after another varied randomly within
their given boundaries, while the other needle positions are held constant and an objec-
tive function y is evaluated.

In each iteration k of the simulannealbnd function a random new needle configuration
is proposed resulting in yiew. If Yinew is smaller than the previous saved yeurrent the latter
is updated. If it is higher, the y.ument configuration is updated with a probability of

1
- 1 + exp(y_?best )’

p (24)

nevertheless. This is done to possibly escape local minima. The probability depends on
the temperature T that is Ti,i. = 30 at the beginning and lowered at each iteration k
by Tinitial 0.95%. During the whole process the configuration resulting in the smallest y
is updated as the best solution with ypes. In the end, this configuration is the result of
the respective optimization step. A maximum number of 20 iterations and a time limit
of ten seconds are set for the optimization of every needle.

It is assumed that the optimal needle tip position is somewhere around the current
needle tip position since the initial configuration results from the greedy optimizer. To
avoid the algorithm varying the needle tip to an unlikely reasonable position the space
in which the new configuration is searched for is limited. For this eight help points
located as a cube with a side length of 6 mm around the needle tip in the centre and two
additional help points along the needle trajectory 3 mm forward and 5 mm backwards are
calculated. All helping points located inside of the urethra shape are removed preventing
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function weight threshold dose percentage
w; Dthresh (GY) X<%>
fi: V100 1
fo: D30(urethra) 0.01 145 30
f3: D10(urethra) 0.01 180 10
fa: D2(rectum) 0.01 120 2
f5: D0.1(rectum) 0.01 180 0.1
fe: DO.5prostate 0.01 200 0.5
f7: DO.1normal 0.001 200 0.1

Table 3: The table shows the weighting factors, thresholds and dose percentages used
for each error function f(;_7) which are summed up to calculate the objective
function to be minimized by the optimizer.

configurations with needle trajectories passing the urethra. Then the maximum and
minimum values of the helping points’ direction coordinates x, y and z are chosen as
the lower and upper boundaries of the space considered reasonable to contain a better
needle tip position.

The objective function value is designed to match the treatment aims in case of a
minimum function value. A high V100 and low OAR doses lead to a small objective
function value. The objective function

y= Z Ji w; (25)

is the sum of all error functions f; and their error weights w;. The V100Err function is
given by
(100 — V100)?
100 ‘
f1 is zero in the case of V100 = 100 and increases quadratically with a decreasing
V100 value. In contrast to the linear error function the quadratic one weights the dose
deviation greater than 1 (e.g. V100 < 99) more and smaller than 1 (V100 > 99) less.
The other error functions are given by

f1 = V100Err = (26)

(DxoARi — Dihresh.i)?
D) = 2 . 27

with 2 < ¢ <7, Dxpar,; being the minimum dose value of x percent of the OARs volume
and Dipresni @ threshold value to penalise an exceeding Dxpar; value. If Dxpar; <
Dinresh,i the error functions is set to 0. f; maximizes the F-CTVs V100 and f;_7) are
designed to spare OARs and reduce dose inside of the prostate and the normal tissue.
Table 3 shows the used weighting factors and thresholds.

The result of the simulannealbnd function is a modified needle tip coordinate that is
accepted if the belonging needle passed the collision check function. The latter checks
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if sample points with 1 mm spacing along the needle trajectory are located inside of the
urethra. The optimization stops if the V100 = 100%, the time limit of five minutes is
run out or no better solution is found after iterating through all needles the second time.

Within this optimization strategy, seeds outside of the F-CTV are possible. To remove
these outer seeds with minor importance to the dose constraints the “remove outer seed
function” has been designed. A loop iterates through all seeds and finds the minimum
spatial distance between the seed coordinate and the contour points of the F-CTV. The
seed with the highest distance and not being localised in the F-CTV shape is removed.
Then the simulated annealing optimizer is run another time to correct a worsened V100
value. These two functions are conducted as long as the F-CTVs V150 > 79%, V100 >
96% and the minimum dose of 3% of the prostate volume D3(prostate) > 1.15D,,,
a measure of high dose values outside of the F-CTV. This is e.g. for D,, = 160Gy
D3(prostate) > 184 Gy. The latter is illustrated by Figure 10 on page 32.

Greedy optimizer
\

Simulated annealing optimizer

 While condition: ; T
Unt?e_cessary : | Remove outer seed Function
: outlying :
: seeds? __T
l|NO| YES

Figure 10: The inverse optimization flowchart for scenario 3 with the initial optimization
with the greedy optimizer (section 2.5.1) and the final optimization (section
2.5.5).

2.6 In-vivo seed displacement adaption

The spatial registration of the implanted needles or stranded seeds with feedback to the
planning system enables adapting the remaining treatment plan to correct systematic
and statistical errors during the implantation procedure. This part is displayed as live
adaption in the workflow of Figure 2 on page 10.

A set of simulated implantations (SI)s show the statistic robustness of a radiation
treatment plan and an estimation of post treatment dose constraints that might differ
from the pre-treatment ones due to needle and seed displacement. It enables exploring
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online needle adaption strategies to optimize the in-vivo dose constraints and to correct
seed displacement. These are enabled by in-vivo seed registration, that is detecting of
implanted seeds in the diagnostic images and registering the seed coordinates on the same
DICOM coordinates used for the dose calculation. The subsequent needle trajectories
then are adapted. For the Sls it is assumed to know the released seed coordinates to
optimize the in-vivo treatment plan.

The SI is a loop through the needle list of the inverse radiation treatment plan with
each needle sequentially implanted. The online dose distribution for the loop over n
needles at iteration i is calculated by

Donline = Z Dg1 + Z Dpp, (28)
1

i+1

with Dgr being the dose distribution resulting from implanted needles and Dpp from
pre-planned ones.

The simulated annealing adaption (SAA) algorithm presented here is used to optimize
the online dose distribution during implantation. It is assumed that the NPA depends of
statistical and systematic errors depending on the patient storage relative to the system
setup, the implantation technique and patient movement during the intervention. To
simulate a needle implantation a normally distributed or constant deviation is added to
the needle’s tip coordinate. The standard deviations of the normal distribution are cho-
sen with ¢ = 1 mm and ¢ = 3mm. The former relates to the NPA that a brachytherapy
robot should reach at a seed placement accuracy < 1+£0.5mm in a phantom experiment
[27]. The latter was chosen in accordance with the NPA of a good perineal TRUS guided
seed-BT, which is assumed to be 3 — 6 mm [27]. The constant deviation is chosen as
2mm randomly added to each coordinate. The latter can be assumed as a result of a
systematic error source.

The SAA algorithm uses simulated annealing with the same quadratic error functions
as in equation 27. Additionally the error function

 V20007v

100 (29)

92
yielding a linear relation between the V200 and the function value g, is introduced. The
lower the V200 the better the functional value. Further the search space is reduced to
a cube with a side length of 3mm. Hence the lower and upper bounds for each room
direction are +£1.5mm. The term SAA is in the following thesis used as the SI with
the additional use of the SAA algorithm. It is compared to the SI, which presents the
simulation of an unadapted implantation.

Two studies for scenario 1 and 3 are conducted and described in the following two
sections. For scenario 2 however a more cost effective greedy adaption optimizer is
presented.
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Scenario 1 The SAA algorithm aims to achieve the same constraints as the treatment
planning in order to compensate possible loss of dose coverage. Only the dose constraint
to the D1(aorta) which is the maximum dose to 1% of the aorta is constraint more
restrictive. Ten SIs of one of the ten optimized plans in scenario 1 with the NPA of
+1mm and £3mm are compared with the SAA. In this study, all needles except the
first one are adapted by SAA. Table 4 displays the chosen optimization parameters.
Figure 11 on page 34 displays plots of the weighted penalty functions. It can be seen,
that ¢g; has the highest and g, the lowest impact on the objective function strongly
depending on the chosen error weight w;. For g3 and gg the error weights had to be
adjusted such that they contribute in the same range to the objective function. The
highest dose on 1% of the aorta (D1(aorta)) was set to 60 Gy to spare the aorta of high
dose peaks. Thereby, all plan parameters are optimized to remain near the pre-treatment
values. Ten Sls of one treatment plan with needle tip deviations of 1 mm and £3 mm
are compared with SAA.

V100 weighted penalty function V200 weighted penalty function
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Figure 11: Plots of the weighted penalty functions g, wy, g2 we, g3 w3 and gg ws.
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function weight threshold dose percentage pre-treatment dose
wy Dthresh (Gy> X(%) DXoar (GY)

g1: V100 1

g2: V200 0.1

gs: aorta 0.01 60 1 96.98

g4: vena cava 0.01 60 1 69.91

gs: liver 0.01 90 1 89.82

gs: normal tissue  0.001 200 0.5 142.15

Table 4: Parameter values used for the external needle injection approach in the objective
function in equation 25.

Scenario 2 The treatment plans for the prostate CTV contain the highest number of
needles and seeds in contrast to scenario 1 and 2. Due to the CTV size, the treatment
constraints are less dependent on the seed displacement as for the other two scenarios.
However, the constraints D10(urethra) and Dy .(rectum) can be influenced highly by
one displaced nearby seed.

To efficiently adapt the next needle the greedy adaptive optimizer (GA) is presented.
In contrast to the SAA here only the next needle is adapted. To calculate the former
dose distribution the next needle is removed. This dose distribution can be given to the
objective function sparing the cost of recalculating the dose for each seed.

The upper and lower bounds of the next needle tip are the tip coordinate 1.5 mm.
The upper and lower bounds as well as the needle tip coordinate are used to generate
new possible tip points by randomly permuting the x, y and z coordinates of the tip
coordinate and its bounds. In contrast to simulated annealing, the domain of needle
candidates is highly reduced from an infinite continuous domain to 27 needle candidates.
The latter is the result of three positions —1.5 : 1.5 : 1.5 mm for each room direction
x, v, z. Regardless of the loss of the V100 all needles except the first one are adapted
with the GA algorithm. However, the optimizer compares the objective function value
of the pre-planned needle position as well with the others such that no shift to the needle
is possible as well. Reducing the number of needle candidates for the adaption saves
computational cost and speeds up the optimization.

The objective function then evaluates the sum of the functions f; — f5 equivalently
to Table 3, but with the weightings of ws,3 = 0.3 to better spare the urethra. The tip
coordinate minimizing the objective function is used to implant the next needle.

Scenario 3 In this approach, the number of needles as well as the volumes are small.
Hence, the number of possibilities to adapt the seed displacement is reduced as well.
The whole algorithm is illustrated in Figure 12 on page 36. It shows how the SI is
compared to the SI with the SAA algorithm. If the loss of the V100 is greater than the
threshold (th = 1% and th = 0.5% for the NPA of 3mm and 1 mm) the SAA algorithm
optionally optimizes the treatment plan. Then two tracks are evaluated where each
needle is implanted with the same random implantation error. In the adaption track
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there are 1 < SAA < N — 1 adaptions where N is total number of needles. The first
needle is never adapted.

i=i+1 - i=i+1
— i-th needle

\

implant with random
implantation error

A

i SA adaption of No adaption
remaining needles Si

compute live dose
from implanted and
remaining needles

—— 1 AV100 < th(%)*
LN : *threshold

th=1% o=3mm
th=0.5% o=1mm

Figure 12: The simulated implantation workflow chart is shown. AV100 specifies the
change of the V100 due to the shifted implanted needle. The threshold is 1 %
for a needle placement accuracy of 3mm and 0.5% for 1 mm respectively. If
the threshold is exceeded the SAA optionally optimizes the remaining needles.

Ten plans of the F-CTVs 1/3/4/5 are simulated with and without simulated annealing
adaption to compare the effect of needle adaption.

The SAA optimizes the dose distribution Dpp for the remaining n-i needles to enable
correcting an implanted seed deviation resulting in suboptimal dose parameters. Here all
remaining trajectories are modified simultaneously within +1.5 mm tip point deviation.
The stopping criteria are a maximum of 25 iterations or a maximum of iterations equally
to five times the number of remaining needles. The online dose is calculated and if the
V100 drops more than 1% for ¢ = 3mm or 0.5% for 0 = 1 mm the SAA algorithm
adapts the remaining needle trajectories.

The error functions are used similar to Table 3 except of the weightings for the two
urethra functions that are we 3 = 0.3 and the included V200 function (¢2) equally as in
table 4. Further, there is no error function for the prostate tissue.

The SA adapted implants are compared with the simulated implants for all F-CTVs
together and for each F-CTV alone. As each F-CTV has a different size, the number of
needles and seeds used might differ. This however influences the number of possible SA
adaptions.
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2.7 Transrectal implantation experiment

A phantom experiment for scenario 3 is conducted in order to test the workflow, deter-
mine the seed placement as well as the robotic accuracy and the possibility to register
the released seeds in the MRI images. The F-CTV #1 was chosen to be treated by a
prescription dose of D, = 160 Gy hence this one is best reachable in the phantom setup
(see Figure 4 on page 13). The total workflow was tested by implanting two needles with
two seeds each. The seeds were located in the MR images and its coordinates were used
to optimize the radiation treatment plan with the SAA algorithm. The live trajectory
was calculated from the needle guide location of the actual image set. The workflow
displayed in 5 on page 14 was followed and is described there more detailed on the given
experiment.

Procedure The phantom was positioned on the MRI table as shown in Figure 4 on
page 13 with the standard body coil attached. T2-weighted scans of 1 mm slice thickness
with an angle of approximately 45° were performed and sent to the RCM software to
approve the setup of the robot and phantom. The needle guide was prompted to move
into the initial planning position by adjusting the insertion depth and position by aiming
at a central point of the lesion. Then the volumes and the F-CTV were contoured with
the RCM. The RT-Struct was then manually transferred to the TPS for inverse radiation
treatment planning.

(1.) in Figure 5 on page 14 is using the rotation point coordinate from the RCM for
the treatment planning and the first needle tip point as treatment target.

(2.) is to determine the live needle trajectory after the RCM movement by the ac-
tual rotation- and tip-point. The tip coordinate was localised in the RCM software by
searching the nearest coordinate in the MR-image set and the robot automatically posi-
tioned the needle guide. Another MRI scan confirmed the latter. The needle guide was
re-calibrated on the actual image set to locate precisely the rotation point coordinate.
The needle guide tip coordinate can be extracted from the image set as well.

With these coordinates, the needle trajectory is calculated. The insertion depth is
measured along the actual needle trajectory from needle guide tip to the target to deter-
mine the live needle tip and the seed coordinates in difference to the pre-planned needle.
The depth optimizer calculates the optimal insertion depth for the needle by altering the
latter in 1 mm steps in the range of (—3,3) mm and minimizing the SAA objective func-
tion. The trajectory is approved or the robot is moved repeatedly to further optimize
the needle guide placement.

To implant the needle with the correct insertion depth the length of the needle guide
tip to the target point is measured in the software. The needle is placed into the needle
guide up to the needle guide tip. Therefore, the needle guide length has to be marked on
the needle beforehand. Then the needle is pushed forward about the insertion depth and
the seeds are released. The next MRI scan should be acquired along the implantation
trajectory with 1 mm slice thickness to register the seeds that are aligned with their
long side in the same direction. Here the seeds are seen as circular signal voids in up
to four successive image planes and the spacers with positive signal such that the seed
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coordinate centre can be registered the most accurate. The SAA algorithm adapts the
remaining needle trajectories if necessary. The next needles are implanted the same way.

Evaluation The needle guide accuracy is measured by comparing the pre-planned seed
positions to the recalculated approved ones that result from the approved needle trajec-
tory without altering the needle insertion depth. To validate the accuracy of registering
seed coordinates in the MRI CT scans were acquired after the experiment and the data
sets then were matched with a rigid image registration with the commercial image data
toolkit Velocity (varian Medical Systems, Palo Alto, USA). The CT scan seed registra-
tion here serves as the gold standard to measure the seed displacement according to
the pre-planned and approved seed coordinates and the deviation to the MR-only seed
registration.

The experiment is evaluated by measuring two accuracy measures. The first is the
spatial deviation, which is the length of the connection vector between planned and
experimentally achieved position. The second is the depth deviation, which measures
the displacement in relation to the insertion depth. This can be done by finding the
coordinate on the needle trajectory with the shortest distance to the displaced seed.
The deviation of this coordinate to the seed coordinate on the trajectory is then defined
as the depth deviation. This measure along the needle path was also recorded as a
quality measure in [42] and is influenced by the physician who inserts the needle. It is
calculated by a function, which proceeds the following steps. The plane P is calculated
which on one hand contains the displaced seed coordinate (Sp) and one the other hand

is perpendicular to the needle trajectory vector A being the normal vector (compare eq.
9). The plane is in a normal form with the constant d calculated by

ShoN=d (30)

with S_D> being the position vector of Sp. The plane P is then given by

TN —d=0. (31)
Inserting the parameterized form of the needle trajectory as a line

T=TP+u X (32)

into the normalized plane enables to calculate the parameter

_d-(TP-X)

= . (33)
A

Inserting p into the equation 32 results in the coordinate that lies on P and the trajectog

with the shortest distance to the displaced seed coordinate. As the trajectory vector A
points from the rotation point to the tip point it holds that p > 1 signifies a depth
deviation directed into the patient.
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3 Results

3.1 Dose modelling of lodine-125 seeds

Table 3.1 shows the resulting parameters of fitting the dose values Dy, (r) with f(r) = a r°

for each angle 6. The seed in this model is aligned along the § = 0° axis. It can be seen
that the fit functions with 6 angles near to 90° have an dose gradient of ~ 1/r%. The
data points used for the fitting have the highest distance to the seeds surface and there
one expects this dose gradient. For the angles with the seed surface closer to the first

data point due to the seed’s spatial extent the b value raises up to a dose gradient of
~1/r?7.

0() a (95 % confidence bounds) b (95 % confidence bounds)
0 2.832  (2.095, 3.569) -2.609 (-2.799, -2.42)
2 3.079 (2.091, 4.066) -2.552  (-2.787, -2.318)
5 6.709 (6.385, 7.034) 2,060 (-2.105, -2.034)
7 5871 (5.186, 6.557) 2,404 (-2.49, -2.319)
10 5.338 (4.253, 6.424) -2.735  (-2.883, -2.587)
15 6.553 (5.354, 7.752) -2.777  (-2.911, -2.644)
20 779 (6.54, 9.04) 2762 (-2.879, -2.645)
25 9.213 (8.023, 10.4) -2.666 (-2.761, -2.572)
30 10.68 (9.661, 11.69) 2547 (-2.617, -2.478)
40 13.51 (13.14, 13.88) -2.293  (-2.313, -2.272)
50 16.11  (15.39, 16.83) -2.045  (-2.079, -2.012)
60 16.96 (15.99, 17.93) -1.965 (-2.008, -1.922)
70 1645 (15.83, 17.08) 11953 (-1.982, -1.925)
80 16.29 (15.52, 17.06) -1.94  (-1.975, -1.904)
00 1632 (15.44, 17.2) 1928 (-1.969, -1.888)

Table 5: The fit parameters of the power function f(r) = a r° for each angle 6 of the
seed.

The dose distribution of a five seed strand is displayed in Figure 13. Figure 14 on
page 41 (a) and (b) show the compared dose planes of the TPS and OCP respectively.
Figure 14 c) shows the dose along the x-axis for the y-value (y = 38.38 cm) marked with
a white line in a), b) and d). The latter (d) shows the gamma map, the visualisation of
the gamma test. Red pixels with value 1 have failed, whereas the others have passed.
The closer the pixel is near zero the better the agreement. Here the dose was normalized
to 290 Gy which is the dose accounted for the V200 of the 145 Gy prescription dose for
prostate seed-BT. The gamma test with the threshold of 1% = 2.9 Gy and 1 mm passed
for 98.5% of the pixels.
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Isodose plot 5 seed-strand
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Figure 13: A filled isodose contour plot through the centres of five stranded seeds lined
along the X-axis with the isodose lines (100, 70,25) Gy. Adapted from own
publication [61].

3.2 Path planning and needle candidate domain

Scenario 1 The path planning is visualised in Figure 15 on page 42. Figure 15(a)
displays the injection points IP; dismissed due to the checkpoint sphere inside of the
liver shape CP;. This is the first OAR filter where the checkpoint sphere’s radius r is the
distance of the liver contour’s median to the target volume’s median. Figure 15(b) shows
all injection points and marks the valid ones remaining after the filter process. The total
number of injection points of 5699 was reduced during the path planning to 1568 in 9.7
seconds. The first OAR filter removed 44.7 % and the next 290 filter steps 27.8 % of all
injection points. Removing the neighbouring needle candidates that were located closer
than 2 mm to each other reduced the number of injection further to 827 injection points

40



3 Results

a) TPS Contourplot b) Oncentra Prostate Contourplot
= 300
” ==Y=78.38cm o V=78 38¢cm
81 81 250
80 80
200 o
g 79 E 7 Y=78.38 cm (\'I_)/
© e s 150
78 78 8
77 77 100 3
76 76 50
75 75 0
5 4 3 2 4 0 1 2 3 X-(cm)
X (cm)
C) ., Dosealong Y =7838cm d) Gamma 1%,1mm=98,8%
mTPS ”
250l EOncentra Prostate 4,
80 E
~ 200t
g . 06
% 150t § -
8 > 78 3
£
100} - 03 %
50| o 0290
0 ” 0

6 5 4 3 2 1 0 1 2 3 4
X (cm)

Figure 14: a) and b): The isodose plot of the compared dose planes calculated by
the TPS (a) and OCP (b). The colours red, orange, yellow, green,
cyan, blue and dark blue specify the colour wash of the isodose lines of
(300, 250, 200, 150, 100,50, 0) Gy respectively. c¢): The line plot along Y =
78,38 cm of both planes shown in a) and b) as the white dashed line. d):
The gamma plane resulting from the gamma test with gamma = 1%, 1 mm
with 100 % = 290 Gy of the planes of a) and b). The colours dark red, yel-
low, cyan, blue and dark blue specify the colour wash of the gamma levels
(1, 0.6, 0.3, 0.2, 0) respectively. A failed pixel has the gamma level 1, all
other levels count as a passed pixel. Adapted from own publication [61].

(14.5 % of the total number) that were considered for the needle candidates. Figure 15(c)
visualises the number of filtered injection points over the number of executed filters. The
first filter is reducing the injection points in the direction of the treatment couch as well
as the first OAR filter that locates the majority of the filtered injection points which can
be seen in the outer graph. The yellow background marks the other used OAR filters
with an adapted radius defined by equation 11. On the blue background the filter steps
with the varied T'P which were the minimum and maximum contour points of the PTV
in all room directions with additionally varied radius were conducted. The inner graph

41



3 Results

shows that these varied filter functions detected up to 160 invalid injection points per
evaluation.
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Figure 15: a): The checkpoints CP; (blue x) have the same distance to the median of

the target volume than the liver median and are located inside of the liver.
Therefore the associated injection points IP; (black dot) are removed. b):
Shows all injection points (blue dot) and the remaining ones (red circle). c):
Plots the number of filtered injection points over the number of executed
filters hence demonstrating the effectiveness of each filter. The inner graph
zooms into the range of [0, 200] removed injection points. d): The remaining
IP; (red circle) used for the needle candidate domain. Adapted from own
publication [61]

The resulting injection points are shown in Figure 15(d). The needle candidate domain
contained 1971 tip points and the amount of valid needle trajectories to deliver one seed
was 1.01 10°. From two to five seeds the amount of needle trajectories decreased from
8 10° to 8 10%. Figure 16 on page 43 demonstrates a decreasing number of valid injection
points with an increasing number of seeds per needle due to the longer required path
length in the target volume. For needles with one seed, a great number of needle tip
points were accessible by all injection points (Figure 16(a)). These were the ones on the
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ground and more to the liver directed opposite to the injection points located upside
and on the left. For the needle candidates with three seeds the area of tip points best
reachable was the same as for the one seed needles but smaller, because three seed-
strands could still be placed by needle candidates from upside (Figure 16(b)). However,
this changed with five-seed-strands where the tip points on the left were still reachable
by 40 % of the injection points from the right side with lateral needle trajectories (Figure
16(c)). Five-seed-strands from upside would have resulted in seeds outside of the target
volume whereas they were filtered out.

Tip Point reachability (TPR) for 1 seed —100 TPR for 3 seeds
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Figure 16: a): The target volume’s contour points are the needle candidates’ tip points.
Their colours are defined by the percentage of injection points IP; (red circle)
that combine to a valid needle candidate containing one seed (Tip point
reachability, TPR) if the seed is located inside of the target volume. b) and
c¢): The target volume with the tip points coloured after the TPR for a three
seed and five seed strand respectively. Adapted from own publication [61]

The tip points, which were best reachable therefore were the ones on the right part of
the target volume near the liver as most of the injection points were located on the right
side and upside. The path planning and generation of the needle candidate domain took
0.7 min.

Scenario 2-3 There were initially 2072 tip points for scenario 2 that were reduced to
1431 tip points by omitting all second needle tips with a quadratic distance of less than
1 mm. After filtering for the seed positions inside the prostate CTV and outside of the
urethra margin there remained 625 tip points. The needle candidate domain had eleven
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needle candidates containing four seeds, 152 with three, 373 with two and 625 needle
candidates with one seed.

In the scenario 3 the number of needle candidates per lesion was highly reduced due
to the smaller amount of F-CTVs’ contour points. The number of needle candidates
counted 33.8 4 12.6 with two- and one stranded seeds for the lesions 1-5.

3.3 Treatment plan optimization

Scenario 1l The optimization algorithms achieved the treatment aims with a high V100.
The development of the latter as well as the V150 and V200 during each optimization
step of the four algorithms is displayed in Figure 17 on page 45 for one example treat-
ment plan. For the greedy optimizer each step signifies a solved sub-problem with a
needle candidate chosen for the treatment plan. As the dose contribution of each needle
depends on the number of stranded seeds, the increase of the dose coverage is nonlinear.
Therefore, the curves increase sharply for the first needles containing five seeds. When
the number of seeds is reduced, the curves flatten. Because of the high dose in the
seed’s close vicinity, the V200 is also apparent in the first optimization step. Due to
superposition of lower dose components, the V100 value increases more than the V150
and V200 values. However, for the last needles it is the other way round as they are
allowed being placed closer to the higher dose region in equation 15 on page 25.

The remove-seeds algorithm efficiently reduces the V200 by &~ 15 % while losing only
a small amount of dose coverage by the V100 of ~ 1%. The depth optimizer improves
the dose homogeneity slightly by an increased V100 and decreased V150 and V200. The
coverage optimizer sets a new needle increasing the V100 over 99 % to the disadvantage
of raising the V150 and V200 by 7% and 6 % respectively.

Figure 18 on page 46 shows the structure set with a treatment plan configuration
of 13 needles and 35 seeds and the prescription dose envelope. The V100, V150 and
V200 were acceptable with (99.0,75.9,34.2) %. The D90 > 120 % D,,, was achieved with
124.8 Gy.

Ten treatment plans with (2 x 2 x 2) mm? grid resolution have been generated to test
the stability and statistical variability of the inverse optimization process. The referring
box and whisker plots are shown in Figure 19 on page 47. The treatment aims of a V100
close to 100 % were achieved in all ten plans with V100 = (99.1 +0.3) % (Figure 19(a)).
The V150 and V200 were (76.4 +2.5) % and (44.5+5.5) % respectively. In addition, the
D90 = 125.9 4+ 3.6 Gy value was over 120 Gy for all ten plans matching the treatment
aim of good dose coverage (Figure 19(d)). The plans contained 10.7 & 1.3 needles with
34.0 £ 0.8 seeds (Figure 19(b)) and the optimization time median was 2.6 min with
the 75 % percentile of 3.2min and 25 % percentile of 2.1 min (Figure 19(c)). However,
two outliers regarding the optimization time were detected with 10.5 min and 29.2 min.
Here the coverage optimizer called the objective function repeatedly for many needle
candidates without fulfilling the required passing condition such as V‘\’,J > (0.7. The
TPS total running time median was 4.4 min which includes loading the structure set,
the dose modelling data, the path planning and the needle candidate generation and the
inverse optimization.
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Dose parameters during the optimization process
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Figure 17: The optimization time-resolved dose parameters V100 (blue), V150 (red),
V200 (yellow) as the percentage of the target volume. Each background
colour shows the currently running optimizer. Adapted from own publication

[61]

Scenario 2 Table 6 on page 48 shows the planning results and dose constraints for the
optimization with the prescription doses of Dy, ; = 145 Gy and D, » = 115 Gy. For both
prescription doses the ten plans were acceptable in terms of the most important dose
constraints which are the V100, D90, urethra D10, D30 and rectum Dy and Dy cc.
However, the urethra D30 was violated slightly three times of ten for D,,; and eight of
ten times for Dy, 2. The V150 and V200 were higher than the proposed constraints. The
results for Dy,; = 145 Gy were better in terms of the urethra D30 constraint indicating
that the greedy optimizer setup fits better to the higher prescription dose. The difference
in the results can be explained by the seed’s nonlinear dose gradient leading to different
spatial spreading of the valid dose range for the needle tips and seeds in equation 15 on
page 25. For Dy, » = 115 Gy the optimal seed spacing to each other and the urethra is
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Figure 18: Overview of one of the ten final treatment plans containing 13 needles and
35 seeds (black dots). The Dy, = 100 Gy dose envelope (yellow) encloses the
target volume (red contour). Adapted from own publication [61].

increased which results in a modified optimization problem.

Figure 20 on page 49 shows the overview, a central dose plane and the dose volume
histogram of one of the ten plans with the prescription dose D, = 145 Gy. The very steep
dose falloff for the urethra in the high dose region is needed to fulfil the dose constraints
D30 and D10, the points on the urethra in the dose-volume histogram (DVH) (Figure 20
¢)) for the volume 30 % and 10 %. In the dose plane (Figure 20 b)) the orange contour
is D = 15D, = 217.5Gy. It may only cover 10% of the urethra to fulfil the D10
constraint. Here only the green contour showing the 145 Gy isodose covers the area
around the urethra such as it is expected for state of the art prostate seed-BT as well.

Scenario 3 Examples of the V100, V150 and V200 progression during the optimization
steps for different F-CTVs are displayed in Figure21 on page 50.

Each point on the red background displays the dose parameters V100, V150 and V200,
which are changed when a new needle is added to the solution space. On the grey back-
ground on each optimization step, a needle trajectory is modified within the simulated
annealing optimizer. On the blue background, the “remove outer seed function” was
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Figure 19: Box and whisker plots of the ten treatment plans are shown with the median
(red line), the 75" and 25th percentiles (top and bottom box edges), whiskers
(dashed vertical line and horizontal line) for extreme data values and outliers
(red cross). a): The dose parameters V100, V150 and V200 as percentage
of the target volume. b): The number of used needles and seeds. c¢): The
optimization time containing two outliers. d): The D90 dose parameter for
the target volume. Adapted from own publication [61]

executed. The greedy optimizer stops the optimization with a V100 around 90 — 95%
and the simulated annealing optimizer then is able to optimize the coverage with this
amount of needles and seeds. On Figure 21b) a seed is removed resulting in a drop of
the V150 and V200 while the V100 is reduced a little. The second simulated annealing
algorithm is then able to optimize the V100 = 100 % without this seed.

The overall percentage of the F-CTVs of L1/3/4/5 and with the prescription dose
D, = 160 Gy yielded V100 = 99.2+ 1.2 %. The trajectories circumvented the urethra as
intended to reach the F-CTV #2, but due to the limited reachability the V100 yielded
V100 = 93.9 £4.5% for Dy 9) = 115Gy. For Dy, 1 = 145Gy there was no acceptable
dose coverage reachable.

The urethra D10 < 150% and D30 < 130% of the prescription dose as well as
the rectum constraints were met easily for the lesions L.1/3/4/5 with together D10 =
42.8+14.9 Gy, D30 = 32.04+10.7 Gy of the urethra and Dgj c.(rectum) = 37.3+£44.4 Gy
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CTV urethra rectum

D, #N #S V100 V150 V200 D90 D10 D30 Do Do1ce

(Gy) (%) (%) (%)  (Gy)  (Gy) (Gy) (Gy) (Gy)

mean 145 23.5 47 95.8 64.6 28.6 167.84 194.6 185.5 69.1 126.6

std (£) - 1.4 1.2 0.5 3.1 2.6 3.4 5.6 5.1 2.3 114
constraints - - - >905 <50 <20 >145 <2175 <1885 <145 <2175
mean 115 182 385 954 65.6 31.2 131.3 162.0 152.6 57.3 107.3

std (£) - 1.1 0.7 04 1.9 1.6 1.3 4.4 3.6 1.9 13.3
constraints - - - >95 <50 <20 >116 <1725 <1495 <115 <1725

Table 6: The planning results on the prostate CTV of 10 plans each with D, ; = 145 Gy
and Dy, o = 115 Gy.

and Dy (rectum) = 14.8 + 13.2 Gy for the rectum. For the lesion #1 closest to the
rectum its constraints were Dg 1. = 110.8 £ 16.8 Gy and Dy = 36.3 + 3.9 Gy. For all
F-CTVs 5.10 £ 1.25 needles and 6.50 + 1.34 seeds were used.

3.4 In-vivo seed displacement adaption

Scenario 1 The pre-treatment plan as well as the SAA and SIs are visualised in Figure
22 on page 51. Figure 22 b) and d) show how the needle tip position is changed during
each SAA optimization step. The last position before the simulated implantation is
shown as a triangle. Then the random SI with a NPA of b) 1 mm (green x) and d) 3 mm
(blue x) is shown. ¢) Shows the two Sls without prior SAA optimization.

Table 7 on page 52 displays the resulting treatment parameters of one plan with
ten SIs. The Dl(aorta) was reduced on average (meant standard deviation) in the
SAA setting with an NPA of 1 mm from initially 96.98 Gy to 80.44 + 4.64 Gy and to
83.56 + 8.37 Gy for an NPA of £3mm. The other constraint mean values remained
constant. The SIs without adaptation showed better results for the smaller NPA of
1 mm with mean values near to the pre-plan. For a NPA of £3 mm the plan parameters
differed more which resulted in higher standard deviations. Figure 23 on page 53 shows
the bar plots of ten SIs comparing simulated implants with and without SAA for different
organ at risks.

Scenario 2 The simulation results are displayed in Table 8 on page 52. Four cases
can be distinguished for each unadapted vs. adapted SI. On one hand differed the
prescription dose of Dy, = 145 Gy for the monotherapy or Dy, = 115 Gy for the combined
therapy with additional 40 Gy EBRT as defined in chapter 2.1.2. On the other hand the
NPA was varied of 1 mm or 3 mm.

The simulated implantation without further adaption for D, = 145 Gy and NPA of
1 mm showed very good results close to the pre-plans (Table 8 row 1). The constraints
for the V100 and D90 were fulfilled as well as the constraints for urethra and rectum.
If such a high robotic implantation accuracy were achievable, the in-vivo plan adaption
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Figure 20: a) The plan overview with the volume structures, needles and seeds. b) The
dose distribution for the plane z=31 mm. c¢) The plan’s DVH.

would only be necessary if a seed strand is displaced strongly by mistake.

With a raising NPA of 3mm the V100 dropped to 93.6 £ 1.5mm and the D90 to
155.8 + 4.4 Gy (Table 8 row 3). Additionally the D30(urethra) of 192.5 + 13.9 mm
slightly violated the planning constraint. Three of the ten plans fulfilled the D30(urethra)
constraint but three had a D30 > 200 Gy as well.

The greedy adaption algorithm for the NPA of 1 mm and 145 Gy showed a reduced
dose in the CTV with the V150 and V200 fulfilling the planning constraints but with a
reduced V100 of 93.6 % as well (Table 8 row 2). The urethra constraints however were
much lower than the pre-planned values. These results can be attributed to the objective
function where the urethra sparing is weighted strongly with w3 = 0.3 against the V100
weighting w; = 1. The optimizer obviously chose repeatedly to move the needle away
from the urethra resulting in a more homogeneous and widespread dose distribution to
the peripheral prostate and the neighbouring normal tissue.

The prescription dose of 145 Gy with a higher NPA of 3 mm showed a more reduced
V100 and higher standard deviations especially for the dose constraints evaluating a
small volume such as the rectum Dg 1. and the D10(urethra) (Table 8 row 4). However,
for both cases the D90 still fulfilled its dose constraint such that the therapy should still
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Figure 21: The dose constraints V100, V150 and V200 are shown along each optimization
step over the optimization time. a)-d) show one optimization of the lesions
L1/3/4/5. The red background marks the greedy optimizer where each data
point specifies a needle added to the solution space. The grey background
shows the simulated annealing optimization where each data point signifies
one needle shifted to a new position. The blue background shows the remove
outer seed function where a seed is removed while reducing the V200 at most.

be successful.

The SIs for D,, = 115Gy as well as the pre-plans resulted in a D30(urethra) slightly
higher than the planning constraint (Table 8 row 6). The best results however achieved
the 1 mm greedy adaption optimizer with an even better V100, V150, V200 and D30(ure-
thra) than the means of the pre-plans.

The SI without adaption here resulted in dose constraints very close to the pre-plan
mean values (Table 8 row 5).

However, for the SIs with a higher NPA of 3mm the urethra dose constraints D10
and D30 were both violated definitely with high standard deviations (Table 8 row 7).
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Figure 22: The CTV with the visualised pre-planned, intermediate (line corners b) and
d)) and final needle tip coordinates (green NPA of 1 mm, red of 3mm), of
each scenario compared. a) Closer view on the target volume with seeds
(squares) and the needle tips (triangles) b)SI with SAA and 1 mm NPA. ¢)
ST with £1;3mm NPA. d) ST with SAA £3 mm NPA. Adapted from [62].

These can be attributed to the pre-plans’ needles close to the urethra shifted towards
the urethra during the SI. The rectum Dg ;.. mean was acceptable, but there were two
outliers that violated this constraint with 282.0 Gy and 312.6 Gy resulting in a high
standard deviation of 81.9 Gy. Here seeds were placed too near to the rectal wall.

The greedy adaption however showed a D10 and D30 close to the pre-plans even for
the NPA of 3mm (Table 8 row 8). The D10(urethra) = 166.0 £+ 7.7 Gy showed that
the optimizer chose to move the nearest needles away from the urethra. The adaption
distance of 1.5 mm here was sufficient to hold the urethra D10 close to the pre-plans’
mean value. Considering the same V100 (93.0 & 2.7% (SI) vs. 92.7 £ 1.7 (GA)) the
greedy adaption simulation showed better outcomes with better urethra and rectum
sparing in contrast to the SI plans.

Scenario 3 The resulting V100, V150 and V200 of the pre-plans PP, SIs and SAAs of
ten plans each of the lesions L.1/3/4/5 for a NPA of 1 mm and for the NPA of 3 mm are
displayed in Figure 24 on page 54.

An NPA of 1 mm led to an in-vivo V100 of around 12 % higher than the NPA = 3 mm
NPA for both ST and SAA. The SAA showed an in-vivo V100 benefit of about 2% to
the SlIs for both NPAs. The SAA algorithm was executed 1.88+0.82 times for each plan
for NPA = 1mm and 2.70 £ 1.81 times for NPA = 3 mm respectively. Even though the
threshold of coverage loss was 0.5 % for NPA of 1 mm against 1% for the NPA of 3mm
the higher uncertainty for needle displacement resulted in more adaptions per simulated
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initially SI 4+ 1lmm SI 4+ 3mm

SAA SI SAA SI
V100 (%) 99.12 98.52+0.29 98854+042 97.01+1.21 96.02 + 1.30
V150 (%) 78.04 75.71+£1.40 77.43+£0.52 71.16£3.53 70.25 +4.31
V200 (%) 48.52 4827 4+4.86 48.64+1.98 45.93 +6.26 41.25 £ 7.70
D1 aorta (Gy) 96.98 80.44+4.64 97,724+4.68 83.56£8.37 102.10 +£ 10.69
D1 vena cava (Gy) 69.92 67.61+395 71.06+3.40 70.32+£7.62 76.19+ 10.54
D1 liver (Gy) 89.82  88.65+8.38 87.924+3.63 85971442 85.70£15.15
D1 normal tissue (Gy) 11812 119.20 £2.90 11893 +2.51 118.62+5.65 125.74+7.70
coin 0.74 0.74 £ 0.02 0.74 £0.01 0.73 £0.03 0.69 £+ 0.03

Table 7: Treatment plan parameters (mean+ standard deviation) before and after SI +
Imm and ST £+ 3mm with SAA and SI for the liver simulation of ten plans.

CTV urethra rectum
D,y NPA #N #S V100 V150 V200 D90 D10 D30 Dsce Do.1ce
(Gy) (mm) (%) (%) (%) (Gy) (Gy) (Gy) (Gy)  (Gy)
SI mean 145 1 23.5 470 953 63.3 27.8 165.0 196.6 186.6 69.7 123.8
std (£) - 1.4 1.2 0.7 3.5 3.1 3.3 7.2 7.4 4.2 11.9
GA  mean 145 1 23.5 470 93.6 49.2 19.4 154.9 169.8 161.0 72.8 142.9
std (%) - 1.4 1.2 0.7 2.6 14 2.7 4.8 3.9 2.7 17.9
SI mean 145 3 23.5 470 93.6 549 242 1558 202.3 192.5 69.3 137.7
std (i) - 1.4 1.2 1.5 5.5 2.8 4.4 15.6 13.9 8.0 42.7
GA  mean 145 3 23.5 470 91.7 448 194 148.1 177.5 167.4 64.7 116.1
std (£) - 1.4 1.2 1.5 4.3 1.8 4.5 12.7 9.5 5.7 16.8
constr. 145 - - - >095 <50 <20 >145 <2175 <1835 <145 <2175
SI mean 115 1 18.2 385 95.0 63.8 29.8 1294 161.9 152.2 57.9 110.2
std (%) - 1.1 0.7 0.8 2.6 2.1 2.5 7.6 6.9 3.4 16.2
GA  mean 115 1 18.2 385 957 625 280 130.9 162.7 150.3 60.3 117.4
std (£) - 1.1 07 0.7 2.4 14 2.5 3.4 1.7 2.4 17.5
SI mean 115 3 18.2 38.5 93.0 60.3 44.8 122.2 184.4 169.6 60.2 143.5
std (%) - 1.1 0.7 2.7 4.8 3.0 6.5 25.8 21.8 5.1 81.9
GA  mean 115 3 18.2 385 927 539 239 121.3 166.0 153.2 60.5 122.6
std (%) - 1.1 0.7 1.7 3.6 1.8 3.9 7.7 5.2 8.5 32.3
constr. 115 - - - >05 <50 <20 >115 <1725 <1495 <115 <1725

Table 8: The simulated implantation results on the prostate CTV of 10 pre-plans (SI)

and additionally with the greedy adaption (GA).
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Figure 23: Bars and whisker plots of the OAR D1 doses of SIs with the needle placement
accuracy of £1mm or £3mm with the median (red line), 25th and 75th
percentile (blue bar), whiskers and outliers (red cross). The annotated lines
(grey) display the pre-planned doses. Adapted from [62].
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Figure 24: Bars and whisker plots of the V100, V150 and V200 of the F-CTVs 1/3/4/5.
The ten pre-plans (PP) of each F-CTV were simulated implanted (SI) without
and with simulated annealing adaption (SAA).The NPA for the needle tip is
I mm (up) and 3 mm respectively (down).
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implant.

For an NPA of 1 mm the post treatment V100 was close to the range of the pre-
planned values with V100 = 97.1 + 2.5%. The SI without any adaption resulted in a
post treatment V100 of V100 = 96.1 +3.3%. The V150 and V200 dropped for SI either
with or without SAA against the pre-plans as the inter-seed distance is statistically
increasing and the dose distribution is smeared out. This effect increases with a lower
NPA of 3mm. The same effects were seen for constant deviations of 2mm in Figure
25. Therefore, the post treatment V100 benefits from SAA independently of statistically
random needle displacement given with the NPAs as normally distributed deviations.
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Figure 25: Bars and whisker plots of the V100, V150 and V200 of the F-CTVs of
L1/3/4/5. The 10 pre-plans (PP) of each F-CTV were simulated implanted
(SI) without and with simulated annealing adaption (SAA) by adding a con-
stant shift of 2mm to the needle tip.

Lesion L2 was excluded in the graph as the pre-plan V100 reached only V100 =
93.94+4.5% and in the SI needles sometimes punctured the urethra. The SAA algorithm
then dismissed the helping points inside of the urethra which led to a safer implant but
on the other side a worsened V100 value of 82 % against 92 % of the SI. Lesion L2 was
therefore not reasonably reachable by this setup.

Figure 26 on page 57 shows the V100 of ten plans for each lesion 1.1/3/4/5 in the
pre-plan, simulated implantation and SAA. F-CTV #3 showed the best results of the
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F-CTV (#) size (ml) needles 25/75th percentile seeds 25/75th percentile

1 0.6 3 (3-4) 5 (5-6)
3 1.3 5 (5) 7 (7)
4 1.5 6 (5-6) 7 (7-8)
5 1.7 7 (6-7) 8 (8)

Table 9: The table shows the F-CTVs’ size and used number of needles and seeds.

pre-plans with a median V100 = 100 % but with one outlier of 95 %. The lowest median
V100 had #4 with V100 = 98.6 % and with a 25th percentile of 97.3 %. By comparing
the results of each lesion in terms of the simulated implantations, it is worth analysing
the size of the F-CTVs and the used number of needles and seeds. The latter is displayed
in Table 9 on page 56. The number of used needles raised with the F-CTV volume from
the smallest F-CTV #1 with three needles to the largest F-CTV #5 with seven needles.
The simulated implant showed the trend that the higher number of needles resulted
in less loss of the V100. Comparing the SAA statistics one can see an improvement
to the simulated implant. Especially the 25th percentiles were higher and the outliers
were reduced. By correcting the dose distribution and the V100 after a failed needle
implantation, the implantation success was more stable.

3.5 Transrectal implantation experiment

In the phantom experiment, two needles with two dummy seeds and two Sirius spacers
were implanted. The robot was navigated to direct centrally to the lesion displayed
in Figure 4 on page 13. The latter was located at the F-CTV #1 from the planning
studies and was contoured with a 1 mm margin as the target F-CTV with 1.3 ml size to
be treated by the prescription dose Dy, = 160 Gy as the covering isodose envelope.

The workflow described in section 2.7 was followed. Therefore, an inverse treatment
plan with five needles and seven seeds was planned. For both needles the needle insertion
depth optimizer did not alter the insertion depth. The V100 in the pre-plan and after
the needle guide registration were V100 = 100 %. After the first needle implantation the
seeds were registered in the MRI images and the online dose distribution was calculated.
The V100 dropped to 98.26 % and the SAA algorithm was used to optimize the remaining
needles. However, the V100 remained constant. Then this procedure was repeated with
the second needle to complete the whole workflow cycle once.

With the MRI to CT matched evaluation, the V100 dropped to V100 = 95.35 % after
the first implanted needle and to 91.86 % after the second one. Here the dose distribution
was calculated by the sum of the remaining needles of the pre-plan and the implanted
seeds. The SAA algorithm would have been able to adapt the remaining needles after
the first needle from V100 = 95.35% to 99.42 % by two optimization executions and
after the second needle from 91.86 % to 93.60 %.

The Table 10 on page 58 shows the resulting spatial deviation of each seed respec-
tively. The deviation from the initially pre-planned to approved seed coordinates (In./
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Figure 26: Bars and whisker plots of the V100 of each F-CTV #1 and #(2-5) for the
preplan (PP) after the simulated implantation (SI) and with simulated an-
nealing adaption (SAA). The NPA for the needle tip is 1 mm.

App.) was 0.58 + 0.22mm. This deviation is attributed to the deviations resulting by
choosing the needle tip coordinate aim in the image set with the computer mouse and
the movement by the RCM. A low slice thickness was required to enable choosing the
closest coordinate to the pre-planned one. The seed coordinates deviation from MRI
only to the MRI-CT matched data sets (MRI/ MRI4+CT) was 2.78 4 1.43 mm resulting
from the different seed registration accuracies. In the MRI, the seed registration was
difficult due to artifacts from magnetic field distortion around the seed. The seed regis-
trations for the seeds #s1 and #s2 of the first needle were quite close with 1.21 mm and
1.86 mm. For seed #2 of the second needle, the seed registration failed with 5.00 mm
spatial deviation.

Figure 27 on page 59 shows a registered seed in the matched MRI-CT image. The
deviations of initially planned and approved seed coordinates to the MRI-CT matched
data set were 2.63£0.87 mm and 2.62+ 1.24 mm respectively depending on the accuracy
of needle placement and seed release.
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#N #S A(In./App.) A(In./MRI) A(In./MR+CT) A(App./MR+CT) A(App./MRI) A(MR/MR+CT)
(mm) (mm) (mm) (mm) (mm) (mm)

1 1 0.36 3.66 3.15 3.11 3.53 1.21

1 2 0.40 3.08 2.49 2.74 3.12 1.86

2 1 0.67 4.07 3.61 4.02 4.01 3.06

2 2 0.91 5.61 1.29 0.63 5.5 5.00
0.58£0.22 4.11+£0.87 2.63 £0.87 262+1.24 4.05£0.92 2,718+ 1.43

Table 10: The spatial deviation of each seed #S of the #Nth needle with the first seed
located nearest to the needle tip. In: Initially planned seed coordinate. App.:
Seed coordinate after recalibrating the needle guide and approving the tra-
jectory. MRI: Seed coordinate derived from the MRI images. MR+CT: Seed
coordinate derived from the matched CT to MRI image.

#N  #S A(In./App.) A(In./MRI) A(App./MRI) A(In./MR+CT) A(App./MR+CT)

(mm) (mm) (mm) (mm) (mm)

1 1 +0.31 -0.98 -1.17 +0.98 +0.72

1 2 +0.32 +0.93 +0.71 -0.02 -0.30

2 1 +0.43 +3.42 +3.06 +0.66 +0.35

2 2 +0.44 +5.27 +4.90 +1.06 +0.62
0.38 = 0.06 2.16 £ 2.38 1.88 + 2,30 0.67 +0.43 0.354+0.40

Table 11: The depth deviations of each seed #S of the #Nth needle. In: Initially planned
seed coordinate. App.: Seed coordinate after recalibrating the needle guide
and approving the trajectory. MRI: Seed coordinate derived from the MRI
images. MR+CT: Seed coordinate derived from the matched CT to MRI
image. A positive value signifies a deviation directed into the patient.
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Figure 27: The image registration between MRI and CT is shown. Left: The transversal
image with the green lines marking the registered seed. Right: The overlay
of the CT images in the transversal (up), sagittal (mid) and coronal (down)
directions with the green cross pointing the clearly visible seed.

Table 11 on page 58 shows the analysed depth deviations. The results for IN./App.
show that the approved seed coordinates are located 0.38+£0.06 mm deeper in the patient.
This depends on the insertion depth measured from the approved needle guide tip to
the target point that is slightly longer than the initial insertion depth. The needle depth
deviations of the approved seed coordinates were closer to the CT registered seeds than
the initial seed coordinates (App/MRI4CT to In./MRI4CT). This effect was not visible
for the spatial deviations. It could be explained with needle bending as the bevelled tip
was directed into the direction of the initially planned needle trajectory. The results
of the seed registration on the MRI images shows that the spatial deviation of #S2 of
#N2 of 5.55mm was close to the needle depth deviation with 4.90mm. It should be
noted that the needle depth deviation can only be calculated for one coordinate point
and one trajectory. Therefore, a direct comparison between the MRI and MRI+CT
seed registration is not possible, as these are two coordinate points and the trajectory is
missing.
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4 Discussion

4.1 Dose modelling of lodine-125 seeds

The two dose planes by OCP and the TPS were comparable with small differences in
the close vicinity of the seeds and far-off the seeds. The failed pixels in close distance
with d < 0.25mm to the seeds have a dose difference of D > 1% up to a distance of
1mm. Here the dose calculation is not delineated by the TG-43 formalism as there is a
high uncertainty to the dose rate. In the TG-43 formalism, the latter are only given up
to the radius of r = 2.5 mm. In this work the dose is extrapolated to the seed surface
for every angle 6 to approximate the high dose delivered in the seed’s close vicinity. It
gives a good idea of the high inhomogeneity of the dose distribution of seed-BT with its
low keV radiation in contrast to EBRT prescribed homogeneously. The extrapolation
shows higher maximum dose values than OCP where the dose is extrapolated on the
lateral side up to 1mm. From the formula Dg,(reus) = a1, it can be seen that Dg,
is greatest for the smallest distance rg,,¢ from the seed centre when the fit parameter
b is negative. 26 % of the failed pixels contained higher doses than 500 Gy. In the line
plot of Figure 14(c)) the dose maximum of the TPS is 1508 Gy and of OCP 1017 Gy.
In clinical practice it is sufficient to know if the dose of one pixel is higher than 200 %
of the prescription dose. Than it is considered as part of the V200 which is the only
measure for hotspots in the target volume. In the region with 2mm < r < 7mm where
the dose was accurately interpolated with the fit functions, the gamma values were near
zero indicating a very good agreement of the two planning systems. As can be seen in
Figure 8 on page 19 this range is most important for the treatment planning with the
therapeutic doses of 200 to 30 Gy. A solely linear interpolation between the tabulated
distances of r = 2.5/5/7.5 mm would lead to an overestimation of the dose in distances
of r = 3/4/6/7) mm, because the dose gradient is approximately proportional to 7%2
and not linear. Furthermore, deviations can occur due to the manual reconstruction
of the needle catheters and seeds in OCP, which would result in slightly shifted seed
coordinates. Another source is the transformation of the dose grid from the internal
coordinate system of OCP to DICOM coordinates. This can result in small shifts to
each dose grid point due to round-off errors when the whole dose grid is shifted to match
the DICOM coordinates.

4.2 Path planning

Scenario 1 The path planning is designed to reduce efficiently the number of injection
points. This can be done by ordering the filter functions by its effectiveness and excluding
failed injection points immediately, because the number of injection points to be tested
influences the computational costs. However, the remaining injection points are then
tested by more specific filters to find the last invalid injection points. In this way the path
planning is mostly time efficient. The first risk structures filter excludes 44,7 % of all
injection points by using the checkpoints calculated with equation 9 on page 21. Because
only one point per needle trajectory is tested, invalid trajectories remain puncturing the
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risk structure somewhere else along its track. This is especially the case for complex
risk structures like the liver that are asymmetrically shaped to their median coordinate.
The filter is failing if the median coordinate of the OAR is not inside of its alpha shape.
This is possible if the structure is enclosing other structures such as the ribcage as whole
structure would. Therefore, these complex structures have to be contoured separately as
was done for each rib. To catch invalid trajectories referring to this issue more specific
filters based on equation 11 add the spatial standard deviation vector of the shape
coordinates to the median coordinate. Each filter uses a different length of this vector
(—2:0.1: 2)std. It points towards the room direction with the most outlying shape
coordinates. For a spherical structure, the standard deviation would be equal in all
room directions with a standard deviation pointing skew e.g. (1,1,1). For the aorta and
vena cava e.g. with a cylinder shape along the Y-axis, the standard deviation vector
points strongly in the y-axis and skew to x and z similar as in the spherical case for all
three dimensions. For normally distributed data, the raster of —2 : 0.1 : 2 std includes
95 % of the points. It therefore samples each OAR according to its specific geometry.
This approach is more automated than sampling the checkpoints along defined radial
distances as e.g (5 : 0.5 : 5)cm. Including the standard deviation ensures choosing
checkpoints within the OAR.

Contouring each bone separately is a time consuming task but it could be automated
by including novel contouring algorithms [79].

The needle insertion depth is an important parameter with impact on the needle
placement accuracy. Due to needle bending shorter insertion depths are preferable. In
scenario 1 with a central metastasis, the trajectories with an insertion depth longer than
17.5 cm to the most posterior contour point in the -z direction were rejected. The margin
of 2.5 cm should ensure that all contour points of the remaining injection points should
be reachable considering slightly longer insertion depths for skew trajectories. However,
this depends to some degree on the target volume size and could be insufficient. To
generalise this insertion depth filter each side of the target volume should be considered.

Scenario 2-3 For scenario 2 only the urethra is an OAR to be considered in the path
planning process. For this planning study, only one injection point being the RCMs
rotation point of the needle guide was considered. Therefore, no additional filters were
necessary. In scenario 2 the rotation point was set centrally on a needle guide which is
positioned with the needle guide on the rectal wall next to the prostate. In Scenario 3,
the rotation point was set near to the sphincter with the longest distance to the prostate
lesions.

4.3 Needle candidate domain

Scenario 1 The size of the needle candidate domain results from the number of valid
injection points and their maximum number of possible seeds as well as the number of
contour points being the tip points of the needle candidates. The number of possible
seeds depends on the length of the needle trajectories through the target volume. Hence,
the size of the needle candidate domain depends on the diameter and surface area of
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the target volume. The liver metastasis provided the largest needle candidate domain
in contrast to the prostate CTV and the F-CTVs of scenario 1 and 2 respectively. It
contains about 1.01 10° possible needle trajectories resulting out of 827 injection points
and 1971 tip points. The state of the art template based approach for prostate seed-BT
however works with 125 parallel injection holes on the template in the local radiotherapy
department. This gap of complexity has to be considered for the planning process.
From the state of the art approach, one can see that a much smaller amount of needle
candidates is sufficient to achieve clinically acceptable plans. For the liver metastasis,
there might be a high number of clinically acceptable plans achievable. The structure
of the needle candidate domain therefore is designed to enable fast optimization while
dealing with a higher complexity. The idea is to pre-process as much information as
possible before the optimization takes place and to structure the domain in a way that
fast access during the optimization is possible. The structure itself implicitly contains
information e.g. number of seeds (i — 1) of the domain of injection points in the ith
column. Also pre-processed is the information that every possible needle configuration
out of the needle candidate domain contains seeds within the target volume.

Scenario 2 In contrast to scenario 1 with OARs around the target volume, here the
only OAR to be considered for path planning is the urethra within the target volume.
Tip points behind the urethra were filtered out by the OAR filter. The seed positions
then are allowed being placed inside of the target volume but outside of the urethra
and the urethra margin. This results in needle candidates with trajectories passing the
urethra within the urethra margin. However, these only contain needles with one or two
seeds in the space between the urethra margin and the prostate contour surface. The
caudal space from urethra to rectum could be covered by needle candidates with the
needle tip on the urethra margin contour points. However, longer seed strands covered
this area as Figure 20 shows. With these needle candidates the domain enables to use
needle trajectories with seeds inside of the prostate CTV with a spacing of at least 8 mm
margin to the urethra that are able to cover the whole prostate except the space directly
hidden behind the urethra. The latter can be better covered with dose by shifting the tip
point coordinates 1.5 mm along their trajectory. Then the seed coordinates are located
closer to the CTV contour and eventually an additional seed can be placed on the needle
candidates between the urethra margin and the prostate contour. Altogether due to this
shift all needle pathways through the prostate are extended by 1.5 mm except the ones
with the tip points on the urethra margin leading eventually to longer seed strands for
some needle candidates.

Scenario 3 The needle candidate domain resulted in a small a set of 33.84+12.6 possible
needle trajectories and short needle pathways trough the target volume. With needle
tips on the F-CTV’s contour points this would have led to needle candidates containing
mostly one seed. However, the seed migration for single seeds is a greater issue than
for the stranded ones and more needles might be necessary to cover the F-CTV with
single seeds. To allow more seeds on the needle trajectories the whole pathway through
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the F-CTV is taken into account such that the first seed coordinate can be located on
the contour points where the needle tip is assumed initially. This resulted in two to one
seeds per needle. In contrast to scenario 2, the needles tips are here not shifted, but
there are valid second seeds located outside of the F-CTV. Since the simulated annealing
approach varies the needle tip position to optimize the dose coverage this adaption were
sufficient. Further, the remove seed algorithm is introduced to detect seeds outside of
the F-CTV with little importance to the V100. This is the case when the simulated
annealing shifted the needle backwards such that the first seed is placed centrally and
the second one outside.

4.4 Treatment plan optimization

In the TPS the optimization algorithms are implemented as functions, which enables
to use them in a modular way. This enables the user to analyse each optimization step
before starting further optimizations. For each individual target volume, there might
be an individual combination necessary for optimal treatment results. The TPS can be
compared to the simulated annealing optimizer with OAR sparing in [39] tested on lung
adenocarcinoma and a tumour at the spine. In contrast to the automatic needle path
planning of this TPS the needle candidates are adjusted manually by the physician. Then
the seeds source positions are optimized by the simulated annealing algorithm with a
fixed number of seeds, the first defined by a seeds per volume size monogram. The latter
is then varied to generate various plans used to generate plan evaluation DVHs. They
are then compared to a clinically acceptable reference DVH to determine the optimal
number of seeds. Note that the simulated annealing used in this work varies the needle
trajectory with fixed seed positions, whereas here it is done the other way round. If
a subpart of the CTV is too far distanced to a catheter adjusted by the physician the
optimizer has no degree of freedom to cover it efficiently. Therefore, this approach is
strongly user dependent. In this TPS the needle path planning and the total number of
needles and seeds is part of the inverse optimization process.

Scenario 1 The greedy optimizer loops efficiently through the needle candidate domain
to generate the initial treatment plan. To spare time it validates only subsets of the
domain to choose the next needle. The theoretical risk of a greedy optimizer is to be
trapped in a local minima of the solution space. Then there is no needle candidate left
to be placed when the threshold of V100 > 99 % is not yet reached. This is the case if
a needle is placed in a way that there exists uncovered space not reachable by needles
with a single seed. To counteract this behaviour especially the first subsequent needles
are only allowed being placed next to the anterior ones by introducing the dose range
condition of equation 15 (DR = [0.25 Dy, 0.7 Dy, + 3 N]). The next needle candidate’s
tip such as the seeds have to be placed within the space defined by the dose range. In
Figure 13 on page 40 the space between the dose levels [25, 70] Gy resulting by a needle
with five seeds can be seen in light blue. On the lateral side it spans more than 3 mm.
Therefore, the first needles are placed along the similar direction since their needle tip
and stranded seeds only then fit in the dose range space. This can be seen in Figure
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18 on page 46 for the needles #1/2/3. This is geared to the state of the art template
based approach where only co-planar needles are possible. If no limitations to the OARs
are given this is a good strategy to cover the target volume with the prescription dose
without generating cold spots in between the needles because of improper spaced seeds.

The first needle is particularly important as the starting point for the next needle
candidates allowed being set. Therefore, its needle tip coordinate is the one best reach-
able by needle candidates with five seeds assuming that the neighbouring possible needle
tip coordinate are evenly reachable. The first needle’s injection point is the median of
the subset of possible injection points. Then the needle trajectory should be positioned
centrally enabling enough neighbouring needle candidates to be set.

The dose range condition is important for the success for the optimizer as it limits the
sub-set of needle candidates considered next. The volume defined by DR dynamically
changes with each needle placed. The upper boundary 0.7 D, + 3 N limits the valid
dose in which the seed and needle tip is to be placed. Because every seed is surrounded
by high dose in its vicinity, the inter-seed-distance is influenced by this boundary as
well. The lower bound 0.25 D, however restricts considering needles with too much
distance from the current dose distribution to limit the number of needle candidates for
the optimizer and to prevent cold spots between the needles.

The DR volume grows with each needle placed as the seed dose contributes to the dose
gird up to 10 cm. With each needle the superimposition of the lower dose contributions
of each seed becomes more relevant such that the volumes defined by the boundaries in
equation 15 grow towards the target volumes contours. To prevent limiting peripheral
needle candidates without having the prescription dose coverage at these regions the
dynamic term 3 N is added to the upper boundary. N here is the actual number of
needles set by the optimizer. Therefore, the upper bound is steadily increased to allow
needles in higher dose regions and therefore with closer distance to the other seeds in the
late phase of the optimization. The tenth needle e.g. has an amplified DR of [25, 100] Gy.

The optimizer is structured to choose the needle candidates with the highest number
of seeds. At some point there is no needle candidate with this amount of seeds left
which fulfils the DR condition. This ensures choosing as much long seed strands as
possible before reducing the number of seeds. It is assumed that this approach leads
to a minimum number of required needles which results in a faster and less harmful
implantation procedure.

From these results it can be seen that the DR has an important influence on the plan
parameters such as the final number of needles and seeds and if the optimizer achieves
the planning goals. If the lower boundary 0.25 Dr is chosen too high the risk to find no
needle candidate fulfilling the DR condition rises. Same yields for the upper boundary of
0.7 Dpr 4+ 3 N. Lowering it leads to less remaining space in the uncovered target volume.
Therefore, the optimizer reduces the number of seeds faster, which finally results in
treatment plans with a higher number of needles with less seeds each. However, for the
given DR this was not the case as all of the ten initial treatment plans resulted in a
V100 > 99 %.

The remove-seed algorithm aims to minimize the number of seeds of the initial treat-
ment plan by searching for the seed closest to the medians of the volumes enclosing
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200 % and 50 % of the prescription dose (in this context V200 and V50). The V200 is
the region with too high dose, which should be minimized by reducing seeds from there.
It is apparent in the close vicinity of each seed and is raised by the superimposition of
the lower dose contribution by the neighbouring seeds as can be seen in the dose planes
of Figure 14 on page 41 (light red contours). The median of the V50 was considered
as well to choose a seed that is also well distanced to the low dose region as removing
the seed could lead to a loss of the V100. The seed found by this procedure most likely
located near of the target volume centre and therefore often one of the inner seeds of the
strand. However, only the outer seeds can be removed by shortening the strand by one
seed and adapting the needle position. Therefore, the whole seed strand containing the
found seed is analysed by the sample coordinates. The sample coordinates of equation
20 are located 5.4 mm from the seed centre. For the first of an isolated five seed strand
the dose at these coordinates is around 30 Gy. If their dose exceeds the V200 = 200 Gy
they are located in the high dose region resulting by superimposition of nearby seeds.
The number of sample coordinates located in the high dose region enables to validate
the seed position relative to the high dose region. The higher the number the more
dispensable the seed gets. The subtraction of the actual seed number n of the strand in
equation 21 on page 28 raises the decision threshold for the inner seeds more likely to
be inside of the V200 region e.g. from five to eight for a five seed strand. The outer seed
often is located near of the target volume shape where the dose rapidly falls off. There-
fore, the dose distribution is actualised after removing one seed and before validating
the next seed’s sample coordinates. Note that validating only the seed centre coordinate
is insufficient as it is always located inside of the V200 due to self-contribution.

The needle-depth optimizer is varied to compensate a loss of the V100 by the remove
seeds algorithm. In the optimal case, the better distribution of the seed during the
optimization leads to a higher V100 and lower V200 by raising the homogeneity of
the implant, because the implanted total dose remains constant. In the optimization
example of Figure 17 on page 45 this can be seen by slightly shifts of the V100 up and
V150, V200 down due to the needle-depth optimizer (blue background).

If the V100 constraint is not satisfying, the coverage optimizer searches for needle
candidates in the under-dosed region of the target volume. Figure 17 however shows
that these last seeds also raise the V200 due to more distant dose contributions to the
target volume centre. Therefore, the needle is only placed if each seed contributes at
least 0.5 % to the V100 in the condition 23 on page 30.

The statistical results displayed in Figure 19 on page 47 show that the treatment aim
of a good coverage with the V100 = (99.1 + 0.3) % is achieved in all ten cases with a
very small standard deviation. The D90 = 125.9 + 3.6 Gy is greater than 110 % D, =
110 Gy. As each plan achieved these constraints there is no need to generate multiple
treatment plans for treatment planning as one might expect because if the risk of a
trapped greedy optimizer. However, the treatment plans show variations in the V200 =
(44.5 £ 5.5) % which can be attributed to the remove-seed algorithm where the decision
of seed removal depends on the sample coordinates condition of equation 21. If the outer
seed is considered too important to remove, the remove seed algorithm exits which finally
may lead to a higher V200 and a higher seed number. The seed number varies only with
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a standard deviation of 0.8 seeds. It can be noted that the secondary optimization by
the remove seeds and coverage algorithms in total enables to remove up to five and add
up to two seeds. Here there were removed three seeds in maximum. These algorithms
hence diminished the seed variation by converging the plans to the optimal number of
seeds.

Scenario 2 The treatment planning to the prostate CTV is equivalent to the state
of the art prostate seed-BT in terms of target volume and planning constraints. The
difficulty lies in sparing the urethra with the constraints D10(urethra) < 1.5 D,, and
D30(urethra) < 1.3 Dy, while achieving a V100 > 95%. The urethra constraints can
be maintained ensuring enough distance for seeds to the urethra as the seed deposits
high dose in its close vicinity. However, as can be seen in Figure 20 on page 49 the fan-
shaped geometry of the needle trajectories leads to many needle candidates with seed
positions near to the urethra. Especially the caudal space from the urethra, the anterior
fibromuscular stroma, can only be covered by these needle candidates. However, in the
state of the art prostate seed-BT the latter is hard to be covered as well because of the
urethra alignment.

This problem is solved by introducing an eight-millimeter urethra margin and adjust-
ing the needle candidate domain. Needle trajectories pass the urethra margin enabling
to cover the space behind the urethra with seeds while the urethra margin remains free of
seeds. This important optimization information is pre-processed in the needle candidate
domain minimizing the computational cost due to invalid solutions.

In contrast to scenario 1 the first needle cannot be placed centrally into the prostate
due to the urethra. The first needle has the maximum number of possible seeds and is the
one that maximizes the volume of equation 17. The latter rewards a large prescription
dose volume and penalizes the V200 of the urethra margin. Therefore, the first needle
is likely placed centrally of the hemigland with enough distance to the urethra margin.

The first DR in equation 18 is only limited by the upper boundary with 0.1 Dy, e.g.
ensuring a distance of at least 12mm from a five seed strand and 145 Gy prescription
dose. The greedy optimizer will then most likely choose the second needle candidate from
the ones on the contra-lateral hemigland. The objective function then only minimizes
the V200 of the urethra margin to ensure that the needle candidate is well distanced
to the urethra. For the next needles the greedy optimizer will then choose needles with
the maximum number of seeds which are distanced to the urethra margin and fulfill the
second DR condition of equation 19 on page 27. Interestingly there is no need to map
an incentive to the objective function to reach the V100 > 95%. After covering the
peripheral zones of the CTV, the optimizer is forced to reduce the number of seeds and
place needles in the remaining uncovered space behind the urethra margin. As can be
seen in Figure 20 a) the needles #16 to #21 contain two or one seed and are placed
around the urethra.

It can be seen that the greedy optimizer had to be adapted to achieve the treatment
goals. If the first DR (eq. 18) is chosen the same as the second DR (eq. 19) the optimizer
would fail at a specific point of the optimization described in the following. Primary
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it would set needle candidates with the maximum seed strands on one hemigland. At
some point, the dose range has to enable choosing needle candidates with the tip points
on the contra-lateral hemigland as well as with seeds coordinates within the dose range.
Therefore, the greedy optimizer needs two needles with the maximum strand length to
fulfil the treatment aims.

In Figure 20 it can as well be seen that the most needles are placed centrally of one
gland. The dose by these needles containing long seed strands often is sufficient to
spread the prescription dose’s isodose line beyond the CTV contours. Therefore, more
urethra sparing might be possible if there are more needles set near of the CTV contours.
The reason for this behaviour is that the optimizer implicitly prefers strands with the
maximum number of seeds. The more peripheral needle candidates contain less seeds
due to the shorter path length through the CTV. Hence, the better treatment plan
result is only achievable by using more needles with shorter seed strands. However, in
the transrektal use case the number of needles puncturing the rectal wall is an important
factor to minimize. In addition, the higher stability the longer the seed strand in terms
of seed migration is to be considered by the physician.

The fan-shaped planning approach was also discussed by Van den Bosch et al. [80].
The idea was to implant needles with one or two rotation points just beneath the per-
ineum skin using a robot to implant and retract the needle. The paper concluded that
the fan shaped needle configuration reaches equal planning results. However, the in-
house TPS used in their work allows needles with two spacers or two seeds in a row.
Hence, a seed-spacer-spacer-seed strand can be used near the urethra to cover the space
in front and behind the urethra to reach the planning goals. Interestingly seed placement
around the urethra was solved differently in the transrektal approach of scenario 2. The
area behind the urethra is covered by needles containing one to two seeds as explained
before. The space in front of the urethra could be covered by needles with the tip on
the urethra margin likewise to the planning of the given paper. However, due to the
rotation point chosen quite closely to the prostate the density of needle trajectories is
higher in front of the urethra than it is in the case of the perineal rotation point (com-
pare fig. 20 a)). Therefore, the optimizer covers this space by long seed strands of the
peripheral needles instead of referring to the needle candidates pointing on the urethra
contour. The planning results are very close to the ones by this thesis comparing their
results with Dy, = 144 Gy with V100(CTV) = 96+1 %, D10(urethra) = 193 &+ 2, Gy and
D30(urethra) = 187+ 2 Gy (x < 0.5) for a single rotation point and 3 mm seed spacing.
The results of the ten treatment plans of scenario 2 are given in Table 6. They yielded
V100 = 95.84+0.5%, D10 = 194.6+5.6 Gy, D30 = 185.5+ 5.1 Gy respectively. However,
the V150 = 50 + = Gy was markedly lower than in the thesis with V150 = 64.6 + 3.1 Gy.
Comparing the rectal doses reveals a better rectal wall sparing by scenario 2. The paper
reports D2cc = 117 £ 9Gy and Dy 1. = 155 + 11 Gy versus D2cc = 69.1 4+ 2.3 Gy and
Do1cc = 126.6 £ 11.4 Gy respectively. This could be explained by the different seed
orientations. In scenario 2 the seeds’ longitudinal axes are pointing on the rectal wall
with a much steeper dose gradient than seeds aligned with their lateral axes to the rectal
wall as is the case for the transperineal approach (compare Fig. 8 on page 19).
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Scenario 3 The greedy optimizer is used to generate an initial treatment plan with a
high V100 coverage. However, in Figure 21 on page 50 it can be seen that only one of the
four optimizations reached the stopping criteria of V100 > 97 %. The other three times
the optimizer stopped, because no remaining needle candidate fulfilled the dose range
criteria. This is no problem as the needle trajectory and hence the seed positions are
another time optimized by the simulated annealing algorithm. It has to be noted that
the inter-seed distance in these cases is shorter due to the higher prescription dose of
D, = 160 Gy. The simulated annealing optimization by adapting each needle alone is a
time consuming technique, which is only acceptable in this scenario where the number of
needles ranges from three to seven needles. Nonetheless, the results match the required
treatment goals of a near to 100 % prescription dose coverage and very low OAR doses.

The needle candidate domain in scenario 3 allows longer pathways through the F-CTV.
This can result in seed positions outside of the F-CTV after the optimization when the
other seed is located centrally in the F-CTV. Therefore, the remove outer seed function
was designed to detect the seeds contributing with minor importance to the F-CTV
dose coverage. The optimizers were designed to produce plans containing a high V100
coverage of the F-CTV to ensure a good robustness to seed displacement, which is a
greater issue for treatment plans with a small number of needles and seeds.

4.5 In-vivo seed displacement adaption

The needle placement accuracy (NPA) is modelled by the simulated implantations (SIs)
for the following reasons. The treatment plan stability can be analysed by involving
a given needle placement uncertainty which results in a different post treatment dose
distribution. This gives information on the stability of given constraints such as OAR
sparing and the V100. Secondly the impact of an improved NPA can be shown by these
simulations. Thirdly, new strategies for in-vivo treatment plan adaption can be explored
and tested.

The basic idea of the adaption strategy is to compensate the loss of the V100 coverage
by re-ordering the remaining needles. The next needle is then located on a preferable
position and it is assumed that this is the case as well for the area around. Then its
displacement results statistically in a smaller loss of coverage. This is only the case when
the position and its area around the optimized needle is better suited than it is around
the pre-planned needle.

Scenario 1 The seed displacement adaption in scenario 1 aimed at reducing the aorta
D1 dose during the implantation process while not violating the other constraints. The
latter is the highest dose received by 1% of the aorta volume. The aorta can be viewed
as a serial OAR such that one might minimize the risk of puncturing it with the needle
or causing damage to the aortic wall by an overshooting maximum dose. Figure 22 a) on
page 51 shows the needle configuration of the treatment plan before the SI. The lowest
needle near the aorta containing a three seed strand is the one relevantly contributing
to the maximum dose. Therefore, one would expect the optimizer to shift this needle
away from the aorta while adapting the other needles to compensate the V100 loss. In
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Figure 22 b) the SAA optimizer shows this behaviour by shifting the needle three times
up and one time back.

Scenario 2 For the prostate CTV a new greedy adaption optimizer was presented. In
contrast to SAA, only the needle that is to be implanted next is adapted. In addition,
the domain of the next possible needle tip coordinates is discrete which leads to less
computation time. The computational cost of the SAA algorithm in contrast raises with
the number of needles leading to too long optimization times.

The simulated implantation results however show that the greedy adaption can be
omitted when the seed displacement is small like it is the case with the NPA of 1 mm.
Also the results for the 3mm are clinically acceptable. However, the greedy adaption
algorithm shows almost the same dose coverage but markedly better urethra and rectum
dose sparing. In practice, the seed registration and adaption would be helpful but should
be automated in a way that it is worth the effort. For the prescription dose of 115 Gy
the same trends are visible. For the NPA of 3 mm again the post treatment constraints
in the greedy adaption approach have got much smaller standard deviations because the
needle adaption corrects loss in the dose constraints caused by seed displacements.

Another way of adaption in the combined therapy with 115Gy and 40 Gy of EBRT
could be incorporating the seed dose in the EBRT TPS to allow under-dosage around
urethra hot-spots. In practice, this seems infeasible when considering the inter- and
intra-fraction movement of the prostate.

Scenario 3 The statistical error of NPA and its accompanied seed displacements result
generally in a smearing out of the dose distribution because the inter-seed distance is
increasing with more peripherally displaced seeds. This results in a higher coverage loss
in small lesions with a small number of needles as for the prostate CTV in scenario 2.
In the latter, the statistical displacement error corrects itself on average due to a high
number of needles and a displacement error that is small against the CTV size. For
small targets it could be necessary to actively adapt the treatment plan for given needle
and seed displacements. Therefore, the simulated annealing adaption was compared to
a not adapted simulated implantation.

It can be seen that small adjustments of the needle trajectories lead to an improved
dose distribution with a higher F-CTV’s V100 median. The seed displacement can
result in a dose falloff inside the F-CTV at the initially planned position. The latter can
be covered by shifting the upcoming needles in its direction with the SAA algorithm.
Especially for F-CTV #1 the variation of the V100 is the highest for the SIs as displayed
in Figure 26 on page 57. However, by adapting just the two remaining needles the number
of plans failing the V100 > 95 % constraint is reduced. This can be seen as well for the
F-CTVs #3 and #4. Also for the largest F-CTV #5 with 1.7 ml size and eight needles
an optimization effect is clearly visible.

This optimization effect is visible as well in Figure 24 on page 54 for both NPAs of
1 mm and 3mm. However, for a NPA = 1 mm it is more distinct. Here more V100 values
were over 95% than for the SIs. A perturbation of a needle shift about 1mm can be
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compensated by the SAA algorithm with needle optimization shifts of at the maximum
+1.5mm in each room direction. For a NPA of 3mm these adaptation shifts are small
in comparison to the perturbation factor. The constant shift of 2 mm is somewhere in
between these two NPAs. The latter cannot be compensated totally with SAA shifts of
at the maximum +1.5 mm. Moreover, each needle is placed with the given shift and the
optimizer can only compensate the coverage loss with the remaining needles. The less
needles remain the less impact this strategy has on the dose constraints. Nonetheless
a specific benefit in the mean of the V100 as well as for the lower whisker and 25
percentile can be observed.

The adaptation strategy is generally only possible if the initial plan contains a high
coverage with enough seeds, otherwise the seeds cannot be shifted without lowering
the V100 at another place immediately. In Figure 24 it can be seen how the V200 in
comparison to the pre-plan is lowered due to a reformation of the dose distribution.

The implanted seed coordinates resulted from the simulated needle shift and are as-
sumed to be known. Next to the optimizer, effective seed registration is necessary to
realize such an adapted implantation workflow. It has to be noted that such a seed
registration also yields a specific uncertainty depending on the image modality used.
Alternatively, the needle prior to the seed release can be registered. Then the uncer-
tainty given by the seed release is neglected. On the other hand, the needle position
can be validated and re-positioned if necessary. The latter is done in state of the art
seed-BT as well.

4.6 Transrectal implantation experiment

The phantom experiment demonstrated the feasibility of the workflow and the accuracy
of each step. From the simulations, it follows that only a highly adaptive workflow fully
exploits the potential of this implantation technique. One example is the needle guide
registration, which has to be done in an adaptive manner.

For the inverse adaptive treatment planning it is necessary to define an injection
point for the needle trajectories but in this setup the rotation point coordinate is not
remaining totally constant during the whole procedure. The needle guiding might result
in changing the insertion depth of the needle guide or a shift introduced due to patient
movement or pressure from the rectum wall. Therefore, the needle guide has either
way registered just before the implantation with high resolution MR imaging. Then the
actual needle trajectory can be recalculated with the new calibrated rotation point and
the needle guide tip point coordinate extracted from the image set. The insertion depth
can be adapted automatically if needed and the physician has to approve the needle or
try to rearrange the needle guide.

The needle guide could be steered accurate enough such that the approved trajectories
resulted in sub-millimetre seed displacements. A good strategy would be to allow higher
displacements and a fast workflow only for the first needles as long as the algorithm
is able to adapt seed displacements. The adaption is not possible for the last needle
such that here a precise needle guide positioning is crucial for a successful treatment
outcome. This can be done by fine-tuning the robot movement manually and repetitive
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MR-imaging.

The seed displacement of the approved and pre-planned seed positions to the registered
ones by CT imaging showed an accuracy, which is a little bit better than it is assumed
of the state of the art approach. However, there sure is place for improvement. Firstly, I
implanted the needles and released the seeds as an untrained user. Implanting the needle
about the right depth and releasing the seeds are uncertainties that can be attributed
to the physician’s skill. These uncertainties are related to the needle depth deviation
that were 0.35 + 0.40 mm. As it can be seen, the user dependend uncertainty is quite
small even for an untrained user. The short needle path-length might simplify this task
in comparison to the state of the art prostate seed-BT. Secondly, the used 18 gauge
needles had a little bit too much clearance inside the needle guide and their bevel tip
caused needle displacement due to needle bending as well. The backward stranded
seeds were displaced less than the forward ones because of needle bending, which can
be seen in Table 10 on page 58. To adapt to the latter the needles’ bevel tips were
turned in a way that the needles bended into the direction of the initial needle tip
coordinate. This resulted in a smaller seed displacement for the first seed of the second
needle of the pre-planned coordinate of 3.6 mm against the approved one of 4.1 mm.
Here the use of a symmetrically shaped more stable needle could improve the accuracy.
Another possibility however would be using bevel-tipped MR-safe needles for in-bore
implantations and live imaging to enable needle steering. However, for this possibility
it remains to be explored if needle steering is necessary on these small path-lengths and
given an accurate needle guide movement.

The approved and initially planned seed coordinates should deviate only slightly as
the treatment planning is based on the initial seed coordinates. The registered seeds
depth deviation along their needle trajectories in the MRI and MRI+CT images in Table
11 deviate more to the initially planned seed coordinates (In./MRI and In./MR+CT)
than to the approved ones (app./MRI and app./MR+CT) (2.16+2.38 and 0.67+0.43 vs.
1.88 £2.30 and 0.35 £ 0.40) and the difference of the mean values between (IN./MRI to
App./MRI and In./MR+CT to App./MR+CT) is in the same order than the (IN./App.)
deviation as one would expect.

This effect on the other side is not visible in the spatial deviations in Table 10
on page 58. Here the median values of (IN./MRI to App./MRI and In./MR+CT to
App./MR+CT) are very close to each other. The deviation of (In./App.) of 0.58 +
0.22 mm has no influence to this deviation. The latter uncertainty is apparently small to
the greater uncertainties by needle bending and the clearance inside of the needle guide.

Combining the results of Table 10 and 11 one can analyse if the seed deviates more
into the needle depth or laterally. The needle depth depends more on the physicians
needle feed and only little of needle bending. The spatial deviation in contrast depends
on needle bending as well as needle feed. However, if the depth deviation is small than
the spatial deviation error can be attributed to a lateral deviation mainly due to needle
bending. By comparing (App./MR+CT) of both measures one can see that the seeds 1,
2 and 3 have small depth deviations but higher spatial deviations due to needle bending.
The latter is the smallest for seed #S52 that is the second backward seed of needle #N1.
However, the spatial deviation of seed #s4 (0.63mm) can be attributed to a dominant
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deviation along the needle trajectory with a needle depth deviation of 0.62 mm. This
seed was placed too far into the patient. Technically this can happen it the user pushes
the inner part of the needle during the seed release. The inner part of the needle however
must remain on its position while the outer needle is pushed back such that the seeds
are released on their correct position. This process requires some training and in the
phantom the pressure of the gelatine on the outer needle made this task challenging.

The seed registration with MR-only to CT can be attributed to uncertainties intro-
duced by the manual image registration, the manual seed registration on CT and on
MR-only. The accuracy was in the range of the seed displacement after the implanta-
tion. Several improvements have to be made to enhance the accuracy of seed registration
for a real adaptive workflow.

Vertical MR-images to the stitch canal are the most appropriate to register the seeds.
Then one seed could be seen in up to four images and by scrolling through the images,
one could get a feeling of the alignment of the unconnected strand. Even though the
c4 spacers could not be seen appropriately, they did not result in image artefacts or
showed a signal void. Their MRI signal has to be quite near of the gelatine material
of the phantom. After all the spacers could not be confused with the seeds fulfilling
their purpose in this experiment. In the case of vertical MR-images the seed’s long
side often is vertically to the image data which facilitates to measure them with e.g.
slices of 1 mm thickness. For the first needle implanted the deviation of MR-only images
from other directions were 2.0 and 12.5 mm and was corrected with the analysis of this
approach to 1.2 and 1.9mm. Optimizing the MR-protocols is another task to improve
the registration outcome.

4.7 Limitations and clinical feasibility

Scenario 1 The TPS is principally independent of the tumour site in contrast to the
state of the art seed prostate-BT. With the robotic navigation system, it is possible
to plan and treat other tumour sites than liver metastases as well. Other treatment
examples could be tumours in the abdomen, head and neck and thorax. However,
one might have to adapt the optimization parameters and analyze the generation of
the candidate needle domain. The TPS performance for these cases remains unknown.
Practically one would generate for each tumour site a specific template to generously
deal with the OARs corresponding to a well-defined standard operation procedure.

The prescription dose influences the greedy optimizer in equation 15. Therefore,
this part is optimized and tested for prescription doses of D, = (100 — 160) Gy. The
dose envelopes 0.25 Dy, are more distanced to the 0.7 Dy, envelope for a decreasing
prescription dose because of the rapid dose falloff. Hence the number of needle candidates
fulfilling this condition increases which influences the optimizer’s performance.

The size of the candidate needle domain depends on the reachability of the tumour
volume as well as the CTV size. The former depends on the number of risk structures
surrounding the CTV. A high number of risk structures leads to a small candidate needle
domain and the optimizer has fewer possibilities for the inverse dose planning. The risk
for the greedy optimizer to be trapped in a local minimum raises. If the number of
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injection points is too small it could be raised by allowing injection points that are only
able to reach specific parts of the CTV during the path planning. For scenario 1, this
might as well be the case for a real patient if additional OARs such as the pancreas and
stomach are defined. Then plenty of the lateral injection points might be filtered out
during the path planning.

The insertion depth has an influence on the needle bending effect and therefore should
be as short as possible. In this path planner no needle candidate was filtered out by the
insertion depth filter defined by the maximum insertion depth of 18.5 cm. Therefore, the
candidate needles chosen first had the longest path length through the CTV allowing five
seed strand needles from the lateral side. This makes sense in asymmetrically shaped
CTVs where the optimally seed strand placement is more important than a slightly longer
insertion depth. This optimizing strategy therefore focuses on minimizing the number
of needles used to reduce the patient’s injury as well as reducing the implantation time.
However, if the C'TV were more spherical it would make sense to favour needle candidates
with the shortest pathway leading to a higher implantation accuracy. This could be
implemented by introducing the needle insertion depth as a planning constrain during
the optimization or by filtering out needle candidates with long insertion depths during
the path planning. The latter is a hard constraint leading to less needle candidates for
the optimization. One would need to adjust the allowed insertion depth if the optimizer
fails to achieve the planning goals. Practically one could estimate it in the CT images
from the preferred direction, especially when the tumour is located near the skin.

However, currently the seed implantation to non-prostatic cancer is lacking clinical
studies. The latter have to show a benefit of treating the tumour or metastasis with
the seed implantation. The research funding project associated to this thesis aims to
treat patients in the oligometastatic state defined as a patient with at the maximum 3-5
diagnosed metastases [81]. However, treating all metastatic sites in an focal approach
could show a survival benefit. This is indicated by two phase II studies using aggressive
radiofrequency tumour ablation for unresectable liver metastasis [82] or stereotactic
ablative radiotherapy with mixed sites such as breast, lung, colorectum and prostate
[83].

In the TG-43 report and this thesis, the tissue is approximated as water equivalent.
For the prostate and surrounding tissue, this is totally fine. However, for metastasis in
the air-filled lung or close to the bone with a higher density as water the dose error is
greater. Another dose effect not considered is the inter-seed interaction, which is mainly
the presence of surrounding seeds as non-water equivalent objects.

Scenario 2 The planning study was only acquired for one prostate CTV with a specific
volume size of V. = 49.4mL. The planning results for smaller or bigger prostate CTVs
should not deviate very much, yet they remain to be tested.

The planning outcome depends also on the rotation point. In this thesis, the latter
was assumed to be in the middle of a needle guide positioned with its tip close to the
urethra. In Figure 20 on page 49 it can be seen that the contoured needle guide however
would have to be inserted about one to two centimetres deeper. Placing the needle
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guide this way was difficult in the prostate phantom but it is assumed that it is possible
by correct patient positioning in the prone position resulting in a closer needle guide
position as e.g. the figures 2 and 3 in [54] show. A rotation point in the needle guide’s
centre results in a symmetrical cone size of a possible needle guide movement to both
the prostate and the sphincter. In contrast would the rotation point near the sphincter
result in a bigger cone next to the prostate and vice versa to the sphincter. For the
optimization, setting a rotation point next to the sphincter is interesting as well. The
needle trajectories then fan out in more distance to the prostate, which might reduce
the shadow between the urethra unreachable by needle candidates. This fan effect will
also restrict the planning from setting the rotation point to near to the prostate, as the
unreachable space behind the urethra gets too large to reach the planning constraints.
It remains to be tested on the patient if the central rotation point is best suited to reach
all parts of the prostate.

Scenario 2 describes a new method on treating state of the art prostate seed-BT.
The planning resulted to be clinically acceptable. Therefore, by assuming a successful
intervention the long-term outcomes such as local tumour control should be equivalent
to that of transperineal prostate seed-BT. However, the feasibility of the whole workflow
yet has to be shown in a patient study. The quality of life related outcomes however
might also depend on the implantation procedure next to the quality of the implant.
Changes to the latter must be observed in a patient study as well. The side effects
related with the urethra dose should be equivalent to transperineal seed-BT given that
the planning dose constraints match the post implantation ones.

However, a new retrospective study by Hathout et al. correlates not the whole urethra
but more the bladder neck D2cc > 50 % D,, to acute and late urinary toxicity [84].
Contouring the bladder neck can be done in TRUS and CT when a Foley catheter
is present as well as in the MRI scanner due to the soft tissue contrast. Interestingly
urinary toxicity was shown to be more common to LDR BT alone instead of the combined
therapy [85]. EBRT in general adds a homogenious dose distribution to the urethra and
the seed-BT uses less seeds for the reduced D, = 115 Gy. Therefore, these symptoms
seem to correlate with high punctual doses to the bladder neck caused by seeds in close
proximity defining it as a serial OAR. It seems that a more precise seed implantation
technique would enable to better spare small sub-organ structures in prospective studies
to minimize side effects to the patient.

For the rectum there are to be expected differences. The planning results showed
potentially reduced rectal doses because of the lower dose gradient along the long seed
axis pointing to the urethra in this setting as can be seen in Figure 13 on page 40.
However, the simulated implants with a NPA of 3 mm revealed two cases of failed rectum
dose constraints with seeds placed very near to the rectal wall. Especially the seed
placement accuracy regarding the seed release from the needle has to be done precisely.
The occurring negative pressure while retracting the needle has to be considered, because
a retracted strand will be placed closer to the rectal wall. In addition, seed migration
into the rectum might be possible and is therefore of more concern than it is in the
transperineal implantation setting. However, in the given treatment plans the dose near
the rectum is contributed by long seed strands because the needle tips are near the
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prostate contour on the opposite site. These long strands in practice are more stable
against outer forces such as the displacement due to negative pressure and have been
shown to migrate much less than single seeds [20].

On the other side, the rectal wall is damaged locally by implanting the needles tran-
srectally. The latter could further raise the risk of infections through the rectum. There-
fore, in the biopsy studies using the RCM, antibiotic medication was prescribed for five
days to minimize the risk of infections such as prostatitis on the day of the biopsy and
five days thereafter [54, 55]. Nonetheless one patient developed an urosepsis which could
be treated with antibiotics in [55].

Scenario 3 A specific issue of this workflow is the limited transrectal movement of the
needle guide. The needle guide movement is designed to rotate around the fixed rotation
point chosen during the registration. The RCM is not able to adjust a specific trajectory
by automatic movement, which is necessary to not only reach the tip point target but
also adjust the correct trajectory to implant the seeds. Further, the chosen rotation point
is not constant during the intervention. Consequently, the initial dose planning cannot
be followed strictly as trajectories might change. To minimize this effect the patient has
to be positioned in an optimal manner and the needle guide should be steered centrally
on the lesion to define the rotation point for the initial planning. Ideally, every location
is reachable by this rotation point and it changes only minimally when recalibrating the
needle guide to recalculate the needle trajectory. As this is not the case, the online plan
adaptation to the current needle guide position is important to verify and approve a
possible trajectory shift.

The initial dose planning was designed to find robust treatment plans that yielded a
V100 = 99.2 + 1.2 % being the mean of 40 plans of four different F-CTVs. It was seen
that the F-CTV L2 above the urethra can only be covered with a lower prescription dose
of 115 Gy with still less coverage of V100 = 93.9 4+ 4.5 % than the other F-CTVs due to
the reduced reachability behind the urethra.

L2 was also planned with two rotation points near the sphincter to enable more
trajectories around the urethra. However, this setup yielded no markedly improvements
to the V100. The simulated annealing approach during the initial inverse optimization
and the adaption in the simulated implants dismissed trajectories puncturing the urethra
due to the collision check function. Therefore, the seed displacements cannot be adapted
easily, which leads to a worse V100 than without adaption as the needle trajectories
tended to move away from the urethra. However, without an adaption the simulated
implant often resulted in trajectories puncturing the urethra. In summary the TPS was
shown to optimize treatment plans for intra-prostatic target volumes up to 1.8 ml.

The simulated implantations show a potential benefit of needle adaption. Here the
limitation is the technical issue of registering the seed positions accurately to have a
precise measure of the online dose distribution and to enable its online optimization. An
easier approach would be to use the approved trajectories for the feedback while omitting
the seed displacement uncertainty. Then the TPS could adapt to these trajectories
without the effort of registering the implanted seeds. The disadvantage however is the
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given uncertainty to the assumed seed positions and the real implanted ones.

The phantom experiment is solely an approximation to the human anatomy and tis-
sue properties. The stiffness of ballistic gelatine is different from that of rectal tissue.
Therefore, the steering inside of the rectum might be different. The phantom could not
be positioned in prone position as precise as the patient could in the in-bore biopsies
because of lacking flexibility given by e.g. the hip joints. However, the patient storage
might be crucial to enable reaching all parts of the prostate.

The target volume for the experiment was the nearest and easiest reachable in the
phantom setting with short needle pathways. The needles used for the standard prostate
seed-BT are not MR-safe. Hence, the needles had to be implanted outside of the bore
without live imaging. Using MR~safe needles could improve the implantation procedure
to enable observing the needle movement during implantation with live MR imaging.
Then the bevel tip could also be used to steer the needle to the wanted position.

Otherwise, a symmetrically shaped tip could reduce the needle bending effect. The
robot navigation software could be modified to enable entering the target DICOM co-
ordinate directly to prevent the uncertainty of choosing the nearest DICOM coordinate
in the actual image set.

Further optimization potential for the MRI only seed registration is using optimized
imaging protocols to detect the C4 strands and reducing metal artefacts around the
seeds. This was shown to be feasible using an endorectal coil for C4 strand imaging by
Martin et al. [50]. However, in this setup using an endorectal coil is unpractical, as this
would mean switching it with the RCM repeatedly which would require a recalibration
and alignment of the RCM’s needle guide.

The simulations showed a V100 = 78.9+15.9 % for the NPA = 3mm. In the phantom
experiment a seed displacement of 2.62+1.24 mm were achieved such that one can expect
an in-vivo V100 in the similar range. A higher implantation accuracy enables a higher
V100 = 97.1 £+ 2.5% for the NPA = 1 mm.

Therefore, further work to enhance the needle placement accuracy is beneficial to fulfil
the in-vivo dose constraints. Otherwise, the target volume has to be enlarged with a
security margin to account this uncertainty with a lower seed displacement effect due to
a higher number of needles and seeds.

Scenario 3 shows a new implantation technique for focal seed brachytherapy with
automated needle guide movement and adaption strategies. This approach enables using
the MRI modality with optimal soft tissue contrast for image guidance and possibilities
to adapt the implantation to the given situation for a higher safety and confidence to
small F-CTVs. The transrectal needle placement approach benefits from the shortest
needle path-length into the prostate in contrast to perineal or trans-gluteal treatment
approaches. Needle bending is reduced as well as the need of realigning the needle with
additional punctures. In a current review of brachytherapy robots the image guided
transrectal approach was therefore concluded safer than the transperineal approach [86].

For a clinical implementation, studies have to show the practicability, time efficiency
and accuracy of this intervention in patients. Improvements are necessary to stop the
declining use of brachytherapy that can be seen currently. One factor of cost reduction
could be the possibility of dispensing the anaesthesia in this setup to spare clinical
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manpower during the intervention as this is done currently for transrectal biopsies with
the RCM as well [55]. Reducing the number of needles for focal treatment improves the
time costs for the use of the MR and personal.

The ultra-focal treatment approach with seeds on the prostate has yet to show a
similar therapeutic effect for low risk prostate carcinoma and reduced side effects to
justify reducing the target volume to a focal one. Another possibility is reducing the
target volume of the combined therapy of EBRT with BT to an F-CTV for the seed
boost. This could show the biochemical recurrence free survival benefit of the combined
therapy shown in the ASCENDE-RT study against the EBRT only boost [13], while
potentially reducing the toxicity to the patients by markedly reduced urethra and rectum
constraints. Kishan et al. show a significantly improved distant metastasis free survival
over ten years for EBRT with BT boost for high risk prostate carcinoma with Gleason
score 9-10 compared to EBRT alone and radical prostatectomy (RP) [87]. 62 % of these
boosts were low-dose-rate and 38 % high-dose-rate BT. The overall survival in this study
was significantly improved for 7.5 years but was similar to EBRT and RP after ten years.
The authors assumed that other-cause mortality aligns the cohorts on the long term.

The dose escalation to the dominant intraprostatic lesion (DIL) as an EBRT, LDR or
HDR BT focal boost shows a benefit for five year biochemical recurrence free survival
in the review by Feutren and Herrera [88] and the recent FLAME study shows an
improvement of 85% to 92% of the latter by EBRT dose escalation [89]. However,
the low 30 keV radiation of the seeds results in a steep dose gradient in the seeds close
vicinity with doses over 300 Gy being ideally suited for such a focal dose escalation to
be combined with EBRT.

4.8 Conclusion

The thesis presents an inverse treatment planning system that enables to generate clin-
ically acceptable plans for two robotic systems in three proposed scenarios.

The path planning algorithm identifies all injection points capable to reach the target
volume without hitting surrounding risk structures. The needle candidate domain is
generated to structure all combinations of needle candidate injection- and tip points
and number of seeds. The inverse planning contains a greedy optimizer for the initial
treatment plan designed to rapidly generate a treatment plan to cover the target volume
with the prescription dose with a good estimate on the number of needles and seeds to
be used. The initial solution is then fine-tuned with additional optimization functions
to limit the high dose regions and homogenize the dose distribution. The TPS takes all
degrees of freedom into account which originate from the new robotic workflows.

In scenario 1, the needle can be injected from multiple directions independent of an
injection template as used in the state of the art approach of prostate seed-BT.

The thesis further elaborates a highly flexible and adaptive workflow using the MRI-
compatible RCM for transrektal prostate seed-BT. This is important as the limited
movement range inside of the rectum might require adapting the pre-planned trajec-
tories to the given situation. However, subsequent MRI-imaging enables to monitor
the whole implantation process. This involves measuring precisely the current needle
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guide’s alignment to update the treatment plan and either approve the needle trajectory
or further fine-tune the needle guide. Moreover, implanted seeds can be registered to
feed back their displacements enabling adaptive optimization algorithms to compensate
loss of dose coverage. The feasibility of the workflow was shown in a phantom test by
implanting to needles with two seeds each. The alignment accuracy of the needle guide
was submillimetre. However, due to needle bending the seed displacement was not sat-
isfactory considering the high needle guide’s alignment accuracy. An improvement can
be expected by implanting in-bore with a MRI-safe needle or by using a symmetrically
shaped needle tip to prevent needle bending.

Scenario 2 shows prostate seed-BT with the robotic transrectal approach. The treat-
ment planning with these fan-shaped needle trajectories enables clinically acceptable
treatment plans.

Scenario 3 highlights as well the possibility to use the RCM for focal treatment ap-
proaches on five lesions on different prostate regions. All lesions could be covered with
a high escalation dose of D, = 160 Gy if not hidden behind the urethra.

Simulated implantations show the treatment plan robustness to seed displacement for
two needle placement accuracies. Moreover, a higher robustness to poor post-treatment
planning constraints as well as higher mean values of the latter could be shown by using
adaptive optimization algorithms for the remaining needles. However, seed registration
with CBCT or MRI itself is an object of research.

Further research should focus on automating seed registration on the used image
modality such as MRI to take full advantage of the robotic possibilities. Moreover, the
seed implantation to a body donator is a more realistic example and could give further
insights on patient positioning and possible issues to validate the workflow’s feasibility.
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5 Summary

Seed-Brachytherapy (BT) is a guideline-conformal therapy for low-risk prostate cancer,
which relies on the implantation of small radioactive sources (seeds) by interstitial nee-
dle placement. However, due to the complex workflow the number of interventions is
declining which leads seed-BT to a niche existence. A learning phase of 20 interventions
is required to reach a plateau of constant dose coverage. This learning curve and the
lack of proper education programs might further enhance the trend of declining inter-
ventions. Introducing robotic navigation assistance tools and better image modalities
could improve the intervention procedure in terms of reduced complexity and higher
safety while decreasing costs by higher time efficiency. It then enables a broader access
of patients with prostate carcinoma and other cancer types.

This thesis focuses on three treatment scenarios. Scenario 1 is the treatment of a liver
metastasis with a navigation tool for trans-percutaneous needle implantations. Scenario
2 is the transrectal treatment of prostate seed-BT using a navigation tool for MRI
guided needle implantations. Scenario 3 in contrast treats intra-prostatic lesions in a
focal treatment approach or as a dose escalation scenario in combination with External-
Beam Radiation Therapy.

In this thesis a novel Treatment Planning System (TPS) is presented. It is part
of a novel flexible workflow, which integrates the robot as an automated navigation
tool to precisely position an injection template on the patient. The physician then
injects the needle. The TPS automates the needle path- and treatment planning by
inverse optimization. In scenario 1 the path planning algorithm determines all suitable
injection points to reach the target volume by circumventing risk structures. In scenario 2
and 3 the rotation point coordinate of the RCM (Remote Control Manipulator, Soteria
medical, Arnhem, the Netherlands)) defines the needle trajectories together with the
needle tip coordinates.

The needle candidate domain structures all combinations of valid injection points re-
spectively rotation point and tip points as well as the number of seeds contained by the
needle candidate. It then benefits the inverse optimization process in terms of computa-
tional cost and time efficiency by providing the pre-processed data. A greedy optimizer
generates an initial treatment plan, which is further optimized until the planning con-
straints are fulfilled.

The robotic navigation assistance could further enable in-vivo plan adaptation to com-
pensate needle displacement. Simulated implantations are executed with two assumed
needle placement accuracies to evaluate in-vivo adaption algorithms and the stability of
the treatment plans to a given implantation accuracy. The workflow’s feasibility for the
transrectal approach is tested with an implantation experiment using an anthropomor-
phic pelvis phantom.

The TPS showed a 98.5 % pass rate for the gamma 1%, 1 mm test indicating a nearly
equivalent dose distribution as the same plan implemented in the commercial software
(Oncentra Prostate v.4.0, Nucletron B.V., subsidiary of Elekta AB, The Netherlands).
The path planning automatically avoided needle candidates through the organ at risks
(OARs) in scenario 1 such as the ribs and the liver and the urethra in scenario 2.
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The treatment plans matched the planning constraints for all scenarios. The V100
of each ten plans (mean =+ standard deviation) yielded (99.1 £ 0.3) % for scenario 1,
(95.8+0.5) % for scenario 2 with Dy, 1 = 145 Gy and (99.2 £1.2) % for lesions L1/3/4/5
altogether in scenario 3. In scenario 2 the treatment plans were clinically acceptable
fulfilling as well the dose constraints for the urethra D10 = 194.6 £ 5.6 Gy, D30 =
185.5 + 5.1 Gy as the rectum Ds.. = 69.1 2.3 Gy, Dg.1cc = 126.6 £ 11.4 Gy.

The simulated implants (SIs) showed that needle displacements decrease the V100.
However, the smaller the uncertainty the closer matched the post treatment planning
parameters the pre-planned ones. This decrease could be partly compensated by in-
vivo plan adaption which showed beneficial post treatment dose constraints for all three
scenarios regardless of the needle placement accuracy (NPA) and the target volume size.
In scenario 1, the dose sparing of the aorta was shown by using the simulated annealing
adaption algorithm. The D1(aorta) was reduced from 96.98 Gy to 80.44 + 4.64 Gy and
83.56 £ 8.37 Gy for the NPA of 1 mm and 3 mm respectively. In scenario 2, the greedy
adaption reduced the risk of violating dose constraints of the OARs such as the urethra
and rectum by smaller mean and standard deviation values of the latter. In Scenario 3,
the small target volumes required a high NPA to successfully achieve a sufficient V100
coverage. The simulated annealing adaption here as well improved the post-treatment
V100 regardless of the small number of needles with 97.1£2.5 % against the un-adapted
ST with 96.1 + 3.3 %.

The proposed transrectal intervention workflow for scenario 2 and 3 was tested by
an experimental seed implantation to an anthropomorphic pelvis phantom. The robotic
needle guide placement accuracy was 0.58 £0.22 mm. The spatial displacement between
the approved needle trajectory and registered seed position was 2.624+1.24 mm. The MRI
only to MRI-CT matched seed registration deviated by 2.78 + 1.43 mm. However, the
seed displacement and seed registration on the MRI images could further be improved by
in-bore live imaging to guide the needle and registration methods able to handle image
artifacts around the seeds.

Altogether, the TPS enables robotic seed-BT in a more flexible and automated work-
flow. The SIs demonstrate the potential of a fully integrated workflow of registering the
needles for the feedback to the TPS and physician. The subsequent adaption algorithms
enable to compensate seed displacements. The physician may benefit from the direct
seed implantation feedback and the possibility to correct displacement errors in a way
that the learning phase is shortened and the quality of implant is quickly raised.
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